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Abstract

The lifestyle factors of physical activity, sedentary behaviour, and diet are increasingly being 

studied for their associations with cancer. Physical activity is inversely associated with and 

sedentary behaviour is positively (and independently) associated with an increased risk of more 

than ten types of cancer, including colorectal cancer (and advanced adenomas), endometrial 

cancers, and breast cancer. The most consistent dietary risk factor for premalignant and invasive 

breast cancer is alcohol, whether consumed during early or late adult life, even at low levels. 

Epidemiological studies show that the inclusion of wholegrain, fibre, fruits, and vegetables 

within diets are associated with reduced cancer risk, with diet during early life (age <8 years) 

having the strongest apparent association with cancer incidence. However, randomised controlled 

trials of diet-related factors have not yet shown any conclusive associations between diet and 

cancer incidence. Obesity is a key contributory factor associated with cancer risk and mortality, 

including in dose–response associations in endometrial and post-menopausal breast cancer, and in 

degree and duration of fatty liver disease-related hepatocellular carcinoma. Obesity produces an 

inflammatory state, characterised by macrophages clustered around enlarged hypertrophied, dead, 

and dying adipocytes, forming crown-like structures. Increased concentrations of aromatase and 

interleukin 6 in inflamed breast tissue and an increased number of macrophages, compared with 

healthy tissue, are also observed in women with normal body mass index, suggesting a metabolic 

obesity state. Emerging randomised controlled trials of physical activity and dietary factors 

and mechanistic studies of immunity, inflammation, extracellular matrix mechanics, epigenetic 
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or transcriptional regulation, protein translation, circadian disruption, and interactions of the 

multibiome with lifestyle factors will be crucial to advance this field.

Introduction

More than half of cancers occurring today are believed to be preventable by applying 

knowledge that we already have, highlighting the growing field of implementation science.1 

In particular, diet, nutrition, physical inactivity, and obesity are thought to be important 

contributors to the increasing cancer incidence worldwide. Cancer burden can be reduced 

by changes in individual and population behaviours, and by public health efforts in the 

presence of robust scientific knowledge and a social commitment to change. This Series 

paper includes emerging data for the effects of physical activity, sedentary behaviour, diet, 

and obesity as major determinants of cancer risk and mortality.

Physical activity, sedentary behaviour, and cancer risk

The first article2 to suggest an association between exercise and cancer prevention was 

published in 1945. At the time, exercise was conceptualised as a single, planned bout 

of high-intensity, hard, sweaty work. Today, physical activity is defined as a behaviour 

that can occur anywhere, as part of our daily routine. Nonetheless, guidelines for cancer 

risk and mortality for patients with and survivors of cancer have continued to focus on 

moderate-to-vigorous exercise as having the greatest benefits to health.3,4 Guidelines from 

2008,5 however, acknowledge that any physical activity is better than none for older adults 

(age >65 years), who are at the highest risk of cancer, and who are often cancer survivors. 

As research into physical activity has expanded to include different types of activity, such 

as active transportation, correlates of physical activity have also expanded to include built 

environment characteristics, such as walkable streets.6 Another notable shift in the direction 

of research has occurred in the last decade, with the emergence of sedentary behaviour (eg, 

time spent seated on a daily basis) as an independent risk factor for cancer incidence and 

mortality,7 such that many health organisations are emphasising the limitation of sitting time 

in addition to promoting physical activity.

A key limitation in this area of research has been the reliance on self-reports of activity 

and sedentary behaviour, which are affected by the limitations of high random error and 

systematic bias. For example, national surveys using self-reports suggested that up to 

60% of US adults were meeting physical activity guidelines.8 However, accelerometer data 

indicated that less than 10% were meeting these guidelines.8 Therefore, the use of objective 

quantitative monitors (eg, accelerometers) to measure total activity, activity intensity, and 

sedentary behaviour represent a major methodological advance. Although these devices do 

not provide totally unbiased measures of activity (ie, estimates can be affected by wear time 

or processing methods), newer 24 h protocols and machine-learning methods to classify 

additional behaviours, such as cycling, are improving this emerging science.9 Furthermore, 

in our searches, we found no randomised controlled trials (RCTs) studying the association 

between physical activity or sedentary behaviour and cancer incidence or mortality, which 

will be crucial for our future understanding of this topic.
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Emerging evidence for physical activity and cancer

Cancer incidence

Our search of the published literature yielded 23 reviews of physical activity and cancer risk, 

of which 19 were meta-analyses. Five10-14 included prospective studies only, whereas the 

others included case-control designs. The case-control studies provided larger risk estimates, 

reflecting bias in this type of design.15 The largest review11 was a pooled analysis of 12 

prospective European and US cohorts that included 1·44 million participants and 186 932 

cases of cancer with self-reported physical activity. This pooled analysis concluded that high 

levels of physical activity during leisure time (the 90th percentile compared with the 10th 

percentile) were associated with reduced risks of 13 types of cancer, ranging from a hazard 

ratio (HR) of 0·58 (95% CI 0·37–0·89) for oesophageal adenocarcinoma to 0·90 (0·87–0·93) 

for breast cancer, but increased risks of melanoma (1·27; 1·16–1·40) and prostate cancer 

(1·05; 1·03–1·08). A review10 of 126 studies found a 10% reduction in risk across cancer 

types associated with physical activity, but a threshold effect meant that physical activity 

exceeding two times the current recommendations did not provide additional benefits. Two 

other reviews13,16 concluded that the associations were not linear, whereas another17 found 

a linear association. Five prospective studies14,18-21 were identified, four of which14,18,20,21 

found a significant inverse association of physical activity with cancer of the digestive tract, 

pancreas, ovaries, and breasts, and one of which19 found no association for prostate cancer.

Physical activity was inversely associated with risk of breast cancer in the Nurses’ 

Health Study II,22 with the strongest inverse associations between adolescent activity and 

premenopausal risk. In a 2017 case-control study,23 there was an inverse correlation between 

physical activity during adolescence and risk of all pathological subtypes of breast cancer. 

Recreational physical activity has been associated with a reduced risk of aggressive triple-

negative breast cancer.24 Prospective data from the Black Women’s Health Study25 found 

that high levels of exercise were associated with reduced breast cancer incidence. Only 

one case-control study26 used accelerometer-measured activity with 996 incident cases of 

breast cancer and 1164 controls, reporting a 61% reduced risk of cancer when comparing 

the highest versus the lowest quartile of moderate-to-vigorous activity. At least six large 

prospective cohort studies using accelerometers are ongoing, with well monitored disease 

outcomes including cancer. One such study is the Women’s Health Initiative OPACH 

Study.27

Physical activity can reduce the overall risk of cancers of the digestive system, especially 

in men.18 Physical activity reduces the risk of colon cancer by about 20–25% in both men 

and women in a dose–response manner.20 Physical activity is also associated with a roughly 

15% risk reduction of colonic adenomas, the precursors of colon cancer.28 This association 

holds for both sexes and, importantly, is most notable for advanced adenomas (35% risk 

reduction; see also the later section about sedentary behaviour). Unlike the conventional 

adenoma findings, the effect of physical activity on serrated polyps remains unclear.

The World Cancer Research Fund’s continuous update review29 summarises evidence from 

recreational physical activity, occupational physical activity, and walking as a means of 

transport on cancer risk. The review concludes that most studies and nearly all cohorts 
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show an inverse association between increased physical activity and the risk of endometrial 

cancer—an association that is becoming increasingly clear with the publication of a more 

rigorous study.30 Another 2017 cohort study31 of more than 80 000 women from Norway 

added further evidence to this association: the study used repeated measures of physical 

activity and showed that the inverse association was independent of body-mass index (BMI). 

The authors concluded that 21·9% (95% CI 7·1–34·3) of endometrial cancers could be 

avoided if women with low levels of physical activity (≤4 in a self-reported scale of physical 

activity of 1–10) increased their physical activity levels to 5–10. In a 2017 case-control 

study,32 physical activity was associated with a reduced risk of colorectal, endometrial, and 

post-menopausal breast cancer, with the greatest risk reduction in endometrial cancer, and no 

evidence of interaction with BMI.

Cancer mortality

Our search yielded nine reviews33-42 of physical activity and cancer mortality, of which 

five were meta-analyses. Three reviews reported on all cancer-related mortality and six of 

these nine reviews focused on mortality from breast or colon cancer. Most studies reported 

on physical activity both before and after diagnosis. A large meta-analysis43 of 71 studies 

found that individuals who were most physically active had an HR of 0·83 (95% CI 0·79–

0·87) for all-cancer mortality in the general population before diagnosis, and an HR of 0·78 

(0·74–0·84) among cancer survivors. In the general population before diagnosis, a minimum 

of 2·5 h per week of moderate-to-vigorous activity led to a significant 13% reduction in 

cancer mortality. Patients who completed 15 metabolic equivalents of task (MET) h per 

week of physical activity before diagnosis had a 27% lower risk of mortality from cancer 

than those who did not attain this level; one MET is defined as the energy it takes to sit 

still, moderate activity is classified as requiring between three and six METs, and vigorous 

activity is classified as requiring over six METs. The association between physical activity 

and mortality risk was even more notable in cancer survivors, in whom 15 MET h per 

week after diagnosis decreased risk of mortality from cancer by 35%. Overall, the meta-

analytic reviews indicated that post-diagnosis physical activity has stronger associations with 

mortality risk reduction (typically associated with around a 14% greater reduction in risk) 

than pre-diagnosis activity.44 However, this finding could also be due to short follow-up 

periods to recurrence or reverse causation. In our search, we identified two prospective 

observational cohort studies of physical activity and cancer mortality. In a cohort45 of 

830 men with stage II–IV incident prostate cancer, prostate cancer mortality was reduced 

by 44% in those performing recreational physical activity after diagnosis compared with 

those who did none. In a cohort46 of 1327 women with breast cancer, physical activity 

after diagnosis was associated with a 54% reduced risk of mortality from breast cancer 

compared with those who did not do any physical activity. Physical activity before diagnosis 

was not significantly associated with mortality risk. Notably, neither of these studies used 

accelerometers to assess physical activity.
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Emerging evidence for sedentary behaviour and cancer

Cancer incidence

We identified four meta-analyses47-50 of sedentary behaviour and cancer incidence. In the 

largest review of 43 studies of time spent watching television and sitting,47 higher levels 

of sedentary behaviour were associated with a 54% increased risk of colorectal cancer 

incidence and a 66% increased risk of endometrial cancer incidence. 11 observational 

studies26,47-49,51-57 evaluated associations between sedentary behaviour and cancer. The 

most consistent finding across these studies was the association between sedentary 

behaviour and increased incidence of colorectal and endometrial cancer.50,58 Sedentary 

behaviour was associated with a 54% increased risk of colon cancer for time spent watching 

television, 24% for occupational sitting, and 24% for total time spent sitting.47 As with 

physical activity, a 2015 report59 found that sedentary behaviour increased the risk of 

advanced colon adenomas, suggesting that sedentary behaviour is an early contributor to 

oncogenesis. Sedentary behaviour also increased adenoma recurrence in men60 and raised 

the risk of colorectal cancer, independent of the amount of physical activity.61 A large cross-

sectional accelerometer study62 of 1672 men found that, for each 1 h increase in sedentary 

behaviour, there was a 16% increased likelihood of having an increased prostate-specific 

antigen (PSA) concentration (odds ratio 1·16 [95% CI 1·06–1·27]). However, in this cross-

sectional study, it is possible that the tumour (as indicated by the presence of elevated PSA) 

affected the patients’ behaviour rather than the other way around. In a large, population-

based prospective cohort study,63 occupational sedentariness was an independent risk factor 

for increased premenopausal breast cancer. In the accelerometer-based case-control study26 

examining physical activity in women with breast cancer (which, being a case-control study, 

also has design limitations), the risk of breast cancer was increased by 81% in people 

with the longest amount of time spent sitting, after adjustment for moderate-to-vigorous 

physical activity. Sedentary behaviour was also associated with breast cancer risk in the 

Black Women’s Health Study,55 especially for risk of oestrogen receptor-negative tumours.

Cancer mortality

Our search found three reviews of sedentary behaviour and cancer mortality, two of which 

were meta-analyses. In the largest meta-analysis64 of 13 studies, which included 1 005 791 

adults, time spent sitting was associated with increased mortality from cancer, with hazard 

ratios between 12% and 22% for people in the least active quartile. Of 16 observational 

studies,49,55,57,64-76 ten (60%) found at least one significant association between higher 

self-reported sedentary behaviour and increased mortality from cancer. Sedentary behaviour 

has been associated with an increased risk of all-cause mortality, colorectal cancer-specific 

mortality, and reduced quality of life in colorectal cancer survivors.77-79

Mechanisms of physical activity and effects of sedentary behaviour on 

cancer

Physical activity is believed to reduce the risk of developing cancers because of its role 

in helping to maintain a healthy weight, although activity has numerous other beneficial 
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effects on health and disease risk. The biological bases underlying the associations between 

physical activity and cancer risk are incompletely defined. However, a laboratory-based 

study of exercise80 has suggested beneficial changes in circulating concentrations of insulin, 

insulin-related pathways, and inflammation. A review81 of 18 exercise trials also concluded 

that physical activity can reduce oestradiol concentrations in women, exposure to high 

levels of which is a risk factor for breast cancer. The effects of physical activity or 

sedentary behaviour, or both, on the immune system, epigenetics, protein translation, and 

microbiome, including in relation to cancer development, are under active study.82,83 For 

example, a small study84 of young adults found that regular exercise was associated with 

increased immune response or surveillance, which is known to prevent cancer development. 

Physical activity upregulated cell cycle and DNA repair pathways in men with prostate 

cancer under active surveillance.85 Although sedentary behaviour might be related to 

cancer biomarkers of low energy expenditure, postural effects could also be involved. The 

physiological mechanisms activated by standing (postural blood flow, energy expenditure, 

and muscle contraction) can lead to improved glucose regulation, mitochondrial function, 

and endothelial function.86,87 Two studies88,89 of cancer survivors showed that time spent 

sitting was associated with a increased risk of metabolic syndrome, increased insulin 

resistance, and higher levels of C-reactive protein. One laboratory-based study90 showed the 

acute effects of prolonged sitting on glucose dysregulation. Physical activity and sedentary 

behaviour, and the physiological and mechanistic effects of these behaviours, are under 

active investigation.91-93

The association between increased physical activity and reduced risk of post-menopausal 

breast cancer is considered “probable” by the World Cancer Research Fund and the 

American Institute for Cancer Research.94 Some evidence95,96 suggests a protective role 

of physical activity against breast cancer in BRCA1 mutation carriers, especially physical 

activity in adolescence or early adulthood. The molecular basis of this association might be 

related to direct effects on the wild-type BRCA allele, which could mitigate the deleterious 

effect of the inherited mutated allele. For example, a 2016 clinical study97 found that 

prolonged or uninterrupted periods of sedentary behaviour were associated with decreased 

BRCA1 mRNA expression, irrespective of overall physical activity level. Differences in the 

protective role of physical activity in patients with BRCA1 mutations could also be due 

to delayed diagnosis and overall risk might remain unchanged if adjusting for this delay. 

Similar patterns of sedentary behaviour and physical activity affect telomere length, which 

is a major independent predictor of cancer and other severe chronic diseases.98 Building 

on preclinical findings and early clinical physical activity results, emerging clinical work 

suggests that sedentary behaviour can have profound effects on the gut microbiota.99

Emerging evidence for dietary patterns and cancer

An association between cancer and specific nutrients in food has been reported in the 

scientific literature for several decades. However, the ability to consistently determine 

the association between dietary factors and cancer risk has been limited by several 

major factors, including heterogeneous pathophysiology, study durations, identification 

of aetiologically relevant time window, and measurement error in dietary assessment 

methods.100 Nonetheless, vast epidemiological evidence has amassed suggesting that diet 
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affects cancer risk and mortality.101-104 RCTs of individual nutrients, foods, or food groups, 

however, have generally been inconclusive or have shown some increased risk with certain 

dietary components, in contrast with observational studies. This apparent paradox has 

resulted in an increased focus on the study of overall dietary patterns as a risk factor for 

cancer, since individuals consume foods, not nutrients, and foods are generally consumed in 

a pattern that can be more easily described.

Dietary patterns are defined as the quantities, proportions, or combinations of different 

foods and beverages in diets and the frequency with which they are consumed.105 Dietary 

patterns are usually characterised using three main approaches: the creation of an a priori 

index based on a set of dietary recommendations, reached by scientific consensus or by 

investigators with an evidence-based approach; data-driven methods that aim to identify 

which components of the diet occur together to explain variations in food or beverage intake 

across dietary patterns, which are independent of the study outcomes; or examination of 

individuals’ intake preferences based on the foods and drinks that are included and excluded 

in their diets. This pattern is usually based on qualitative self-reported behaviours rather than 

detailed questionnaires (eg, vegetarianism).

In addition to the general search criteria used for this Series paper, this section focuses on 

the three most common malignancies: breast, colorectal, and prostate cancer. We include 

findings from selected observational studies of diet and cancer to highlight the overall shift 

over time in the approach used to study dietary factors and cancer and to illustrate key 

concepts in study design related to the conflicting findings regarding diet or nutrients and 

cancer obtained when using observational versus RCT designs.

Breast cancer

The most consistent dietary risk factor for breast cancer is alcohol.106 Analyses show that 

alcohol consumption, both in early (twenties) and late adult life (age >60 years), was 

independently associated with increased cancer risk, even at low levels, in the Nurses’ 

Health Study II.107 Most studies examining the association between dietary patterns and 

breast cancer focus on post-menopausal breast cancer risk. Together, these studies suggest 

that dietary patterns rich in fruits, vegetables, wholegrains, and fibre, and low in animal 

products and refined carbohydrates, could reduce the risk of post-menopausal breast 

cancer.108-113 Fewer studies have examined the association between dietary patterns and 

the risk of premenopausal breast cancer but the findings have been similar.114-118 No 

convincing evidence suggests that changing dietary pattern after breast cancer diagnosis 

will improve the prognosis for most women with early-stage breast cancer. Dietary effects 

might be important in reducing the risk of breast cancer in specific subgroups of the 

population such as those with oestrogen receptor-negative breast cancer. Notably, adult 

intake of fruit and vegetables is associated with a decreased risk of oestrogen receptor-

negative breast cancer, which is supported by an inverse association between carotenoids 

and oestrogen receptor-negative breast cancer.114,115 A large pooled analysis114 of eight 

cohort studies (comprising >80% of the world’s published prospective data on this topic) 

found that circulating carotenoid concentration was inversely associated with breast cancer 

development, especially with oestrogen receptor-negative disease. Another large study 
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showed that, although fruit and vegetable intake had no effect on overall risk of breast cancer 

in the European Prospective Investigation into Cancer and Nutrition cohort116 of about 330 

000 women from ten European countries, a pooled analysis117 of 993 466 women from 20 

prospective cohort studies, who were followed up over 11–20 years, reported a significant 

inverse association between vegetable intake and risk of oestrogen receptor-negative breast 

cancer. The controversial difference in association between oestrogen receptor-positive or 

oestrogen receptor-negative breast cancer and dietary patterns has been confirmed and 

extended in two subsequent studies.113,118

By contrast with the large number of cohort studies, RCTs of diet and breast cancer are 

scarce. The Women’s Health Initiative study119 found that, in post-menopausal women, 

a low-fat dietary pattern did not result in a significant reduction in breast cancer risk 

during an 8-year follow-up period. However, non-significant trends in some subgroups 

(including in those patients with progesterone receptor-negative tumours) suggested reduced 

risk associated with a low-fat dietary pattern. A high dietary intake of saturated fat has been 

associated with an increased risk of oestrogen receptor-positive disease.120 The PREDIMED 

trial121 was the first RCT to provide data to suggest that a Mediterranean diet supplemented 

with extra-virgin olive oil was beneficial in the prevention of breast cancer.

Colorectal cancer

Studies have shown that diets rich in fruits, vegetables, fibre, legumes, wholegrains, 

lean meats or seafood, and low-fat dairy; moderate in alcohol intake; and low in red 

and processed meats, saturated fat, and sugar are associated with a reduced risk of 

colorectal cancer.109,111,112,122-126 These studies vary in the approach used to assess dietary 

patterns across studies. For example, when patterns are defined by an index or score, 

protective effects on colorectal cancer have been recorded.127 Factors such as sex, tumour 

location, physical activity, and microbiome can affect the association between dietary 

patterns and colorectal cancer risk. Dietary patterns seem to be particularly associated 

with tumour development in the distal colorectal regions.109,111,112,122-124 By contrast 

with the epidemiological data for colorectal cancer (and adenoma), no effect on the 

recurrence of colorectal adenomas was reported in RCTs testing the effects of low-fat 

and high-fibre dietary patterns.128 In the most robust of these RCTs,128 a 50% increase in 

self-reported vegetable and fruit consumption translated into only a 14% increase in serum 

total carotenoids at 1 year and a modest 5% increase at 4 years.

These data should be interpreted with caution, and factors such as intervention fidelity 

should be considered—eg, the degree to which increases in serum carotenoids reflect 

adherence to an intervention and whether or not consumption reached the threshold fibre 

intake necessary to find an effect. Adding to the complexity, a mouse study129 shows 

that gut commensal microflora and dietary fibre affect inflammation and tumorigenesis 

associated with colorectal cancer through microbe-produced butyrate and other short chain 

fatty acids. Fusobacterium nucleatum seems to have a role in colorectal carcinogenesis 

through the suppression of the hosts’ immune response to tumours. Evidence also suggests 

that diet affects intestinal F nucleatum.130 A large prospective cohort study130 using data 

from the Nurses’ Health Study and the Health Professionals Follow-up Study on a total of 
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121 700 women and 51 529 men investigated the potential link between diet, microbiota, 

and colorectal cancer. Diets rich in wholegrains and dietary fibre, versus those rich in red 

and processed meat, refined grains, and dessert foods, were associated with reduced F 
nucleatum-positive, but not F nucleatum-negative, colorectal cancer, supporting a potential 

role for the intestinal microbiota in mediating the association between diet and colorectal 

cancer. Future trials of high-fibre diets should control for gut microbiota composition. 

Furthermore, low-grade gut inflammation caused by the microbiota weakens epithelial tight 

junctions and could lead to obesity and type 2 diabetes.129

Prostate cancer

Only a few studies have investigated dietary patterns and prostate cancer, and these vary 

greatly in the design and in the methods used to assess diet and to ascertain prostate 

cancer diagnosis.111,131-133 Most of the studies131,134,135 did not report clear or consistent 

associations between dietary patterns and the risk of prostate cancer. Patients with prostate 

cancer with a high intake of vegetables, fruits, fish, and wholegrains had better survival 

than did men on diets that reflect the typical American intake.136 Greater adherence to the 

Mediterranean diet was associated with lower mortality from prostate cancer,132 especially 

in men who had undergone a PSA screen within the past 3 years versus those who had 

not. Preliminary evidence137 suggests that patients with prostate cancer who increase their 

vegetable fat and decrease their animal fat intakes have improved prostate cancer outcomes.

The Men’s Eating and Living Study138 is the first and only national RCT testing the 

efficacy of a dietary intervention (increased vegetable intake) in the prevention of the 

clinical progression of early-stage prostate cancer in patients undergoing active surveillance. 

The primary outcome is clinical progression, defined by PSA measurement and prostate 

biopsy. 478 (103%) of a targeted 464 patients have been enrolled and randomised at 

91 study sites across the USA. Reducing the number of patients undergoing active 

surveillance who are subsequently treated with surgery or radiotherapy would minimise 

treatment-associated morbidity, improve patient quality of life, and reduce health-care costs. 

However, interventions to prevent progression, such as dutasteride,139 remain underused 

and understudied. Consequently, even as the prevalence of patients on active surveillance 

increases, the incidence of progression while on active surveillance has not changed 

appreciably over the past decade.

Interpreting the paradoxical findings from RCTs and observational studies

The complexity of interpreting large RCTs of specific nutrient effects on cancer incidence 

can be illustrated by the NCI Intergroup Selenium and Vitamin E Cancer Prevention 

Trial (SELECT),140 which tested whether selenium (200 μg daily), vitamin E (400 IU 

daily), or both, could reduce prostate cancer risk in a placebo-controlled RCT of more 

than 35 000 men, showing no association between the interventions and prostate cancer 

incidence. However, the trial showed that vitamin E intake increased the risk of prostate 

cancer by 13% compared with placebo (p=0·06),141 and this increased risk became 

significant with additional follow-up (17%; p=0·008).142 A prevailing perspective of these 

types of micronutrient RCTs is that they do not mimic the epidemiological situation, 

in which nutrient-deficient populations have a higher cancer risk than nutrient-sufficient 
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populations. In fact, the basis for the selenium intervention in the SELECT trial came 

from secondary endpoint (prostate cancer) results of an RCT, suggesting that the benefit of 

supplementation was limited to men with low plasma selenium concentrations. Therefore, a 

subsequent analysis143 of SELECT investigated whether selenium might benefit men with 

low baseline concentrations of selenium. Contrary to this hypothesis, the analysis showed 

that selenium supplementation had no overall effect on prostate cancer incidence in men 

with low baseline selenium concentrations and significantly increased the risk of high-grade 

cancer. The selenium concentration in the overall study population and in the low-baseline 

group, however, were much higher in the SELECT population than previous studies in 

low-selenium populations.

In addition to these and other micronutrient studies (eg, folic acid144), several dietary 

studies have reported conflicting results between epidemiological and RCT data regarding 

dietary patterns. In fact, data suggest that dietary methyl donor depletion (eg, of folic 

acid or methionine) can produce long-lasting protection against colorectal cancer, possibly 

by epigenetic reprogramming of stem cells.145 As illustrated by SELECT, findings from 

observational epidemiological studies might not directly translate to findings in RCTs for 

several reasons. First, early RCTs tested the hypothesis that a single component of the diet 

(ie, an individual nutrient or food) was causally associated with cancer risk. However, when 

one component of the diet is modified, by necessity, other components are also changed. 

For example, a decrease in overall fat intake will result in an increase of carbohydrate or 

protein intake, and an increase in fruit and vegetable intake might accompany a decrease in 

overall fat or saturated fat intake. Second, findings from the observational epidemiological 

data vary depending on the type of vegetable or fruit studied. For example, green, leafy 

vegetables show inverse associations with some cancers but starchy vegetables do not. This 

finding might be a result of the different nutrient profiles of various types of fruits and 

vegetables and an incomplete understanding of the mechanisms by which these nutrients 

affect and interact with each other when estimating cancer risk. Third, a complex dose–

response interaction (eg, non-linear, threshold effect) with vitamins, minerals, and other 

micronutrients from the diet appears to exist that depends on the baseline concentration, 

leading to concerns that doses of micronutrients were too high and fibre too low in RCTs to 

be able to draw definitive conclusions from the results.129,143 Finally, findings for an overall 

study population can differ from that in subpopulations, as explained in examples discussed 

previously.

Effects of diet in early life

Diet in early life can affect markers of adolescent growth and development, such as age at 

first menarche, age at peak height growth velocity, and peak height growth velocity. This 

association has implications for chronic diseases such as breast cancer, which has some risk 

factors stemming from adolescent growth and development. In a prospective longitudinal 

study146 of girls born in the 1930s and 1940s living in the USA, high consumption of 

animal protein and low consumption of plant protein at ages 3–5 years was associated with 

earlier age at first menarche; high dietary fat intake at ages 1–2 years and high protein 

intake at ages 6–8 years were associated with earlier peak growth in adolescence; and high 

consumption of calories and animal protein 2 years before peak growth were associated 
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with higher peak growth velocity, after controlling for body size. These findings have been 

replicated in a study147 from the UK. The more contemporary Avon Longitudinal Study 

of Parents and Children148 reported that in 3298 girls born in 1991 and 1992, intake of 

animal protein at ages 3–5 years was positively associated with earlier age at first menarche 

and vegetable protein intake was associated with later onset of menarche. This finding was 

supported by the German Dortmund Nutritional and Anthropometric Longitudinal Design 

Study.149

Additionally, diet during preadolescence is related to peak height growth velocity, which 

is positively associated with the risk of breast cancer.150 Animal protein intake is related 

to faster growth and higher attained height.146 Emerging evidence indicates that, during 

adolescence, a diet high in fruits, vegetables, carotenoids, and fibre is associated with 

a reduced risk of premalignant breast lesions and invasive breast cancer.151-155 Groups 

with high consumption of alcoholic beverages during adolescence had greater risk of 

premalignant breast disease compared with groups with low consumption.147 A population-

based cohort analysis156 of breast cancer and fruit and vegetable intake in 90 476 adolescent 

women and women in early adulthood showed a stronger association between these factors 

than in studies of post-menopausal women. A prospective cohort study157 of more than 44 

000 women in the ongoing Nurses’ Health Study II, showed that groups with high fibre 

intake (up to 25·3 g/day) during adolescence and early adulthood had a lower risk of breast 

cancer, especially of premenopausal breast cancer, than those with an intake of less than 

14·7 g/day. High consumption of fish, fruit, and vegetables during adolescence is associated 

with a reduced risk of colorectal adenomas.158,159 This association is biologically plausible, 

since dietary fibre can modify the composition of gut microbiota to metabolise and reduce 

circulating oestrogen.129,157,160,161

The importance of the timing of exposure during adolescence is further emphasised by 

the adverse effect of alcohol intake. Sustained intake before first pregnancy is substantially 

associated with an increased risk of proliferative benign breast lesions and invasive breast 

cancer.107 In view of the biological processes of mammary gland development and terminal 

differentiation of cells with first pregnancy, the potential for diet composition to modify 

risk is substantial, but so far this hypothesis is poorly studied and understood. Growth in 

childhood and adolescence seems to be modified by diet composition and energy balance, 

with attained height and growth velocity (and age at menarche) serving as markers of 

these exposures, but potentially each operates independently to summarise risk accumulation 

during these years. Continued research into early life exposures should provide new insights 

into the mechanisms of development and prevention of breast cancer.162

Biological mechanisms for the effects of dietary patterns on cancer

The effects of dietary whole grains and fibre on colorectal cancer vary by intestinal 

microbiota.130 High-protein diets can reduce the concentrations of beneficial microbiota 

and metabolites and immune protection.163 High-fat diets can induce intestinal progenitor 

cells to a more stem cell-like fate, increasing tumour incidence. These effects are caused 

by specific dietary fatty acids, and not as a result of obesity.164 Caloric restriction has the 

opposite effect, reducing the incidence of tumour initiation. The relative role of obesity 
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versus high-fat diets in cancer development is an ongoing debate. Data from several mouse 

models163,164 indicate that high-fat diets can promote growth of breast and other cancers 

in the absence of obesity, suggesting a complex interplay between dietary fat (quality and 

quantity), obesity, inflammation, genetic background, and oncogenesis.165 Dietary changes 

in rural African and African–American people produced large changes in microbiota, 

metabolites, and cancer risk.129 The intestinal microbiome might promote the development 

of oestrogen receptor-positive breast cancer.166 Additionally, plasma carotenoids have been 

shown to be inversely associated with the incidence of high-grade prostate cancer, and this 

association might be affected by single-nucleotide polymorphisms in specific DNA repair 

genes.167,168 Emerging data indicate that, although fructose and glucose have the same 

caloric value, the two sugars are metabolised differently, which explains why fructose is the 

greater contributor to obesity and metabolic syndrome.169

Emerging evidence for obesity as a cancer risk factor

Obesity is a global health problem that is expected to increase substantially in both severity 

and the number of people affected over the next few decades. Worldwide, about 640 million 

adults and 110 million children and adolescents were obese in 2013—a two-times increase 

since 1980.170 In the USA, more than a third of adults (about 79 million) are obese. 

With the dramatic rise in prevalence of obesity in the USA and worldwide,161,170,171 this 

factor is becoming a major contributor to cancer risk and mortality, and is also a cause of 

many comorbidities. A 2016 review170 conducted by a working group of the International 

Agency for Research on Cancer (IARC) found that being overweight or obese increases 

the risk of incidence of at least 13 types of cancer. Before this report, five cancers were 

known to be associated with being overweight or obese: oesophageal adenocarcinoma; 

colorectal cancer; breast cancer in post-menopausal women; uterine cancer; and kidney 

cancer. The IARC report linked an additional eight cancers to being overweight: liver 

cancer, carcinoma of the gastric cardia, gallbladder cancer; pancreatic cancer, thyroid cancer, 

ovarian cancer, meningioma, and multiple myeloma. Together, these 13 cancers account 

for 42% of all new cancer diagnoses worldwide.170 The most consistent evidence is for 

post-menopausal breast cancer, colorectal cancer, and endometrial cancer. For some cancers 

(eg, endometrial), the group found a clear dose response—ie, the higher the patient’s BMI, 

the greater the risk.172,173 Nearly 25% of the relative contribution to cancer has since been 

ascribed to being overweight and obese.174 Evidence increasingly suggests that these factors 

are important after the diagnosis of cancer and affect the course of disease. In 2014, the 

American Society of Clinical Oncology joined the consensus report of the World Cancer 

Research Federation and the American Institute of Cancer Research, highlighting the global 

concern of obesity.175 Important racial disparities exist in this context. For example, obesity 

shows stronger associations with increased prostate cancer risk in African-American men 

than non-Hispanic white men.176

A 2017 review177 analysed five observational breast cancer studies and found no evidence 

of benefit of weight loss on survival in obese or overweight cancer survivors, consistent 

with data in formerly obese mice that suggested that weight normalisation alone might 

not be sufficient to reverse the effects of chronic obesity on epigenetic reprogramming 

and inflammatory signals in the mammary tumour microenvironment.178 More recent data 
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identifying a hyperadipose inflammatory state in women with a healthy BMI adds to the 

complexity of this result. A 2016 systematic review179 of eight small RCTs that tested 

weight loss interventions in obese or overweight survivors of breast and endometrial cancer 

has produced encouraging preliminary results regarding RCT feasibility and short-term 

weight loss and favourable biomarker effects. The review also identified some challenges 

of achieving substantial weight loss in particular subgroups, such as in African–American 

cancer survivors. Several ongoing RCTs and studies assessing long-term interventions will 

provide potentially definitive assessment of whether or not weight loss can improve cancer 

outcomes in overweight and obese people.

Breast cancer

More than two-thirds of US women are overweight or obese, which is associated with an 

increased risk of oestrogen receptor-positive post-menopausal breast cancer risk, including 

primary cancers of the breast (37% increase), endometrium (97%), and colon (89%). 

Women’s Health Initiative studies found a clear linear dose–response association between 

BMI and duration of being overweight or obese with an increased risk of post-menopausal 

breast cancer.172,173 Childhood and adolescent obesity have been associated with a reduced 

incidence of premenopausal breast cancer146,150 and an increased risk of several other 

cancers, such as endometrial,180 colorectal,181 and pancreatic182 cancers. Although the 

health risks of obesity far outweigh any potential benefit on risk of premenopausal breast 

cancer, this surprising association suggests potential adiposity effects in this crucial early 

life window, which are under active investigation. Hyperadipose inflammatory states have 

been unexpectedly shown in women with healthy BMIs.183 Macroeconomic forces, such as 

urbanisation and rising incomes, are leading to reduced levels of physical activity184 and 

increases in consumption of high-glycaemic index foods and calorie-dense foods, adding to 

the growing burden of obesity on cancer incidence.

Hepatocellular and pancreatic carcinoma

Hepatocellular carcinoma is the cancer with the fastest rising incidence in the USA and 

causes the second-highest number of cancer-related deaths worldwide. Established risk 

factors for liver cancer (eg, hepatitis B) are addressed through vaccines, and agricultural 

and food policy reforms in China in the mid-1980s resulted in a dramatic decrease in 

aflatoxin exposure, meaning that primary prevention measures have led to declining rates of 

hepatocellular carcinoma incidence and mortality.185 However, rising obesity rates portend a 

rapidly increasing trajectory in the incidence of this disease related to obesity.161,170,171 In 

high-income and middle-income countries, the increase in overweight individuals is causing 

a large increase in non-alcoholic fatty liver disease, the most common liver disease in the 

world (affecting almost 30% of Americans), of whom 80% are obese. Up to 25% of patients 

with non-alcoholic fatty liver disease develop a progressive inflammatory liver disease 

termed non-alcoholic steatohepatitis, which can progress to hepatocellular carcinoma. A 

major concern for the future is the role that obesity, diabetes, and fatty liver disease will have 

in the development of hepatocellular carcinoma.186 The incidence of and several risk factors 

for hepatocellular carcinoma are substantially higher in Hispanic men than in men of other 

races or ethnicities.187 The progression of non-alcoholic fatty liver disease to non-alcoholic 

steatohepatitis is especially associated with mitochondrial genetic background.188 The risk 
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of hepatocellular carcinoma in patients with non-alcoholic fatty liver disease and cirrhosis is 

also linked to alcohol use, and alcohol and obesity are synergistic in increasing the risk of 

liver injury and incidence of hepatocellular carcinoma.189

Pancreatic cancer has the poorest prognosis of any major tumour type, with a 5-year survival 

rate of less than 8%. Obesity has also been consistently associated with an increased risk 

of pancreatic cancer (HR 1·43; 95% CI 1·11–1·85 for individuals with a BMI >30 kg/m2 

compared with those with a BMI of 21–23 kg/m2).190 However, weight loss programmes do 

not appear to decrease cancer risk.

Biological mechanisms underlying associations of obesity with breast and liver neoplasia

Obesity is associated with adipocyte hypertrophy, mitochondrial dysfunction, and oxidative 

and endoplasmic reticulum stress, which promote increased proinflammatory signalling, 

adipokine secretion, and cell death, creating a state of chronic low-grade inflammation. 

Adipocytes supply metabolic substrates, lipid-signalling agonists, and growth factors, and 

change intermediary metabolism, especially fatty acid oxidation. An altered metabolic 

microenvironment in obese patients can amplify reciprocal cellular interactions of tumour 

cells with local or stromal adipocytes, or both. Adipose tissue is an active metabolic organ, 

communicating and regulating a host of signalling molecules.191,192 The adipokine leptin 

can stimulate inflammatory pathways in monocytes and macrophages to promote mammary 

tumour growth. By contrast, adiponectin is downregulated in obese people. Adipose-derived 

stem cells can become cancer-associated fibroblasts to promote oncogenesis. Leptin and 

adiponectin can modulate breast epithelial stem cell self-renewal to drive tumorigenesis.193 

A 2016 study194 reported that modest (about 5%) weight loss improved human metabolic 

function and led to an improvement in adipose tissue biology and reduced inflammation.

Adipose tissue macrophages in crown-like structures induce the production of reactive 

oxygen and nitrogen species, upregulation of NF-κB, and activation and secretion of TNF 

α, interleukin 1β, interleukin 6, and prostaglandin E2.191 Adipose tissue is responsible 

for synthesis of aromatase, the rate-limiting enzyme that converts androgens to oestrogens, 

and aromatase expression and enzymatic activity are increased in inflamed white adipose 

tissue within breast tissue. Women in the highest tertile of post-menopausal patients 

with breast cancer with regard to their oestrone:androstenedione ratios in their breast fat 

tissue (compared with those in the lowest tertile) were less likely to develop crown-like 

structures.195 Notably, inflamed adipose tissue releases cell-free DNA capable of stimulating 

insulin resistance196 and is a source for circulating exosomal microRNA, which can regulate 

glucose tolerance.197 Direct crosstalk between adipose tissue and neoplastic cells has been 

identified for several cancer types, supported by observations of crown-like structures in 

adipose tissue from patients with endometrial, tongue, and liver neoplasia.198 Adipocytes in 

the tumour microenvironment can promote tumour development and progression and affect 

immune clearance.199 For example, in the breast, interleukin 6, T cells, mast cells, and 

other cells (eg, eosinophils) have been reported to be crucial factors for the modulation of 

neoplasia. Adipokines, dysbiosis, and immune system alterations could all help to explain 

the link between adipose tissue and several cancers.200
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Future studies should go beyond BMI to assess breast tumorigenesis and investigate 

other key factors, such as distribution of adipose tissue compartments, since hyperadipose 

states (eg, with crown-like structures) have been reported in people with healthy BMIs.183 

Obesity-induced interstitial fibrosis promotes breast tumorigenesis by changing the function 

of the mammary extracellular matrix.201 Circadian disruption is associated with an 

increased incidence of obesity, diabetes, and cancer in human beings. In mice, circadian 

dysfunction induces leptin resistance, a hallmark of obesity in human beings, suggesting 

a key mechanism of circadian dysfunction-induced obesity and metabolic syndromes.202 

The most evident epidemiological link between cancer and circadian dysfunction is 

for breast cancer. Data from a study203 in mice showed that circadian dysfunction 

promotes non-alcoholic fatty liver disease-induced hepatocarcinogenesis by maintaining 

persistent genome-wide liver genetic dysregulation, metabolic disruption, and oncogene 

activation, closely mimicking that observed in obese human beings. The study found that 

circadian dysregulation of the bile acid receptor farnesoid X receptor and the xenobiotic 

receptor constitutive androstane receptor promotes non-alcoholic fatty liver disease-induced 

hepatocellular carcinoma. These findings are consistent with a chemopreventive benefit 

of improved liver histology in non-alcoholic steatohepatitis, as shown in an RCT of a 

farnesoid X receptor ligand.204 New experimental and clinical models are beginning to 

address how these underlying changes subvert the biology of liver function, leading to 

cancer development, including the role of the immune system (eg, CD8 T cells, natural killer 

cells, interleukin 17 and M2 macrophage polarisation) and the microbiome.205,206 Finally, 

gut microbiota-induced metabolites promote obesity-associated immune escape in hepatic 

tumorigenesis.207

Conclusion

This Series paper highlights the gaps, challenges, and prospects for further study into the 

associations between diet and activity levels and cancer incidence and mortality. Physical 

activity and sedentary behaviour are associated with major cancer-related outcomes, 

including quality of life.208-210 A large prospective study211 suggested that physical activity 

decreased in men and time spent sitting increased in women following a cancer diagnosis 

(compared with before diagnosis), especially in overweight and elderly patients. These 

results help to identify patient subgroups at the highest risk of these detrimental behaviours 

to appropriately target interventions. Accelerometers are becoming more wearable for 

continuous longitudinal monitoring of physical activity in both populations and individual 

patients. Furthermore, increasingly advanced computational techniques are available to 

investigate temporal and spatial patterns of daily variations in physical activity.212,213 As 

a result, a precision medicine approach to physical activity interventions is expected to 

develop in the near future. Such a development, however, will require more transdisciplinary 

research and big data solutions. The National Cancer Institute, for example, is supporting 

this research shift through grant opportunities into associated research areas. This new 

investigation into big behavioural data (including the substantial microbiome changes 

observed in sedentary people98) is likely to enable discoveries in a similar way to genomic 

medicine, and will support more comprehensive studies into gene-environment interactions.
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The existing epidemiological literature generally supports associations between diet and 

cancer risk, with emerging notable and consistent associations of a high intake of fruits 

and vegetables with a decreased risk of oestrogen receptor-negative breast cancer meriting 

definitive testing in RCTs. However, as noted, previous RCTs on individual nutrients 

and foods have generally been negative for several possible reasons. Future trials should 

instead focus on dietary patterns. Robust, large-scale RCTs are needed to definitively 

quantify the effects of health behaviours on cancer incidence, recurrence, and survival. 

Additionally, the increased role of obesity and non-alcoholic fatty liver disease or non-

alcoholic steatohepatitis worldwide in cases of hepatocellular carcinoma is of future 

concern. There is also a dearth of research into early life exposures to cancer risk factors and 

minority populations.162,214 New areas of research into cancers of the breast, liver, and other 

sites should include effects of circadian disruption and crown-like structures in individuals 

of a healthy bodyweight.183,198,203,215 The interplay between genetics, diet, behaviours, 

environmental factors, inflammatory and metabolomic factors, microbiota (including viruses 

and protozoa), and immunity have important implications for the effects of lifestyle on 

cancer incidence and survival. Furthermore, this interplay suggests an increasing potential of 

microbiota as a crucial modifiable risk factor that should be controlled for in future studies 

of lifestyle factors.129,200,216-218

Finally, to reduce cancer incidence and mortality in the USA and worldwide, we need 

well designed studies into how best to implement and disseminate advice about cancer 

prevention, to determine how we can translate physical activity and dietary findings into 

clinical and community oncology practice. High BMI continues to have one of the highest 

rates of increase among the leading global health risks, accounting for 4 million deaths 

worldwide in 2015, 40% of which were in people who were not obese. The drivers of this 

global burden are likely related to the increased availability of energy-dense foods, reduced 

opportunities for physical activity that followed urbanisation, and other changes in the built 

environment.219 Healthy lifestyle practices should be promoted throughout life, both at 

the individual and population level, as a means of achieving appropriate bodyweight and 

optimal metabolic health, and reducing the overall burden of cancer. Continued review of the 

evidence in global reports will support these efforts.
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Search strategy and selection criteria

The evidence presented in this Series paper focuses on the most recent published 

scientific literature on this topic. The data were selected from studies published and 

available on PubMed between Jan 1, 2010, and Oct 20, 2016, and focused on studies 

enrolling adult human beings published in English. The earliest date in this range was 

chosen as 2010 to provide an update on emerging areas of evidence, including sedentary 

behaviour and rigorous accelerometer-based measures. Our search terms were “physical 

activity”, “exercise”, “sedentary behavior”, “sitting”, “television”, “lifestyle”, “dietary 

patterns”, “obesity”, “overweight”, and “cancer”. All types of cancer were included, and 

all study designs were considered, including meta-analyses, review articles, prospective 

cohorts, and randomised controlled trials.
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