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BACKGROUND: Colorectal cancer (CRC) incidence is rising among adults under 55 years, but its causes remain unclear. Large-scale
prospective studies are needed to identify risk factors for early-onset CRC (EOCRC).

METHODS: We pooled three large European prospective cohort studies, examining 14 known or suspected risk factors with EOCRC
(diagnosed <55 years, N = 1369) and later-onset CRCs (LOCRC) (diagnosed >55 years, N = 13,490). Cox proportional hazards models
estimated hazard ratios (HRs) and 95% confidence intervals (Cls).

RESULTS: Higher body mass index (BMI, per 5 kg/m? increase), was strongly associated with EOCRC in men (HR 1.33, 95% Cl:
1.18-1.51), particularly for early-onset colon cancer (HR 1.55, 95% Cl: 1.32-1.82), compared to later-onset disease (HR 1.25, 95% Cl:
1.19-1.31) (Phet = 0.01). Weaker associations with BMI were observed for women and rectal cancers. Similar sex and subsite specific
trends were observed for waist circumference and waist-to-hip ratio. Current smoking (HR 1.24, 95% Cl: 1.07-1.44) and alcohol use
(HR 1.15, 95% Cl: 1.06-1.25) increased EOCRC risk, and physical activity (HR 0.71, 95% Cl: 0.54-0.95) was protective.
DISCUSSION: Adiposity, physical inactivity, smoking, and alcohol consumption are risk factors for EOCRC. Risk factors were largely
similar between EOCRC and LOCRC, except for adiposity, with stronger EOCRC association in men.

British Journal of Cancer (2026) 134:781-789; https://doi.org/10.1038/541416-025-03303-y

INTRODUCTION

The incidence of colorectal cancer (CRC) in young adults (usually
defined as a diagnosis prior to age 50 years) has increased over
recent decades in many countries [1-4]. Data from the United
States (U.S) shows that CRC incidence is also rising recently in the
50-54 year age group, mirroring the trends reported in those <50
years, with underlying risk factors and mechanisms speculated to
be similar in both age groups [5]. Studying this age group
alongside those under 50 is therefore important to capture the full
scope of early-onset disease. In the U.S and several other high-
income countries, higher incidence rates of early-onset CRC
(EOCRC) have been observed across successive birth cohorts since
the 1960s [1, 6], which points to secular changes in exposure to
suspected risk factors from this period contributing to the
increasing disease rates in younger adults [7].

Candidate risk factors that have been proposed to explain the
rise in EOCRC incidence rates include obesity, the adoption of
unhealthy lifestyle habits— such as high alcohol consumption, and
changes in reproductive and menstrual risk factors [8, 9]. However,
for most suspected risk factors, prior evidence on how they are
associated with EOCRC is derived from case-control studies
[10-13], small-scale cohort analyses (<120 incident EOCRC cases)
[14,15], or clinical databases [16-18] that lack high-quality data on
risk factors and covariates. In a recent Mendelian randomisation
(MR) analysis, we found that adiposity traits and alcohol
consumption were positively associated with risk of EOCRC, but
for other lifestyle risk factors evidence was less clear, possibly due
to insufficient statistical power [19]. Consequently, the role of
most lifestyle-related risk factors in EOCRC development remains
largely uncertain. High-quality and large-scale prospective studies
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examining how these risk factors relate to risk of developing
EOCRC are lacking.

Here, we evaluated 14 lifestyle-related risk factors that have
been associated with CRC [20] in relation to EOCRC risk (herein
defined as CRC diagnosed at <55 years) and compared the
associations between EOCRC and later-onset CRC (LOCRC,
diagnosed >55 years). We performed a comprehensive investiga-
tion of risk factors by pooling individual-level data from three
large-scale prospective European cohorts (the European Prospec-
tive Investigation into Cancer and Nutrition [EPIC], the Norwegian
Women and Cancer Study [NOWAC], and the UK Biobank [UKB]),
across nine countries resulting in more than 14,859 incident CRC
cases, 1369 of which were diagnosed <55 years of age. The large-
scale pooled dataset afforded sufficient statistical power to
compare EOCRC risk factor relationships with LOCRC disease and
across anatomical subsites.

METHODS

Study participants

EPIC is a cohort comprised of 521,448 participants, mostly aged 35 years
and older, recruited between 1992 and 2000 from the general population
of 10 European countries (Denmark, France, Germany, Greece, Italy, the
Netherlands, Norway, Spain, Sweden, and the United Kingdom) [21].
Written informed consent was provided by all study participants, and
ethical approval for EPIC was provided by the International Agency for
Research on Cancer and local participating centres.

NOWAC enroled a random sample of 172,000 Norwegian National
Population Registry women, mostly aged 35-70 years old, in three waves
between 1991 and 2007 [22]. Written informed consent was provided by
all study participants, and the NOWAC study was approved by the Regional
Committee for Medical Research Ethics and the Norwegian Data
Inspectorate.

UKB is a prospective cohort of 502,536 adults aged between 40 and 69
years old who were recruited between 2006 and 2010. UKB has approval from
the North West Multi-centre Research Ethics Committee, the National
Information Governance Board for Health and Social Care in England and
Wales, and the Community Health Index Advisory Group in Scotland. In
addition, an independent Ethics and Governance Council was formed in 2004
to oversee UKB's continuous adherence to the Ethics and Governance
Framework, which was developed for the study (http://www.ukbiobank.ac.uk/
ethics/). All participants provided written informed consent at recruitment,
and this research has been conducted under UKB application number 25897.

During the baseline recruitment visits, participants from all three cohorts
were asked to complete a self-administered questionnaire, which included
questions on sociodemographic information (including age, sex, educa-
tion), health/medical history, and lifestyle exposures (including smoking
habits, dietary intakes, and alcohol consumption). After removing
prevalent cancer cases (participants with cancer diagnoses before
recruitment) (n=6327), participants with missing follow-up evaluation
(n = 59,755), participants from Greece (EPIC) due to lack of available data
(n=26,916), overlapping or duplicated participants of NOWAC from EPIC
(n = 34,666), and UKB participants who withdrew consent (n = 223), a total
of 430,410 from EPIC, 166,134 from NOWAC and 472,159 participants from
UKB remained.

Exposures

For all three cohorts, the fourteen risk factors of interest were measured at
recruitment. The exposures considered in the current analysis were
defined as follows: height (per 10 cm), body mass index (BMI) (per 5 kg/
m?), waist circumference (per 10 cm), waist-to-hip ratio (per 0.1), smoking
status (never, former, current), alcohol consumption (per 30 g/d), physical
activity index (inactive, moderately inactive, moderately active, active);
prevalent diabetes (no, yes), prevalent hypertension (no, yes), and in
women only, age at menarche (<12, 12-15, >15 years), oral contraceptive
(OC) use (never, ever), and parity (nulliparous, ever parity), age at
menopause (<50, 51-55, >55 years), and ever postmenopausal hormone
replacement therapy (HRT) use (no, yes). To assess the assumption of
linearity, alcohol consumption was evaluated using restricted cubic spline
regression and sex-specific quartiles of anthropometric measures in
relation to CRC risk. Details of measurements and variable harmonisation
are included in the Supplementary material.

Follow-up evaluation for cancer incidence and vital status

In EPIC, cancer incidence was determined through record linkage with
regional cancer registries (Denmark, Italy, the Netherlands, Spain, Sweden,
and the United Kingdom) or via a combination of methods, including the
use of health insurance records, contacts with cancer and pathology
registries, and active follow-up evaluation through participants and their
next of kin (France and Germany). The end of follow-up for cancer related
outcomes and mortality ranged from 2008-2013 for different centers. For
NOWAC, we obtained information on cancer incidence, death, and
emigration in the cohort through linkage to the Norwegian Cancer
Registry, the Cause of Death Registry, and the Norwegian Central
Population Register, respectively. Participants were followed-up from the
date of return of the baseline questionnaire until date of death, emigration,
or the end of follow-up in December 2018, whichever occurred first. In
UKB, incident cancer cases and cancer cases recorded first in death
certificates were identified through linkage to national cancer and death
registries. Participants were followed-up from the date of baseline
assessment until either date of death, cancer diagnosis, date of loss to
follow-up or end of follow-up for cancer incidence (November 2014). CRC
cases were defined using the 10th Revision of the International
Classification of Diseases (ICD-10 codes C18-C20). Colon cancer was
defined as ICD-10 code C18, and rectal cancer was defined as ICD-10 codes
C19 - C20.EOCRC was defined as an incident CRC diagnosis <55 years,
consistent with recent evidence showing similar incidence trends in
individuals aged 50-54 years as those <50, and to increase statistical
power; while later-onset CRC was defined as a diagnosis =55 years in our
pooled analysis.

Statistical analysis

Using age as the underlying timescale in Cox proportional hazards models,
we calculated hazard ratios (HRs) and corresponding 95% confidence
intervals (Cls) for each of the fourteen risk factors with EOCRC and LOCRC.
Age at recruitment was the time of entry, and age at exit was determined
by the age at the earliest of the following events: CRC diagnosis, death, or
the final date at which follow-up evaluation in each study was deemed
complete. All the multivariable models were stratified by cohort for sex-
specific analysis, cohort and sex for sex-combined analysis, and adjusted
for age and country. The models were further adjusted as follows: models
evaluating height and BMI were mutually adjusted, other body size
variables were adjusted for height, as well as for physical activity, smoking,
alcohol, hypertension, diabetes and HRT. To reduce potential bias from
collinearity between body size variables, BMI, waist circumference, and
waist-to-hip ratio were modelled separately and were not included
simultaneously in the same regression models. Models for physical activity,
smoking, alcohol, hypertension, diabetes were mutually adjusted and
adjusted for height, BMI and HRT. Reproductive factors were adjusted
further for height, BMI, physical activity, smoking, alcohol, hypertension,
diabetes and HRT, except the models evaluating HRT. Multivariable joint
Cox proportional hazards model was used to estimate HRs and 95% Cls for
the analyses by anatomic site, as described previously with similar
covariate adjustment as above [23]. Briefly, the model accounts each
anatomical subsite as competing risk, allows different baseline hazard
functions for each subsite (i.e,, colon and rectum) and directly compares
the associations with outcome subtypes using Wald's test. Since the
association between body size measurements and CRC was found to vary
by sex in earlier studies [24-26], as well as in our study (Supplementary
Table 1), separate models were used for men and women. Statistical tests
used in the analysis were all 2-sided, and a P value less than 0.05 was
considered statistically significant. Since the analyses were hypothesis-
driven, evaluating previously established or suspected risk factors of CRC,
correction for multiple testing was not applied.

Ethics approval and consent to participate. For EPIC, ethical approval was
provided by the International Agency for Research on Cancer and local
participating centres. For NOWAC, the study was approved by the Regional
Committee for Medical Research Ethics and the Norwegian Data
Inspectorate. UK Biobank has approval from the North West Multi-centre
Research Ethics Committee, the National Information Governance Board
for Health and Social Care in England and Wales, and the Community
Health Index Advisory Group in Scotland. In addition, an independent
Ethics and Governance Council was formed in 2004 to oversee UKB's
continuous adherence to the Ethics and Governance Framework, which
was developed for the study (http://www.ukbiobank.ac.uk/ethics/). This
research has been conducted under UK-Biobank application number
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Table 1.

Non cancer
(N =1053844)

Age at recruitment (years), mean (SD) 53.2 (9.43)
Sex
Women, % 66.9
Height (cm), mean (SD) 167 (8.85)
BMI (kg/m?), mean (SD) 26.3 (4.62)
Waist circumference (cm), mean (SD) 87.9 (13.5)
Waist-to-hip ratio, mean (SD) 0.86 (0.09)
Alcohol consumption (g/d), mean (SD) 13.5 (17.8)
Smoking
Never, % 49.6
Current, % 18.0
Physical activity
Inactive, % 249
Active, % 15.5
Diabetes
Yes, % 3.6
Hypertension
Yes, % 27.2
Age at menarche (years)
<12, % 103
215, % 3.8
Age at menopause (years)
<50, % 12.6
>55, % 1.8
Oral contraceptive use
Yes, % 42.0
Parity
Ever, % 59.3
HRT use
Yes, % 19.4

Characteristics of the participants in pooled dataset from the EPIC*, UK Biobank and NOWAC* cohorts at recruitment

CRC =55 years CRC > 55 years

(N=1369) (N=13490)
449 (5.51) 58.4 (7.60)
71.1 62.2
169 (8.34) 168 (8.53)
25.5 (4.53) 26.6 (4.51)
87.1 (14.0) 91.9 (13.5)
0.85 (0.10) 0.89 (0.10)
13.1 (18.6) 14.6 (20.1)
42.4 40.3
27.2 20.9
21.7 214
14.2 13.8
23 4.9
29.7 37.3
8.9 7.6
35 3.7
7.0 16.1

24
41.9 324
61.1 61.8
8.2 204

“EPIC the European Prospective Investigation into Cancer and Nutrition, NOWAC the Norwegian Women and Cancer Study.

25897. All participants in each of the cohorts provided written informed
consent at recruitment.

RESULTS

After a median follow-up time of 11.5 years, 14,859 (9360 women
and 5499 men) incident CRC cases occurred; of which 1369 were
EOCRC cases (diagnosed <55 years) and included 792 early-onset
colon (EO-CC) and 526 early-onset rectal cancer (EO-RC) cases.
Table 1 shows the main characteristics of participants at time of
recruitment, and Supplementary Tables 2 and 3 show the
characteristics by sex and each cohort.

Higher BMI was associated with an increased risk of EOCRC
among men (per 5kg/m? HR 1.33, 95% Cl: 1.18-1.51) but not
among women (per 5kg/m? HR 1.03, 95% Cl: 0.95-1.13) (Fig. 1).
The positive association between BMI and EOCRC was stronger for
colon cancer in men (per 5kg/m? HR 1.55, 95% Cl: 1.32-1.82)
compared to rectal cancer (per 5 kg/m* HR 1.12, 95% Cl: 0.94-1.35)
(P-hetccysre = 0.008). For LOCRC, BMI was positively associated
with risk in both women (per 5 kg/m? HR 1.08, 95% Cl: 1.05-1.11)
and men (per 5kg/m% HR 1.19, 95% CI: 1.15-1.24). However,
similar to EOCRC, for LOCRC the association in men was stronger
for colon cancer (per 5 kg/m* HR 1.25, 95% Cl: 1.19-1.31) than for

British Journal of Cancer (2026) 134:781-789

rectal cancer (per 5kg/m*> HR 1.10, 95% Cl: 1.03-1.17) (P-
hetccysre = 0.001). Among men, the association between BMI
and EO-CC was stronger (per 5 kg/m? HR 1.55, 95% Cl: 1.32-1.82)
than the association observed for later-onset colon cancer (LO-CC)
(per 5kg/m? HR 1.25, 95% Cl: 1.19-1.31) (P-hetgoys o = 0.01). For
rectal cancer, however, associations with BMI did not differ
significantly by sex or between early-onset and later-onset
disease, and they were all broadly lower than colon cancer
specific associations with BMI. Similar to BMI, a higher risk was
observed for larger waist circumference for EOCRC in men only,
with a stronger association for colon cancers compared to rectal
cancers. The positive association between waist circumference
and EO-CC (per 10cm, HR 1.41, 95% Cl: 1.24-1.62) was stronger
than for LO-CC (per 10cm, HR 1.21, 95% Cl: 1.17-1.25) (P-
het =0.02). For rectal cancer, weaker positive associations were
found with waist circumference. The pattern of results for waist-to-
hip ratio (WHR) in EOCRC and LOCRC, as well as by anatomical
subsite, was largely consistent with those observed for waist
circumference. Height did not exhibit a significant association with
EOCRC risk in either men or women, and the lack of association
was consistent across both sexes and anatomical subsites.
However, a positive association with height was observed for
LO-CC, but not later-onset rectal cancer (LO-RC). Sensitivity
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®-EOCRC -@ LOCRC
P-het
Exposure N Colorectal  HR [95%ClI] N Colon HR [95%CI] N Rectum  HR[95%CI] CCvsRC
Height (per 10cm)
934  fe 1.13[1.00-1.28] 563 e 1.16[0.99-1.34] 345 e 1.20 [1.00-1.44] 0.75
Women 8014 |* 1.14[1.09-1.19] 5493 | 1.17[1.12-1.23] 2280 1.06 [0.99-1.14]  0.03
392 e 1.05[0.89-1.23] 209 He— 1.17[0.94-1.46] 163 —ein 0.96[0.77-1.18]  0.17
Men 5044 im 1.08 [1.03-1.13] 2922 i 1.12[1.06-1.19] 1914 1.04 [0.97-1.11]  0.08
BMI (per 5 kg/m?)
923 1.03[0.95-1.13] 556 1.02[0.92-1.14] 341 et 1.06[0.92-1.21] .72
Women 7961 o 1.08 [1.05-1.11] 5456 |® 1.09 [1.06-1.13] 2265 1.04[0.99-1.09] 0.09
391 e~ 1.33[1.18-1.51] 208 —e— 1.55[1.32-1.82]* 163 ++e— 1.12[0.94-1.35]  0.008
Men 5041 - 1.19[1.15-1.24] 2920 | 1.25[1.19-1.31]* 1913 & 1.10 [1.08-1.17]  0.001
Waist circumference
(per 10 cm)
478 e 1.05[0.96-1.14] 285  iex 1.09[0.99-1.21] 168 4 1.01[0.86-1.16]  0.34
Women 4388 e 1.08 [1.05-1.11] 2932 e 1.10[1.07-1.14] 1226 ® 1.04[0.99-1.10]  0.06
365 n 1.25[1.13-1.38] 193 o 1.41[1.24-1.62]* 153 e 1.09[0.94-1.26]  0.01
Men 4896 ! 1.17[1.13-1.20] 2839 | ® 1.21[1.17-1.25] 1851 iw 1.10 [1.05-1.15]  0.001
Waist-to-hip ratio
(per 0.1)
478 e 1.08 [0.93-1.25] 285 ie— 1.13[0.94-1.37] 168 —o—i 1.08[0.84-1.39] 0.75
Women 4384 |w 1.14[1.09-1.20] 2930 |w 1.16 [1.10-1.22] 1224 }es 1.10[1.01-1.20] 0.38
361 e 1.33[1.11-1.58] 191 e 1.46[1.18-1.79] 151 4 o ., 1.24[0.94-165 0.33
Men 4884 - 1.28 [1.22-1.35] 2831 o1 1.32[1.24-1.40] 1848 | e 1.24[1.16-1.34] 025
—r 1 1 —r 1 1 1 1 1
05 1 15 2 05 1 15 2 05 1 15 2

* EOCRC vs LOCRC heterogeneity P<0.05

Fig. 1

Multivariate HRs and 95% Cls for early and late-onset colorectal cancer incidence in relation to anthropometric measures by

anatomic sub-site. Multivariable Cox regression models for overall colorectal cancer using age as the underlying time variable stratified by
cohort, adjusted for age at recruitment, country, physical activity, smoking status, intakes of alcohol, diabetes, hypertension and ever use of
postmenopausal hormone replacement therapy. The multivariable model for height was adjusted further for body mass index. Multivariable
models for body mass index, waist circumference, and waist-to-hip ratio were adjusted further for height. For multivariable joint Cox models
for anatomical subsite, similar variable adjustments were made as above. EOCRC: early-onset colorectal cancer, LOCRC: later-onset colorectal

cancer, P-het: heterogeneity p-value between subsites.

analyses by sex-specific quartiles of BMI, waist circumference, and
WHR showed similar positive associations for both EOCRC and
LOCRC with statistical significant test for linear trend (Supple-
mentary Table 4), as well as for each cohort analysed (Supple-
mentary Table 5).

Current smoking was similarly associated with risk of both EOCRC
(current vs. never smokers, HR 1.24, 95% Cl: 1.07-1.44) and LOCRC
(current vs. never smokers, HR 1.30, 95% Cl: 1.23-1.37), with a similar
pattern of associations generally observed for colon and rectal
cancer (Fig. 2). Former smoking vs. never smoking was positively
associated with LOCRC (HR 1.21, 95% Cl: 1.16-1.26) but not EOCRC
risk (HR 1.06, 95% Cl: 0.92-1.23). A similar pattern of associations
was found for colon and rectal cancer, with statistically significant
heterogeneity by early-onset and later onset cancers found for
former smoking in rectal cancer (P-hetgoysio=0.02). Similar
magnitude positive associations were also observed between
alcohol consumption and EOCRC (per 30 g/day, HR 1.15, 95% Cl:
1.06-1.25) and LOCRC (per 30 g/day, HR 1.16, 95% Cl: 1.13-1.20),
and for colon and rectal cancer (Fig. 2). Restricted cubic spline
analyses indicated a linear association between alcohol consump-
tion and CRC risk (Supplementary Fig. 1a, b).

Higher levels of physical activity were associated with a lower
risk of LOCRC (active vs. inactive, HR 0.92, 95% Cl: 0.86-0.98) and
EOCRC (active vs. inactive, HR 0.83, 95% Cl: 0.69-1.03), although
the latter association did not reach statistical significance despite a
lower point estimate. Inverse associations for physical activity
were observed for EO-CC (active vs. inactive, HR 0.71, 95% Cl: 0.54-
0.95) and LO-CC (active vs. inactive, HR 0.84, 95% Cl: 0.78-0.91), but
not for rectal cancer. Diabetes was positively associated with
LOCRC (no vs yes; HR 1.17, 95%Cl: 1.07-1.29), and EOCRC albeit the
risk estimate did not attain statistical significance (no vs yes; HR
1.44, 95% Cl: 0.95-2.16), with a similar pattern observed for EO-CC

(Fig. 2). Although not statistically significant, a stronger positive
association was observed for diabetes and EO-RC (no vs yes; HR
1.74, 95%Cl: 0.97-3.11) compared to LO-RC (no vs yes; HR 1.08,
95% Cl: 0.92-1.27) (Phet=0.03). Similar magnitude positive
associations were observed for hypertension with EOCRC and
LOCRC, with only the latter endpoint reaching the threshold of
statistical significance (yes vs. no), HR 1.08, 95% Cl: 1.03-1.13); this
positive association was stronger for colon cancer than rectal
cancer in both age groups, but the difference did not reach
statistical significance (early-onset: Phet = 0.43; later-onset: Phet =
0.17) (Fig. 2).

Reproductive and menstrual factors were not associated with
EOCRC risk (Fig. 3). In contrast, for LOCRC, later age at menarche
(>15 vs. <12 years, HR 0.87, 95% Cl: 0.77-0.98), parity (ever vs.
nulliparous, HR 0.89, 95% Cl: 0.82-0.97) and ever HRT use (yes vs.
no), HR 0.91, 95% Cl: 0.86-0.96) were associated with lower risk. No
heterogeneity was observed in the pattern of results for
reproductive factors for colon and rectal cancer across both age
groups.

DISCUSSION

In this multi-country analysis that pooled data from three large-
scale prospective European cohorts, we comprehensively assessed
associations between various anthropometric, lifestyle and repro-
ductive factors and the risk of EOCRC. BMI and central adiposity
measurements (men only), low physical activity levels, current
smoking, and alcohol consumption were associated with greater
EOCRC risk. For BMI and waist circumference in men, stronger
positive associations were observed for EO-CC than for LO-CC.
Overall, we generally observed associations of similar direction
and magnitude for EOCRC as for LOCRC.

British Journal of Cancer (2026) 134:781-789
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-® EOCRC -@ LOCRC
P-het
Exposure N Colorectal HR [95%CI] N Colon HR [95%CI] N Rectum HR [95%CI] CCvs RC
Smoki EOCRC = 0.40
moking LOCRC =0.09
581 o 1 347 1 218 1
Never 5435 4 1 3558 1 1686 ¢ 1
F 391+ 1.06 [0.92-1.23] 230 He— 1.06 [0.88-1.28] 146 —p— 1.04 [0.82-1.31]*
ormer 5074 - 1.21[1.16-1.26] 3227 i 1.15[1.09-1.22] 1696 | res 1.32[1.22-1.42]*
372 —e—t 1.24[1.07-1.44] 200 +e— 1.15[0.94-1.40] 153 i—e— 1.32[1.04-1.67]
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Fig. 2 Multivariate HRs and 95% Cls for early and late-onset colorectal cancer incidence in relation to lifestyle factors by anatomic sub-
site. Multivariable Cox regression models was constructed using age as the underlying time variable stratified by sex and cohort. For smoking,
alcohol consumption and physical activity, the above models were mutually adjusted, and adjusted for age at recruitment, country, height,
body mass index, diabetes, hypertension and ever use of postmenopausal hormone replacement therapy and physical activity. Multivariable
model for diabetes and hypertension was mutually adjusted and adjusted further for age at recruitment, country, height, body mass index,
smoking, alcohol and physical activity. For multivariable joint Cox models for anatomical subsite, similar variable adjustments were made as
above. EOCRC early-onset colorectal cancer, LOCRC later-onset colorectal cancer, P-het: heterogeneity p value between subsites.

In recent decades, obesity rates have surged among younger
adults, mirroring the rising incidence rates of EOCRC [9]. Although
BMI is the most commonly reported anthropometric index, waist
circumference and WHR may better capture central adiposity and
have been suggested to be stronger predictors of colorectal
cancer in some studies [27]. BMI has been generally associated
with higher EOCRC risk in previous prospective cohort and case-
control studies [15, 28-31], but evidence for central adiposity
measures, such as waist circumference and WHR, is less common.
In our recent MR study, we observed positive effect estimates for
genetically predicted BMI, waist circumference, and WHR with
EOCRC risk [19]. However, due to sample size constraints, we were
unable to stratify these analyses by sex. In the current pooled
analysis that included data from three prospective cohorts, we
only observed positive associations for these adiposity measure-
ments with EOCRC risk among men and not women. Notably, for
BMI and waist circumference, stronger positive associations for
men were observed for EO-CC risk than for later-onset disease, but
not in EO-RC. The observed disparity by sex and anatomical
subsite is in accordance with a large body of prior epidemiologic
evidence showing similar results for CRC in all age groups, which
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primarily comprises older persons [20, 26, 32, 33]. Reasons for
these sex differences for the associations of BMI with CRC risk are
unknown but have been postulated to include a risk-reducing
effect of adipose-tissue derived oestrogen for women that may
not be experienced by men with obesity [34, 35]. Moreover, men
are more likely to accumulate visceral fat [36], which is
metabolically active and associated with insulin resistance, chronic
inflammation, and higher circulating IGF-1 levels, all implicated in
CRC development [37]. Women, by contrast, tend to accumulate
more subcutaneous fat, which is considered less deleterious
metabolically [38]. However, obesity alone is unlikely to explain
the increasing EOCRC trend fully, given that the increase in
incidence rates has been primarily in rectal and distal colon
cancers and the rates are high, if not higher, in women as opposed
to men [3].

Higher levels of physical activity have been consistently
associated with lower CRC risk [39-41]; however, few studies
have investigated the association with EOCRC. To our knowledge,
the current investigation is the first prospective study to report an
inverse association between physical activity and EO-CC risk. A
previous prospective investigation in the Nurses’ Health Study Il
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Fig.3 Multivariate HRs and 95% Cls for early and late-onset colorectal cancer incidence in relation to reproductive and hormonal factors
among women by anatomic sub-site. Multivariable Cox regression models were constructed using age as the underlying time variable
stratified by cohort, and adjusted for age at recruitment, country, physical activity, smoking status, intakes of alcohol, diabetes, hypertension
and ever use of postmenopausal hormone replacement therapy (HRT). For HRT use, the models were adjusted for all the above except for
postmenopausal hormone replacement therapy use. For multivariable joint Cox models for anatomical subsite, similar variable adjustments
were made as above. EOCRC early-onset colorectal cancer, LOCRC later-onset colorectal cancer, P-het: heterogeneity p value between subsites.

reported that prolonged sedentary activity (i.e., television viewing
time) was associated with greater EOCRC risk [14]. A larger pooled
study, mostly comprising case-control studies, reported a positive
association for sedentary behaviour (defined as absence of
physical activity less than 1 h per week) and EOCRC that did not
reach the threshold of statistical significance [10].

Collectively, these results are largely supportive of high adiposity
and low physical activity levels being implicated in EOCRC develop-
ment. Both risk factors have been found to influence key processes
underlying colorectal tumorigenesis, including inflammation [42-44],
oxidative stress [45-47], insulin resistance [48-50], hormonal dysregu-
lation [51] and gut microbiota alterations [52-54]. Obesity, particularly
visceral adiposity, promotes expression of pro-inflammatory cytokines,
such as IL-6 and TNF-q, fostering chronic inflammation and oxidative
stress [42, 55]. Dysfunctional adipose tissue disrupts adipokines,
impacting insulin sensitivity and cell proliferation [56]. Insulin
resistance in obesity leads to hyperinsulinemia and elevated
bicavailable IGF-1 levels, fuelling tumour growth [57]. Conversely,
physical activity has been shown to improve insulin sensitivity and
lower circulating levels of inflammatory markers [58-60].

We found that current smoking was associated with greater risk
of both EOCRC and LOCRC, while former smoking increased the
risk of LOCRC only. Although smoking has long been associated
with CRC risk [61, 62], only a limited number of smaller case-
control studies have investigated its impact on EOCRC risk, with
null or strong positive associations mostly reported [10, 63-65].
Heavier alcohol consumption, typically defined as >25-30 g/day,
has been associated with EOCRC in two case-control studies,
exhibiting comparable or stronger effects than in LOCRC [10, 66].
A recent retrospective cohort analysis from Korea found similar
increased EOCRC risk in moderate and heavy drinkers [67]. While
the current observational analysis revealed similar association
strengths between alcohol and EOCRC and LOCRC risk, our recent
MR analysis identified a stronger positive effect for younger-onset
disease [19].

The mechanisms by which smoking and alcohol consumption
contribute to CRC development are not yet fully understood.
Cigarette smoke, rich in carcinogens such as polycyclic aromatic
hydrocarbons (PAHs) and nitrosamines, can induce DNA damage,
oxidative stress, and inflammation, promoting CRC initiation and
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progression [68-70]. Similarly, alcohol consumption can also cause
DNA damage, oxidative stress, and lipid peroxidation, leading to
DNA adduct formation and mutations in CRC development
[71, 72]. Smoking and alcohol can also promote the growth of
pathogenic bacteria and the production of pro-inflammatory
metabolites, exacerbating inflammation and immune dysregula-
tion in the colon and rectum and creating a pro-inflammatory
environment conducive to CRC development [73-75].

For height, we found little evidence of a positive association
with EOCRC risk, in accordance with a previous pooled analysis
including mostly case-control studies [10]. In contrast, we
previously observed a positive effect estimate for the association
between genetically predicted height and EOCRC risk [19]. The
lack of association for height and EOCRC observed in the current
analysis may be a consequence of insufficient statistical power for
a more modest observational effect size. Larger prospective
studies are likely needed to comprehensively investigate the role
of anthropometric traits in EOCRC development. Similarly, we
observed no associations of HRT use or parity with EOCRC,
although both factors were inversely associated with LOCRC.
Previous studies have reported mixed results for these reproduc-
tive factors, with some suggesting protective effects [76, 77] and
others reporting null associations [78]. Our findings, therefore,
suggest that reproductive and menstrual factors may have limited
relevance for EOCRC, while their influence may be more
pronounced in later-onset disease.

Our study represents one of the first large-scale prospective
cohort analyses to comprehensively evaluate the association of
both well-established and suspected CRC risk factors with EOCRC
development. By leveraging data from three well-characterised
cohort studies, we were able to assess sex- and subsite-specific
differences and compare them with later-onset disease, while
minimising between-study heterogeneity. Our findings also have
important public health implications. Several EOCRC risk factors,
including adiposity, smoking, alcohol use, and low physical
activity, are modifiable. Promoting healthy weight, smoking
cessation, reduced alcohol intake, and physical activity may
support efforts to reduce EOCRC risk in younger adults. Limitations
include only a single assessment of exposures at baseline with no
repeat measurements and lack of lifestyle or body size trajectory
data from adolescence or early adulthood. Although our analyses
were hypothesis-driven and focused on established CRC risk
factors, results across subsites may still be influenced by multiple
testing and warrant independent validation. A further limitation is
that our analyses did not capture differences by smoking intensity
or duration, or by type of alcoholic beverage. Selection bias,
particularly in UK Biobank, cannot be ruled out entirely, and our
findings reflect risks observed in the studied age ranges rather
than across the full life course. Lastly, our study only included
individuals of European ancestry and residing in Europe, which
may not generalise to other populations or geographic regions
also experiencing increased rates of EOCRC.

In conclusion, adiposity, physical inactivity, current smoking,
and alcohol consumption were associated with elevated EOCRC
risk. In general, we found a similar pattern of risk factor
relationships for EOCRC as with LOCRC, indicating that the
changing prevalence of these risk factors may be among the
contributing factors to the rising rates of EOCRC. However, these
risk factors likely do not explain all the increases in EOCRC
incidence rates fully, and hence, larger studies are warranted to
examine risk factors for CRC across younger ages of diagnosis and
to identify potential novel causes of EOCRC.
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