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ABSTRACT

Objective Low body fat and high physical activity
levels are key lifestyle factors in cancer prevention, but
the interplay of abdominal obesity and physical activity
on cancer risk remains unknown. We explored individual
and joint associations of waist circumference and
physical activity with cancer risk.

Methods Using UK Biobank data (n=315457), we
categorised individuals according to WHO guideline
thresholds for waist circumference and self-reported
physical activity levels. Multivariable-adjusted Cox
regression was used to estimate HRs and 95% Cls of
total cancer. The reference group comprised individuals
with recommended levels of waist circumference

(<88 cm for women and <102 cm for men) and physical
activity (>10 metabolic equivalent of task hours/week).
Furthermore, we estimated the proportion of cancers
attributable to abdominal obesity and insufficient
physical activity.

Results During a median follow-up period of 11 years
(3321486 person-years), 29710 participants developed
any type of cancer. Participants not meeting the WHO
guideline on waist circumference had increased cancer
risk, even when sufficiently physically active according
to the WHO (HR 1.11, 95% Cl 1.08 to 1.15). Similarly,
individuals not achieving the WHO guideline for physical
activity showed an elevated risk, even if they were
abdominally lean (HR 1.04, 95% CI 1.01 to 1.07).

Not adhering to either guideline yielded the strongest
increase in risk (HR 1.15,95% CI 1.11 to 1.19).

We estimated that abdominal obesity coupled with
insufficient physical activity could account for 2.0% of
UK Biobank cancer cases.

Conclusion Adherence to both WHO guidelines for
waist circumference and physical activity is essential for
cancer prevention; meeting just one of these guidelines
is insufficient.

INTRODUCTION

Abdominal obesity and physical inactivity have
reached epidemic proportions, with over 40% of
the global population living with central obesity'
and nearly 30% not meeting physical activity guide-
lines.”> Both abdominal obesity and physical inac-
tivity are modifiable key risk factors for cancer.>”
Obesity and physical activity are possibly linked
to cancer development through shared biological
pathways such as metabolic hormones, insulin
sensitivity, endogenous sex steroids and chronic

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Abdominal obesity is associated with an
increased risk of cancer, while physical activity
is related to reduced cancer risk. However,
whether individuals with abdominal obesity can
decrease their cancer risk by being physically
active is unknown. Likewise, whether physically
inactive individuals have lower cancer risk
if they are abdominally lean has not been
previously examined.

WHAT THIS STUDY ADDS

= Our study provides novel insights into the
joint association of waist circumference and
physical activity with cancer risk. We found that
abdominal obesity and insufficient physical
activity were distinct risk factors for cancer.
Specifically, achieving the WHO guideline for
waist circumference showed benefits but failed
to nullify the elevated cancer risk associated
with insufficient physical activity. Similarly,
meeting the WHO guideline for physical activity
attenuated but did not eliminate the increased
risk of cancer related to abdominal obesity. The
most favourable scenario in terms of cancer
prevention was observed for individuals who
met the guidelines for both abdominal leanness
and physical activity.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Meeting international guidelines for both waist
circumference and physical activity is important

for cancer prevention.

inflammation,® as well as genetic factors common
to both.”

Epidemiological ~studies have traditionally
focused on general obesity, measured by body
mass index (BMI) and physical activity in rela-
tion to cancer risk. Some of these investigations
have shown that high levels of physical activity
can mitigate the increased cancer risk associated
with elevated BML3!? whereas other studies have
not demonstrated such a counterbalancing phys-
ical activity effect.'"™® Importantly, the reliance
on BMI as a primary indicator of obesity in these
studies overlooks critical aspects of body composi-
tion. Waist circumference may be a more relevant
anthropometric indicator of cancer risk than BMI
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because abdominal obesity is more strongly associated with
fundamental aetiological mechanisms linked to cancer, such as
insulin resistance, compared with general obesity.®

Despite the purported advantages of using waist circumfer-
ence as a cancer risk indicator, no study has yet examined the
joint associations of abdominal obesity and physical activity
with total cancer risk. Specifically, it remains unknown whether
individuals with abdominal obesity can reduce their cancer risk
by being physically active. Similarly, the question of whether
individuals who are physically active have a lower risk of
cancer, even when they exhibit abdominal obesity, has not been
investigated.

Therefore, our study explores the combined relations of
abdominal obesity and physical activity with total cancer risk.
We used established WHO guidelines for waist circumference
and physical activity to effectively communicate public health
recommendations.

METHODS

Study population and data collection

UK Biobank is a prospective cohort that recruited over 500000
UK participants aged 40-69 years during 2006—2010. The study
collected sociodemographic, lifestyle and phenotypic informa-
tion. Assessments included touchscreen questionnaires, inter-
views, physical and functional measurements, and biological
samples.'*

Of the 502 356 participants, those underweight (BMI<18.5 kg/
m?, n=2626), with prevalent cancer other than non-melanoma
skin cancer (n=36691), or missing covariate (n=84416) or
exposure (waist circumference and/or self-reported physical
activity; n=62876) data were excluded. Additionally, implau-
sible low waist circumference values were excluded at the 0.1th
percentile (n=290), resulting in an analytical sample of 315457
participants (online supplemental file S1).

During the baseline visit, clinical staff measured waist circum-
ference in centimetres at the smallest part of the trunk, or the
belly button, during exhalation."® Physical activity was assessed
using the International Physical Activity Questionnaire (IPAQ)
Short Form,'® capturing weekly frequency and daily duration
(minimum 10 min) of walking, moderate and vigorous physical
activity during the previous 4 weeks. Following the IPAQ evalua-
tion protocol,'® metabolic equivalent of task (MET) values from
the Ainsworth et al compendium'” for moderate (4.0 METs) and
vigorous (8.0 METs) activities were multiplied by their frequency
and duration to obtain combined MET-hours per week (MET-
hours/week) of physical activity. Additionally, we used phys-
ical activity from 7-day accelerometry in a UK Biobank subset
(n=72097)." Moderate-to-vigorous physical activity from
accelerometry was previously derived using machine learning
algorithms, trained on a labelled dataset of 152 individuals who
wore an accelerometer and a wearable camera and completed a
time-use diary in free-living conditions."

We categorised participants based on WHO thresholds for
abdominal obesity (>88 cm for women and >102cm for men)*°
and sufficient physical activity levels (>10 MET-hours/week; 4
METs multiplied by 150 min and divided by 60 min),*' resulting
in four analysis groups: (1) abdominal leanness and sufficient
physical activity (reference), (2) abdominal leanness and insuffi-
cient physical activity, (3) abdominal obesity and sufficient phys-
ical activity and (4) abdominal obesity and insufficient physical
activity.

Cohort follow-up and ascertainment of cancer cases
Participants’ vital status was determined through linkage with
routine healthcare data and national death registries.* Follow-up
began at the assessment date and ended at the date of cancer diag-
nosis, date of complete follow-up (February 2020 for England/
Wales, January 2021 for Scotland), loss to follow-up or date of
death, whichever occurred first. The endpoint was any type of
first primary malignant cancer (other than non-melanoma skin
cancer) (online supplemental file S2).

Covariates

We identified potential confounding variables using evidence-
derived directed acyclic graphs** (online supplemental file S3). We
stratified by age at baseline (10-year increments), sex and study
centre. Further, we adjusted for self-reported socioeconomic
status (Townsend index), diet (healthy diet score, 0-7 scale),”
sedentary behaviour (hours; sum of daily time spent watching
television, using the computer in leisure and driving), measured
height (cm) and hand grip strength (kg) (as continuous variables);
self-reported education level (college/university degree; higher
national diploma, A-level, other professional qualifications;
general certificate of secondary education, O-level or none),
smoking (never, former and current) and alcohol use (never,
former and current) (as categorical variables); registry-obtained
diabetes and/or cardiovascular disease (classification in online
supplemental file S4), self-reported family history of cancer, and
screening for bowel, breast, and prostate cancer (as binary vari-
ables). For female-specific cancers, we adjusted for menopausal
status, oral contraceptive use, hysterectomy, hormone replace-
ment therapy (as binary variables); age at menarche and number
of births (as continuous variables). Covariate data were assessed
at baseline, except for diabetes and cardiovascular disease status,
which were obtained from registries up until the baseline date.

Statistical analysis

We performed Cox proportional hazards regression, with age
as the underlying time metric,”® to estimate HRs and corre-
sponding 95% ClIs for waist circumference and physical activity
(in mutually adjusted models), and the combination of waist
circumference and physical activity in relation to cancer. We
used abdominal leanness and sufficient physical activity (and the
combination of both) as the reference group, assuming that it
had the lowest risk.”” We tested for multiplicative interaction
between categorised waist circumference and physical activity
in relation to cancer using Wald tests. Proportional hazards
assumptions were checked using Schoenfeld residuals and visual
inspection.

We conducted the following sensitivity analyses to test the
robustness of our results. We addressed reverse causation
by excluding participants who developed cancer within the
first 2 or 5 follow-up years. We assessed associations based
on accelerometer-derived physical activity to confirm the
validity of our results. We multiplied the weekly proportion
of time spent in moderate-to-vigorous physical activity with
10080 min (resulting from 7 daysx24hoursx60 min) to assess
the accelerometer-derived threshold of 150 min of moderate-to-
vigorous physical activity. We assessed potential sex differences
by stratifying the analysis by sex, examined potential smoking-
related residual confounding by restricting the analysis to never-
smokers and considered alcohol use intensity (grams per day) in
place of its respective status variable. In an additional sensitivity
analysis, we focused on obesity-related”® and physical inactivity-
related”” cancers, including oesophageal (adenocarcinoma;
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International Classification of Diseases, 10" Revision (ICD-10):
C15; histology: 8140-8145, 8210-8260, 8323), colon (C18),
liver (C22), breast (postmenopausal; C50) and endometrial
(C54.1) cancers. We also verified the stability of our results by
assessing mean values and SD across sex-standardised and age-
standardised tertiles of waist circumference and physical activity
and examined their relations to cancer risk. Furthermore, we
assessed the association between continuous physical activity,
stratified by abdominal obesity and cancer risk, as well as the
association between continuous waist circumference, strati-
fied by physical activity recommendations and cancer risk. To
assess the influence of missing values, we conducted multiple
imputation using chained equations (10 datasets with § itera-
tions each).’® Furthermore, we estimated the proportion of
UK Biobank cancers potentially preventable if all participants
avoided abdominal obesity and were physically active (popu-
lation attributable fraction, PAF), assuming these factors are
causally related to cancer. PAFs were estimated using Levin’s
formula.®!

Cox regression was conducted using the rms package.** All
data processing and statistical analyses were performed using R
V.4.2.3.% All p values were based on two-sided tests with a 0.05
significance level.

Patient and public involvement
Patients or the public were not involved in the conceptualisation,
analysis or interpretation of this study.

Equity, diversity and inclusion statement

The author list includes both early-career researchers and senior
scientists, with more women than men on the team. The study
population varied in terms of age, gender and demographics.
However, ethnic groups other than predominantly white and
marginalised communities are under-represented.

RESULTS

Our analytical cohort comprised 315457 individuals
(48.1% women) aged 56.1%8.2 years at baseline. We inspected
waist circumference and physical activity according to partic-
ipant characteristics to assess the potential for confounding
(table 1). The group defined by abdominal leanness and a suffi-
cient activity level exhibited a healthier lifestyle, marked by
better dietary habits and lower rates of sedentary behaviour and
smoking, compared with the group with abdominal obesity and
insufficient physical activity. Group-specific average values for
waist circumference and physical activity are provided in online
supplemental file SS5.

During 10.9 years of follow-up (3321486 person-years),
29710 participants developed any type of primary malignant
cancer. Compared with the reference group of participants
without abdominal obesity (defined as those with a waist circum-
ference <88 cm for women and <102 cm for men), those with
abdominal obesity had an increased risk of total cancer (HR
1.11, 95% CI 1.09 to 1.14). Similarly, insufficient (defined as

Table 1

Characteristics of UK Biobank participants at baseline between 2006 and 2010 (n=315457)

Abdominal leanness

Abdominal obesity

Sufficient physical activity

Insufficient physical activity

Sufficient physical activity  Insufficient physical activity

Characteristic n=147502 n=78310 n=46580 n=43065
Sex

Women 67952 (46%) 37124 (47%) 24384 (52%) 22208 (52%)

Men 79550 (54%) 41186 (53%) 22196 (48%) 20857 (48%)
Age (years) 55.7 (8.4) 55.4 (8.0) 57.5 (7.9) 56.7 (7.7)
Physical activity (MET-hours/week) 43.0 (35.8) 3.3(3.1) 40.3 (34.6) 2.7 (3.0)
Waist circumference (cm) 84.6 (9.6) 85.6 (9.7) 103.6 (9.9) 105.4 (10.9)
Maximum grip strength (kg) 35.0(11.3) 33.8(11.2) 33.5(11.7) 32.7 (11.6)
Townsend index of deprivation -1.6(2.9) -1.6 (3.0) -1.2(3.1) -1.1(3.1)
Education

College or university 56914 (39%) 32335 (41%) 13167 (28%) 13351 (31%)

AJAS, NVQ/HND/HNC or equivalent, other 34252 (23%) 17968 (23%) 11630 (25%) 10384 (24%)

professional qualification

0/GCSE, CSE or equivalent 37908 (26%) 19508 (25%) 13067 (28%) 11971 (28%)

None of the above 18428 (12%) 8499 (11%) 8716 (19%) 7359 (17%)
Sedentary behaviour (hours/day) 4.2(2.4) 4.4 (2.6) 5.0 (2.6) 5.3 (2.8)
Healthy diet score 3.8(1.4) 3.4(1.4) 3.6(1.3) 3.3(1.4)
Smoking status

Never 84487 (57%) 45253 (58%) 23383 (50%) 21470 (50%)

Former 49630 (34%) 24339 (31%) 19058 (41%) 16903 (39%)

Current 13385 (9.1%) 8718 (11%) 4139 (8.9%) 4692 (11%)
Alcohol drinking status

Never 4499 (3.1%) 2874 (3.7%) 1997 (4.3%) 2093 (4.9%)

Former 3998 (2.7%) 2388 (3.0%) 1718 (3.7%) 1835 (4.3%)

Current 139005 (94%) 73048 (93%) 42865 (92%) 39137 (91%)
Prevalent cardiometabolic disease

No 136148 (92%) 71161 (91%) 38781 (83%) 34582 (80%)

Yes 11354 (7.7%) 7149 (9.1%) 7799 (17%) 8483 (20%)

A, advanced; AS, advanced subsidiary; CSE, certificate of secondary education; GCSE, general certificate of education; HND, higher national diploma; HNE, higher national
education; MET-hours/week, metabolic equivalent of task hours per week; NVQ, national vocational qualification; O, ordinary levels.

362

Bohmann P, et al. Br J Sports Med 2025;59:360-366. doi:10.1136/bjsports-2024-108708

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw erep pue 1xa1 01 pale[al sasn Joj Buipnjoul ‘1ybluAdoos Agq paloslold
jooyoasaboysnwseig
V.11-Z39 uswiredsq 1e G20z ‘s aunr uo /wod fwqg-wslgy:dny woly papeojumod '5z0z Arenuer zz uo 80.80T-720zZ-s1odslg/9eTT 0T se paysiignd 11y :psy sL0dS [ Ig


https://dx.doi.org/10.1136/bjsports-2024-108708
https://dx.doi.org/10.1136/bjsports-2024-108708
http://bjsm.bmj.com/

Original research

Table 2 HRs and 95% Cls of total cancer according to WHO guidelines on waist circumference and physical activity

Group HR (95% Cl) for crude model

HR (95% CI) for full model Events/person-years

Abdominal leanness
1.0
1.06 (1.03 to 1.09)

Sufficient physical activity

Insufficient physical activity
Abdominal obesity

Sufficient physical activity 1.16 (1.12 to 1.20)

Insufficient physical activity 1.22 (1.18 10 1.26)

1.0 12 950/1 559 862.3
1.04 (1.01 to 1.07) 7098/829 190.2
1.11 (1.08 to 1.15) 4983/484 818.0
1.15(1.11 t0 1.19) 4679/447 615.2

The crude model is adjusted for age, sex and study centre. The full model is adjusted for age, sex, study centre, standing height, grip strength, cardiometabolic diseases, ethnicity,
education, alcohol status, smoking status, Townsend index, healthy diet score, sedentary behaviour, cancer screening (bowel, breast and prostate), family history of cancer,
hormone replace therapy and oral contraceptive medication intake, menopausal status, age menarche, number of births given and age hysterectomy.

<10 MET-hours/week) versus sufficient physical activity was
associated with an increased cancer risk (HR 1.05, 95% CI 1.02
to 1.07).

The joint associations of abdominal obesity and insufficient
physical activity with total cancer risk are shown in table 2.
Cancer risk was higher for individuals with abdominal obesity,
regardless of their physical activity levels, with HRs of 1.11
(95% CI 1.08 to 1.15) for sufficiently physically active and 1.15
(95% CI 1.11 to 1.19) for insufficiently physically active indi-
viduals, compared with those who were abdominally lean and
sufficiently active. Furthermore, cancer risk for abdominally lean
individuals with insufficient physical activity, compared with
their sufficiently active counterparts, was also slightly increased,
with an HR of 1.04 (95% CI 1.01 to 1.07).

Results comparing abdominally obese and insufficiently
physically active individuals to their lean and sufficiently active
counterparts remained consistent in sensitivity analyses. These
included analyses that excluded the first 2 years of follow-up
(HR 1.16, 95% CI 1.12 to 1.21), and the first 5 years of
follow-up (HR 1.20, 95% CI 1.14 to 1.25); analyses that used
accelerometry-based data for physical activity instead of ques-
tionnaire data (HR 1.22, 95% CI 1.10 to 1.36); analyses limited
to never-smokers (HR 1.18, 95% CI 1.12 to 1.25) (figure 1);
analyses using alcohol use intensity (HR 1.13, 95% CI 1.08
to 1.17) (online supplemental file S6); and sex-stratified anal-
yses (women: HR 1.25, 95% CI 1.18 to 1.32; men: HR 1.08,
95% CI 1.03 to 1.13) (online supplemental file S7). We found
no multiplicative interaction between waist circumference
and physical activity associated with the risk of cancer (p for
interaction=0.80).

14
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0.9
Abdominal leaness

Sufficient physical activity Insufficient physical activity
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To verify the robustness of our results using different cut points,
we also classified individuals according to age-standardised and
sex-standardised tertiles of waist circumference and physical
activity (average values given in online supplemental file S8).
Compared with those with a low waist circumference and high
levels of physical activity, total cancer risk was 1.03 (95% CI
0.98 to 1.08) for individuals with both low waist circumference
and low levels of physical activity, 1.13 (95% CI 1.07 to 1.19)
for participants with high waist circumference and high levels
of physical activity, and 1.18 (95% CI 1.12 to 1.23) for those
with high waist circumference and low levels of physical activity
(online supplemental file S9). Additionally, physical activity
showed a linear inverse dose-response association with cancer
risk among abdominally lean individuals, which was slightly
attenuated for individuals with abdominal obesity. Waist circum-
ference was linearly positively associated with cancer risk, irre-
spective of physical activity levels (online supplemental file S10).

We investigated total cancer risk with imputed covariate data,
and the results remained consistent (online supplemental file
S11).

When focusing on obesity-related and physical inactivity-
related cancers, results were more pronounced. Compared with
abdominally lean and sufficiently physically active individuals,
HRs were 1.38 (95% CI 1.30 to 1.47) for abdominally obese
and sufficiently active and 1.48 (95% CI 1.39 to 1.58) for
abdominally obese and insufficiently active individuals (table 3).

In the UK Biobank, 13.7% of participants were both abdom-
inally obese and insufficiently physically active. We estimated
that the presence of abdominal obesity coupled with insuffi-
cient physical activity accounted for 2.0% (1.5%-2.5%) of total

Analysis

-® Main

& Never smokers
4 2yearsexcluded
# 5years excluded
¥ Accelerometry

Abdominal obesity
Insufficient physical activity

HRs and 95% Cls of total cancer according to WHO guidelines on waist circumference and physical activity across several analyses: main

analysis, analysis limited to never smokers, analysis excluding the initial 2 years of follow-up, analysis excluding the initial 5 years of follow-up and

analysis based on accelerometer-based physical activity.
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Table 3 HRs and 95% Cls of obesity-related and physical inactivity-related cancer according to WHO guidelines on waist circumference and

physical activity

Group HR (95% Cl) for crude model

HR (95% Cl) for full model Events/person-years

Abdominal leanness
1.0
1.11 (1.04 t0 1.17)

Sufficient physical activity

Insufficient physical activity
Abdominal obesity

Sufficient physical activity 1.44 (13510 1.53)

Insufficient physical activity 1.59 (1.49 to 1.69)

1.0 3017/1 600 895.0
1.08 (1.01 to 1.14) 1721/850 545.9
1.38 (1.30 to 1.47) 1611/497 760.9
1.48 (1.39 t0 1.58) 1532/459 348.1

The crude model is adjusted for age, sex and study centre. The full model is adjusted for age, sex, study centre, standing height, grip strength, cardiometabolic diseases, ethnicity,
education, alcohol status, smoking status, Townsend index, healthy diet score, sedentary behaviour, cancer screening (bowel, breast and prostate), family history of cancer,
hormone replace therapy and oral contraceptive medication intake, menopausal status, age menarche, number of births given and age hysterectomy.

cancer and 6.1% (5.0%-7.3%) of obesity-related and physical
inactivity-related cancers (online supplemental file S12).

DISCUSSION

To the best of our knowledge, this study is the first to examine
the joint relations of abdominal obesity and insufficient physical
activity to risk of cancer. We found that not meeting the WHO
guideline on waist circumference was associated with an 11%
increased risk of cancer, while non-adherence to the WHO guide-
line for physical activity was related to a 5% increased cancer risk.
Notably, being sufficiently physically active according to the WHO
guideline did not eliminate the heightened risk of cancer associated
with abdominal obesity, nor did a waist circumference below the
WHO thresholds fully offset the elevated cancer risk related to
insufficient physical activity, though it did attenuate the associa-
tion. Combined non-adherence to both guidelines led to a 15%
elevated cancer risk. We estimated that such non-adherence could
account for 29 of total cancer cases. Our findings underscore the
importance of meeting WHO guidelines for both waist circumfer-
ence and physical activity to mitigate cancer risk.

Previous research indicates that not meeting the international
guidelines on waist circumference is linked to an increased
overall cancer risk. Specifically, men with abdominal obesity,
defined by the WHO as a waist circumference above 102cm,
had a 229% greater total cancer risk compared with those without
abdominal obesity. Similarly, women exceeding 88 cm for waist
circumference demonstrated a 17% elevated risk of cancer.’
Beyond abdominal obesity, general obesity, defined by BMI, is
also associated with an increased total cancer risk.**

Epidemiological studies have reported that following interna-
tional physical activity guidelines is associated with decreased
cancer risk.® ** Specifically, a meta-analysis indicated a 7%
reduction in overall cancer risk for individuals who met the
WHO guideline of >10 MET-hours/week, compared with those
who did not meet the guideline.*® Additionally, a large pooled
study that defined the recommended level of physical activity
as 7.5-15 MET-hours/week found that this level of physical
activity was associated with a lower risk of 7 out of 15 investi-
gated cancer types (breast, endometrial, kidney, myeloma, liver,
non-Hodgkin’s lymphoma (women only), colon (men only)).%’

No study has examined the joint association of waist circum-
ference and physical activity on total cancer. However, previous
investigations of individual cancer sites have consistently shown
that individuals with the combination of elevated anthropo-
metric measures (primarily measured using BMI) and low phys-
ical activity exhibit the highest cancer risk.” '* This association
was observed, for example, in pancreatic cancer where individ-
uals with a BMI>30kg/m” and low levels of physical activity
(categorised in tertiles) had a higher risk compared with those

with a BMI<25kg/m? and high physical activity.” Similarly,
physically inactive (<15 MET-hours/week) and overweight
women (BMI>25kg/m?) had a higher risk of developing endo-
metrial cancer compared with active (>15MET-hours/week),
normal-weight (BMI<2S5 kg/m?) women."? Conversely, those
with a healthy weight who engage in high levels of physical
activity show the greatest cancer risk reduction.® Moreover, in
research examining different types of cancer, no interactive rela-
tion between physical activity and obesity was identified.® '

Plausible biological pathways that link excess body fat and
physical inactivity to cancer include insulin resistance, metabolic
hormones, chronic inflaimmation and increased levels of circu-
lating sex hormones, factors exacerbated by obesity but potentially
mitigated by physical activity.® *® For instance, the link between
insulin resistance and obesity, particularly abdominal fat, is well
established.® Moreover, various types of physical activity have been
shown to reduce body weight* and waist circumference,*” as well
as enhance insulin sensitivity.>’ ** Other potential pathways, such
as DNA methylation, telomere length, oxidative stress, immune
function and the gut microbiome, may not require the simulta-
neous presence of both obesity and insufficient physical activity.
For example, alterations in DNA methylation or telomere length
induced by physical activity can influence cancer risk without the
concurrent loss of abdominal fat.®

Research and policy implications

Our study echoes critical public health messages and aligns with
previous research on diverse health outcomes.*'™** Maintaining
a healthy weight throughout life and engaging in regular physical
activity are pivotal in reducing cancer risk.”! ¥ *® Our findings
underscore the importance of adhering to guidelines regarding
both waist circumference and physical activity to minimise the
risk of developing cancer. In circumstances where adherence
to both guidelines proves impractical, following the guidelines
for abdominal obesity may be superior. Enabling individuals to
achieve WHO guidelines for waist circumference and physical
activity requires not only individual lifestyle changes but also
systemic changes at political and societal levels. Policy interven-
tions targeting the obesogenic environment should encompass
multiple domains, including the food industry and urban plan-
ning, to promote access to healthy dietary choices and opportuni-
ties for physical activity. Public awareness campaigns on healthy
lifestyles should be integrated into educational institutions.*

Strengths and limitations

To the best of our knowledge, no epidemiological study has
previously examined waist circumference and physical activity
simultaneously in relation to total cancer. An asset of our study
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is our utilisation of objective data on waist circumference and
physical activity, which minimised measurement errors. Also,
using waist circumference as a measure of abdominal obesity
circumvented possible limitations of BMI since physical activity
can decrease waist circumference without causing weight loss, a
change not captured by BML*” An additional advantage of our
study is its long follow-up period, which led to large numbers of
cases and enabled several sub-analyses. For example, we investi-
gated the potential for reverse causation by excluding the first 2
and § years of follow-up.

However, relying solely on baseline exposure data limits the
analysis by not accounting for temporal changes in anthropo-
metric measures and physical activity levels. Also, our study’s
reliance on European participants somewhat limits its generalis-
ability, further compounded by the UK Biobank’s low response
rate and potential susceptibility to selection bias, which may
be reflected in the relatively high levels of physical activity
observed.*®

CONCLUSION

In summary, our analysis suggests distinct relations of waist
circumference and physical inactivity to cancer. Notably, a
high waist circumference was linked to increased cancer risk,
and physical activity failed to nullify the heightened cancer risk
associated with abdominal obesity. Likewise, insufficient phys-
ical activity was associated with enhanced cancer risk, even
among those without abdominal obesity, though the risk was less
pronounced. The group with the lowest cancer risk consisted
of individuals who were both abdominally lean and sufficiently
physically active. Our findings underscore the critical impor-
tance of adhering to both public health recommendations—
maintaining a lean waistline and engaging in regular physical
activity—as essential strategies for reducing cancer risk.
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N =463,039

84,416 exclusions
due to missing covariate data

62,876 exclusions
due to missing exposure data

Physical activity: 62,792*
Waist circumference: 62
Both: 22

*Those participants were not excluded for
accelerometry analyses.

A4

290 exclusions
due to implausible values in waist circumference

Population for analysis
N =315,457
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S2. International Classification of Diseases (ICD-10): Classification of cancer subtypes.

Cancer ICD-10 code
Lips, oral cavity, pharynx C00-C14
Oesophagus C15
Stomach (cardia) Cl6.0
Stomach (non-cardia) C16.1-C16.6
Colon C18
Rectum C19-C20
Anus C21
Liver C22
Gallbladder C23-C24
Pancreas C25
Lung C34
Malignant melanoma C43
Breast C50
Cervix uteri C53
Corpus uteri C54
Ovary C56
Prostate Col
Kidney Co4
Bladder C67
Brain, CNS, eye C69-C72
Thyroid C73
Non-Hodgkin lymphoma C82-C85
Multiple myeloma C90
Leukemia C91-C95
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S3. Directed acyclic graph.

.\ illness of father iliness of mother
gg%t\bwicre\ening
qualification prostate cancer screening
\family history of cancer
breast cancer 77
= — I\

body composition and phcal acivity group cancer

®

©
sedentary behavior
&

(O <

alcohol intake townsend deprivation index<oral contraceptive pill ~menopausal status

e o @ @

smoking cardiometabolic disease age at menarche number of births

~

Cancer screening and family history of cancer are only causes of the outcome, hence, not confounding variables, but adjusting for such variables
tends to increase the power of statistical tests.!
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S4. Definition of cardiometabolic disease.

International Classification International Classification of
of Diseases (ICD-10) code Diseases (ICD-9) code
Cardiovascular disease 120, 121, 124, 125, 148, 149, 4139, 4109, 4119, 4140, 4148,
150, 160-169, 170, 173 4149, 4273, 42704279, 4280,
4281,4309, 4319, 4321, 4331,
4339, 4349, 4359, 4369, 4373,
4379, 4389, 4400, 4401, 4408,
44009, 4430, 4439
Diabetes Ell 25000

Additionally, we used self-reported disease status: cardiovascular disease (heart attack, angina, and stroke;
field ID 6150) and diabetes (field ID 2443).
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S5. Means and standard deviations of waist circumference and physical activity
according to WHO guidelines.

Women (n=151,668)

Group N Physical activity Waist
(MET-hours/week) circumference (cm)

Abdominal leanness

Sufficient physical activity 67952 39.84 (31.72) 77.15 (6.40)
Insufficient physical 37124 341 (3.11) 77.97 (6.35)
activity
Abdominal obesity
Sufficient physical activity 24384 37.58 (30.65) 97.64 (8.00)
Insufficient physical 22208 2.86 (3.03) 99.49 (9.45)
activity

Men (n=163,789)

Abdominal leanness

Sufficient physical activity 79550 45.66 (38.66) 91.05 (6.91)
Insufficient physical 41186 3.19 (3.08) 92.44 (6.62)
activity
Abdominal obesity
Sufficient physical activity 22196 43.24 (38.30) 110.09 (7.27)
Insufficient physical 20857 2.57(2.94) 111.68 (8.56)
activity

MET-hours/week: Metabolic equivalent of task hours per week; Note: Cut-point for women=88cm, cut-point
for men=102cm.
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Sensitivity Analyses: Hazard ratios and 95% confidence intervals of total cancer according to WHO guidelines on waist circumference

Excluding first 5

years of follow-up

Using device-based

moderate-to-
vigorous PA

Never-smokers

Using alcohol
intensity instead of
status

HR (95% CI)

HR (95% CI)

HR (95% CI)

HR (95% CI)

Sé.
and physical activity.
Excluding first
2 years of
follow-up
Group HR (95% CI)
Abdominal leanness
Sufficient physical
. . 1.0
activity
Insufficient physical
activity 1.05 (1.01-1.08)
Abdominal obesity
Sufficient physical 112 (1.08-1.17)
activity
Ins_ui_'ficlent physical 1.16 (1.12-1.21)
activity

1.0

1.07 (1.03-1.11)

1.12 (1.07-1.17)

1.20 (1.14-1.25)

1.0

1.10 (1.01-1.20)

1.10 (1.00-1.22)

1.22 (1.10-1.36)

1.0

1.03 (0.99-1.07)

1.10 (1.05-1.16)

1.18 (1.12-1.25)

1.0

1.03 (1.00-1.06)

1.10 (1.06-1.14)

1.13 (1.08-1.17)

Events/Person-years

25,499/3,316,312

CI: confidence interval; HR: Hazard ratio.

18,007/3,282,841

3,745/376,957.8

14,176/1,856,304

25,590/3,321,486
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S7. Sensitivity Analyses: Hazard ratios and 95% confidence intervals of total cancer according to WHO guidelines on waist circumference
and physical activity for sex-stratified analyses.

Hazard ratio Event/Person-years Hazard ratio Events/Person-years
Group (95% Confidence interval) (women) (95% Confidence interval) (men)
for women for men

Abdominal leanness

Sufficient physical activity 1.0 5,007/725,036.6 1.0 7,943/834,825.6

Insufficient physical activity 1.04 (0.99-1.09) 2,794/397,433.2 1.04 (1.00-1.08) 4,304/431,757.0
Abdominal obesity

Sufficient physical activity 1.18 (1.12-1.24) 2,295/256,438.9 1.07 (1.02-1.12) 2,688/228.379.1

1.25 (1.18-1.32) 2,161/233,433.8 1.08 (1.03-1.13) 2,518/214,181.4

Insufficient physical activity
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S8. Average values of age- and sex-standardized tertiles of waist circumference and physical activity for women and men.

Women Men
n Physical activity Waist circumference n Physical activity =~ Waist circumference
Low waist circumference
Lowest PA tertile 15733 2.57 (2.50) 73.01 (4.23) 16119 2.64 (2.61) 86.52 (4.84)
Medium PA tertile 19580 15.78 (5.68) 72.81 (4.19) 20821 17.58 (6.33) 86.25 (4.82)
Highest PA tertile 22693 58.00 (32.93) 72.57 (4.28) 24201 68.55 (40.27) 85.70 (5.09)
Medium waist
circumference
Lowest PA tertile 16250 2.41 (2.46) 83.79 (3.38) 18251 2.47 (2.58) 96.85 (2.82)
Medium PA tertile 16863 15.51 (5.70) 83.53 (3.37) 17815 17.29 (6.31) 96.57 (2.82)
Highest PA tertile 16680 56.45 (32.06) 83.48 (3.37) 17621 67.34 (39.39) 96.60 (2.79)
High waist circumference
Lowest PA tertile 18505 2.08 (2.39) 100.13 (9.57) 21402 2.09 (2.49) 110.62 (8.79)
Medium PA tertile 13644 15.19 (5.74) 98.39 (8.28) 14726 16.95 (6.28) 109.10 (7.72)
Highest PA tertile 11720 56.27 (32.08) 97.97 (7.95) 12833 68.23 (40.66) 108.67 (7.35)

PA: Physical activity (measured as MET-hours per week), Waist circumference was measured in cm.

Bohmann P, et al. Br J Sports Med 2024;0:1-7. doi: 10.1136/bjsports-2024-108708



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance

Supplemental material placed on this supplemental material which has been supplied by the author(s) Br J Sports Med

S9. Sensitivity Analysis: Hazard ratios and 95% confidence intervals of total cancer

according to sex- and age-standardized tertiles of waist circumference and physical

activity.

Group

Events/Person-years

HR (95% CI)

Low waist circumference
High physical activity
Intermediate physical activity
Low physical activity

Intermediate waist circumference
High physical activity
Intermediate physical activity
Low physical activity

High waist circumference
High physical activity
Intermediate physical activity
Low physical activity

CI: Confidence interval; HR: Hazard ratio.

3,969/496,043.6
3,443/429,106.7
2,837/336,975.0

3,215/360,994.8
3,243/366,148.2
3,487/363,025.2

2,439/256,717.8
2,869/296,799.2
4,208/415,675.1

1.0
1.01 (0.96-1.06)
1.03 (0.98-1.08)

1.06 (1.01-1.11)
1.08 (1.03-1.13)
1.12 (1.07-1.18)

1.13 (1.07-1.19)
1.16 (1.11-1.22)
1.18 (1.12-1.23)

10
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S10. Sensitivity Analyses: Continuous relationships between physical activity, stratified
by waist circumference, and cancer risk as well as continuous relationships
between waist circumference, stratified by physical activity, and cancer risk.

No abdominal obesity Abdominal obesity

1.05 1.05
£ °
5 1.00 —— 5 100
) i — ) [—
& 8
S 095 8 095
e e

0.90 0.90

0 20 40 60 0 20 40 60
MET hours per week MET hours per week
Sufficient physical activity Insufficient physical activity

175 175
o 150 - g 150
2 2
< 125 o o 125 s
< / o B =
T 100 e T 100 __—

015 015

80 120 160 80 120 160
Waist circumference Waist circumference

Note: Stratification was done by using WHO recommendations: Waist circumference below (no abdominal
obesity) and above (abdominal obesity) the sex-specific cut- off (men: 102cm; women: 88cm); Physical
activity below (insufficient) and above (sufficient) the recommended cut-off of 10 MET-hour/week.

11

Bohmann P, et al. Br J Sports Med 2024;0:1—7. doi: 10.1136/bjsports-2024-108708



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Br J Sports Med

S11. Sensitivity Analyses: Hazard ratios and 95% confidence intervals of total cancer
according to WHO guidelines on waist circumference and physical activity using
imputed covariate data.

Group Hazard ratio 95% Confidence interval Events/Person-years

Abdominal leanness
Sufficient physical activity 1.0 14,505/1,805,988.6
Insufficient physical activity 1.04 1.02-1.07 8,128/981,037.1

Abdominal obesity

Sufficient physical activity 1.12 1.08-1.15 5,847/594,453.7
Insufficient physical activity 1.14 1.10-1.18 5,540/561,258.8
12
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S12. Proportion of UK Biobank cancers potentially preventable if all participants
avoided abdominal obesity and were sufficiently physically active regarding the
WHO guidelines (Population attributable fraction and 95% confidence intervals).

Obesity- and physical

Group Total cancer inactivity-related cancer

Abdominal leanness and

insufficient physical activity 0.94 (0.21 - 1.69) 1.86 (0.34 —3.43)
Abdominal obesity and

sufficient physical activity 1.64 (1.11 -2.18) 5.36 (4.24 — 6.52)
Abdominal obesity and 1.99 (1.47 - 2.52) 6.14 (5.01 — 7.31)

insufficient physical activity
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