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Abstract

Background: Incidence of early-onset (younger than 50years of age) colorectal cancer (CRC) is increasing in many
countries. Thus, elucidating the role of traditional CRC risk factors in early-onset CRC is a high priority. We sought to
determine whether risk factors associated with late-onset CRC were also linked to early-onset CRC and whether associa-
tion patterns differed by anatomic subsite. Methods: Using data pooled from 13 population-based studies, we studied
3767 CRC cases and 4049 controls aged younger than 50 years and 23 437 CRC cases and 35 311 controls aged 50 years and
older. Using multivariable and multinomial logistic regression, we estimated odds ratios (ORs) and 95% confidence inter-
vals (CIs) to assess the association between risk factors and early-onset CRC and by anatomic subsite. Results: Early-
onset CRC was associated with not regularly using nonsteroidal anti-inflammatory drugs (OR = 1.43, 95% CI = 1.21 to 1.68),
greater red meat intake (OR = 1.10, 95% CI = 1.04 to 1.16), lower educational attainment (OR = 1.10, 95% CI = 1.04 to 1.16), alco-
hol abstinence (OR = 1.23, 95% CI = 1.08 to 1.39), and heavier alcohol use (OR = 1.25, 95% CI = 1.04 to 1.50). No factors exhibited
a greater excess in early-onset compared with late-onset CRC. Evaluating risks by anatomic subsite, we found that lower total
fiber intake was linked more strongly to rectal (OR = 1.30, 95% CI = 1.14 to 1.48) than colon cancer (OR = 1.14, 95% CI = 1.02 to
1.27; P =.04). Conclusion: In this large study, we identified several nongenetic risk factors associated with early-onset CRC,
providing a basis for targeted identification of those most at risk, which is imperative in mitigating the rising burden of this

disease.

For the past several decades, early-onset colorectal cancer (CRC;
in persons younger than 50 years of age) has been increasing in
incidence in many countries (1-10). In the United States, inci-
dence rates of early-onset CRC differ by geographic location and
have nearly doubled between 1992 and 2013 (from 8.6 to 13.1 per
100 000 persons) (5), with a preponderance of this increase due
to early-onset cancers of the rectum (5,11). The recent rise in
early-onset CRC has been observed particularly among individ-
uals born during and after the 1960s in studies from the United
States (5,12,13), Canada (3), Australia (1), and Japan (14), suggest-
ing that the differential rates over time are largely attributable
to changes in risk factor patterns throughout successive
generations.

There is a great need to understand the factors driving the
increased incidence of early-onset CRC, because approximately
1in 10 diagnoses of CRC in the United States occurs in this age
group, and these early-onset cancers tend to present with
higher pathologic grade and a greater risk of recurrence and
metastatic disease (7). Although genetic syndromes (15) and
common genetic variants (16) are important in early-onset CRC,
the prevalence in young adults of anthropometric, dietary, life-
style, and pharmacological risk factors for CRC may contribute
greatly to the secular trends in early-onset CRC, overall (1,3,5,13)
and by anatomic subsite (5,11,13,17-19). Research in electronic
health record databases and small-scale interview-based epide-
miologic studies has pointed to potential risk factors for early-
onset CRC, including greater consumption of processed meat
(20), reduced consumption of vegetables and citrus fruit (20),
greater body mass index (BMI) (21-24), sedentary lifestyle (25),
greater alcohol use (20,21,24), smoking (21,22,24), reduced aspi-
rin use (26), and diabetes mellitus (21). However, a comprehen-
sive, large-scale evaluation that compares the magnitude of
these risks with those for late-onset CRC (50years of age and
older) and assesses whether the risks for early-onset CRC corre-
late with specific CRC anatomic subsites has yet to be
conducted.

By pooling data from 3 large CRC consortia, we studied
whether established anthropometric, dietary, lifestyle, and
pharmacological risk factors for late-onset CRC were also linked
to early-onset CRC and whether these risks differed from risks
for late-onset CRC. Furthermore, we explored whether these
risk factors may explain the rising incidence of early-onset CRC
by site-specific patterns.

Methods

Study Participants

From 3 large consortia—the Colon Cancer Family Registry, the
Colorectal Transdisciplinary study, and the Genetics and
Epidemiology of Colorectal Cancer Consortium—including
67 168 CRC cases and 710 377 controls, we identified epidemio-
logic studies that surveyed for detailed CRC risk factors and in-
cluded a minimum of 20 early-onset CRC cases (younger than
S50years of age at diagnosis). The 13 studies included 3767 CRC
cases and 4049 participant controls aged younger than 50 years
at diagnosis of the first primary CRC for cases and age at selec-
tion for controls (Supplementary Table 1, available online) [for
additional study information, see earlier publications (27-36)].
These same studies also included 23 437 CRC cases and 35 311
controls with a diagnostic or control selection age of 50years
and older (Supplementary Table 2, available online). Cases were
confirmed by medical record, pathology report, or death certifi-
cate. Controls were identified based on study-specific eligibility
and matching criteria, if applicable, which consisted predomi-
nantly of age and sex. Participant recruitment across all studies
occurred between the 1990s and the early 2010s. Analyses were
restricted to participants of genetically defined European de-
scent. All study participants provided written informed consent,
and the research was approved by their respective institutional
review boards.

Statistical Analysis

Risk Factors and Overall Early-Onset Disease. Risks for colorectal
cancer were assessed for 16 self-reported anthropometric, die-
tary, lifestyle, and pharmacological risk factors. All self-
reported variables were ascertained at the reference time for
each study, defined as patient selection or blood collection for
cohort studies and 1-2years prior to selection for case-control
studies, to ensure exposures were assessed before cancer diag-
noses. For studies that assessed height and BMI via direct mea-
surement, variables were captured at the reference time of each
respective study. To ensure comparability of variables across
studies, all data underwent a multiphase, iterative harmoniza-
tion process (see the Supplementary Methods, available online)
(27,37). Briefly, variables were grouped into a single dataset with



universal definitions, standardized coding, and acceptable val-
ues. Quality-control checks were implemented, and any values
deemed outliers were truncated to a designated range for each
respective variable. To address missing data for the examined
risk factors, we performed sex- and study-specific mean impu-
tation across the complete consortia dataset (Supplementary
Table 3, available online).

Educational attainment was defined as the highest level
completed and categorized as the following: less than high
school graduate, high school graduate or completed general
education development, some college or technical school, and
college graduate and higher. Height was represented in incre-
ments of 10cm and captured through either self-report or di-
rect measurement at baseline. BMI, per 5kg/m?, was estimated
based on body weight (kg) and height (m? via either self-
report or direct measurement at baseline. History of diabetes
was characterized as diagnosis of type 2 diabetes at baseline.
Smoking was defined using pack-years of smoking among cur-
rent and former smokers and modeled as study- and sex-
specific quartiles. Presence of a sedentary lifestyle was defined
as yes (binary) if moderate and/or vigorous physical activity,
leisure time, and undifferentiated activities took place less
than 1hour per week. Alcohol intake was categorized accord-
ing to the grams of alcohol intake per day (14 grams is equiva-
lent to 1 drink): less than 1g/day (ie, nondrinker), 1-28 g/day,
and more than 28 g/day. Aspirin and nonaspirin nonsteroidal
anti-inflammatory drug (NSAID) use was defined as yes (bi-
nary) if regular use was reported. Dietary factors were cap-
tured using food frequency questionnaires or diet histories
and included fruit intake (servings/day), vegetable intake
(servings/day), red meat intake (servings/day), processed meat
intake (servings/day), total calcium intake (mg/day), total fo-
late intake (mcg/day), and total dietary fiber intake (g/day). All
dietary variables were modeled as sex- and study-specific
quartiles. For all variables, the referent level was the category
linked to the lowest risk for CRC based on previously published
studies such that the effect estimates for each factor would
represent an increase in CRC risk (27,37). Family history of CRC
was defined as having 1 or more first-degree relatives with
CRC.

We used logistic regression to assess the association be-
tween each risk factor and early-onset CRC, adjusting for age,
sex, study, family history, and total energy consumption (for di-
etary factors) (ie, minimally adjusted models). To evaluate the
independent effect of these factors on early-onset CRC risk, we
used logistic regression incorporating all 16 risk factors, adjust-
ing for age, sex, study, family history, and total energy con-
sumption (ie, multivariable model). We also assessed these
relationships for late-onset CRC following the same procedures
as for early-onset CRC but additionally accounting for history of
screening in the models. Notably, screening for individuals aged
50years or younger was not standard practice in these regions
during the period in which these patients were ascertained, ex-
cept for possible high-risk families, thus screening history was
not accounted for in early-onset models.

Potential heterogeneity across studies was accounted for us-
ing random-effects logistic regression; however, results were
nearly identical to those from traditional logistic regression
models, thus the simpler models were presented here.
Statistical assumptions and outliers were evaluated for all mod-
els and addressed when necessary. Analyses were completed
using the R statistical software program version 3.5.1. All tests
were 2-sided, and a P value of less than .05 was considered sta-
tistically significant.
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Risk Factors and Disease Site

Because time trend analyses for early-onset CRC suggest that
increases in rectal cancer tend to predominate (5,11,13,17), we
used multinomial logistic regression to assess the association of
risk factors with early-onset rectal cancer and early-onset colon
cancer. To test for differences in associations between disease
subsites, we applied ;° tests to assess for contrasts in coeffi-
cients. Models were adjusted for age, sex, study, family history,
and total energy consumption (for dietary factors). Further
stratification by anatomic subsite, namely distal colon, proxi-
mal colon, and rectum, were also explored for associations with
risk factors using a similar approach as described above.

Sensitivity Analyses. Sensitivity analyses were performed to
evaluate robustness of the results using the mean imputation
approach to the presence of missing data. We ran minimally ad-
justed logistic models for each individual risk factor without im-
putation (limited to study participants with complete data for
that factor); we also ran similar multinomial logistic models to
assess these risks by anatomic subsite. In addition, we applied
multiple imputation with chained equations (38) to the entire
early-onset study group as a second sensitivity analysis.

Results

Risk Factors and Overall Early-Onset Disease

Early-onset CRC cases and controls were similar in reference
age (45.0years and 44.7years, respectively), and men and
women were approximately equally distributed across the 2
groups, as expected because of matching on these variables for
many of the included studies (Table 1). Cases aged younger
than 50 years were predominantly located in the rectum (39.8%),
followed by the distal colon (32.3%) and the proximal colon
(27.9%).

We found that early-onset CRC was associated with several
factors previously linked to CRC overall, in minimally adjusted
(Table 2) and multivariable models (Table 2 and Figure 1). In
multivariable models, early-onset CRC was associated with not
regularly using NSAIDs (OR = 1.43, 95% CI = 1.21 to 1.68), greater
red meat intake (OR = 1.10, 95% CI = 1.04 to 1.16), lower educa-
tional attainment (OR = 1.10, 95% CI = 1.04 to 1.16), and alcohol
abstinence (OR = 1.23, 95% CI = 1.08 to 1.39) and heavier alcohol
use (>28g/day of alcohol; OR = 1.25, 95% CI = 1.04 to 1.50).
Several other CRC risk factors trended toward an association
with early-onset CRC in multivariable models, including history
of diabetes and lower folate, dietary fiber, and calcium intake.
Comparing risk factors between early and late-onset CRC in
multivariable models, we found that no factors appreciably
exhibited a greater excess in effect size for early-onset com-
pared with late-onset cancer (Supplementary Table 4, available
online; Figure 1). However, several risk factors were suggestive
of carrying greater risk for late-onset compared with early-onset
CRC, including BMI, smoking, and no use of aspirin. To account
for possible confounding by indication due to inflammatory
bowel disease in the relationship between NSAID use and risk
for early-onset CRC, a sensitivity analysis restricted to individu-
als without a confirmed inflammatory bowel disease diagnosis
(n=4220) was carried out, and results remained unchanged
(Supplementary Table 5, available online).
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Table 1. Baseline participant characteristics of participants aged
younger than 50 years?®

Characteristic Cases Controls

Total No. 3767 4049
Age, mean (SD) 45.01(7.85) 44.73 (5.47)
Age, No. (%), y

<30 123(3.3)  130(3.2)
30-40 2842 (75.4) 3043 (75.2)
>40 802(21.3) 876 (21.6)
Sex, No. (%)
Female 1948 (51.7) 2089 (51.6)
Male 1819 (48.3) 1960 (48.4)
Disease site, No. (%)
Proximal colon 966 (27.9) —
Distal colon 1117 (32.3) —
Rectum 1379 (39.8) —
Education, highest level completed, No. (%)
< High school graduate 490 (14.0) 622 (16.0)
High school graduate or completed GED 766 (21.9) 539 (13.9)
Some college or technical school 1060 (30.3) 1192 (30.7)
> College graduate 1185 (33.8) 1531 (39.4)
Family history, No. (%)
No 2597 (77.3) 2391 (80.9)
Yes 763(22.7) 566 (19.1)
Height, per 10 cm, mean (SD) 17.13(1.01) 17.08 (0.95)
BMI, per 5kg/m?, mean (SD) 5.45(1.12) 5.39(1.03)
Red meat, No. (%), servings/d
Quartile 1° 863 (24.6) 1060 (26.8)
Quartile 2° 758 (21.6) 1230 (31.1)
Quartile 3° 875(25.0) 1009 (25.5)
Quartile 4° 1006 (28.7) 652 (16.5)
Processed meat, No. (%), servings/d
Quartile 1° 243 (12.0) 388 (12.5)
Quartile 2° 604 (29.9) 1073 (34.7)
Quartile 3° 767 (38.0) 1359 (43.9)
Quartile 4° 406 (20.1)  274(8.9)
Fruit, No. (%), servings/d
Quartile 1° 1388 (39.6) 1471 (37.4)
Quartile 2° 833(23.8) 982 (25.0)
Quartile 3° 723 (20.6) 772 (19.6)
Quartile 4° 560 (16.0) 707 (18.0)
Vegetable, No. (%), servings/d
Quartile 1° 861 (24.3) 1236 (31.3)
Quartile 2° 1308 (36.9) 1130 (28.6)
Quartile 3° 909 (25.7) 906 (22.9)
Quartile 4° 463 (13.1) 677 (17.1)
Total fiber, No. (%), g/d
Quartile 1° 379(27.6) 235 (26.9)
Quartile 2° 337(24.5)  211(24.2)
Quartile 3° 306 (22.3) 206 (23.6)
Quartile 4° 353(25.7) 221 (25.3)
Total calcium intake, No. (%), mg/d
Quartile 1° 290 (9.2)  193(5.2)
Quartile 2° 1816 (57.3) 2442 (65.3)
Quartile 3° 802 (25.3) 873 (23.4)
Quartile 4° 261(82)  229(6.1)
Total folate intake, No. (%), mcg/d
Quartile 1° 497 (19.9) 238 (7.4)
Quartile 2° 1040 (41.7) 1999 (62.3)
Quartile 3° 691(27.7) 795 (24.8)
Quartile 4° 268 (10.7) 178 (5.5)
Sedentary lifestyle, No. (%)
No 716 (79.3) 1769 (82.4)
Yes 187 (20.7) 377 (17.6)
(continued)

Table 1. (continued)

Characteristic Cases Controls
Pack-years of smoking, No. (%)

Never smoker 1848 (56.2) 2240 (62.4)

Quartile 1° 457 (13.9) 451 (12.6)

Quartile 2° 440 (13.4) 387 (10.8)

Quartile 3° 384 (11.7)  355(9.9)

Quartile 4° 162 (4.9) 155 (4.3)
Alcohol use, No. (%)

0g/day 1435 (43.1) 1123 (28.4)

1-28 g/day 1472 (44.2) 2284 (57.8)

>28 g/day 424 (12.7) 547 (13.8)
Aspirin use, No. (%)

No 3253 (91.7) 3647 (92.0)

Yes 296 (8.3) 315 (8.0)
NSAID use, No. (%)

No 3152 (89.4) 3262 (82.6)

Yes 375 (10.6) 689 (17.4)
History of diabetes, No. (%)

No 3425 (95.3) 3823 (97.3)

Yes 168 (4.7) 108 (2.7)

#Age defined as the age of diagnosis of the first primary CRC for cases and as the
age at selection for controls. — = participants do not have data for “Disease
site”; BMI = body mass index; CRC = colorectal cancer; GED = general educa-
tional development.

bStudy and sex-specific quartiles.

Risk Factors and Disease Site

Evaluating risks for early-onset CRC by cancer subsite (Table 3),
we found that not regularly using NSAIDs, greater red meat in-
take, lower dietary fiber intake, lower folate intake, lower cal-
cium intake, alcohol abstinence and heavier alcohol use (>28g/
day of alcohol), and lower educational attainment were all
linked to greater risk for both rectal and colon early-onset dis-
ease. Further contrasting these associations between subsite,
lower total dietary fiber intake was associated more strongly
with rectal (OR = 1.30, 95% CI = 1.14 to 1.48) than colon cancer
(OR = 1.14, 95% CI = 1.02 to 1.27; P =.04). Several other risk fac-
tors tended toward a greater risk for rectal cancer, including no
regular use of NSAIDs and lower folate intake. After further
stratification across anatomic subsites (Supplementary Table 6,
available online), lower total fiber intake was more closely asso-
ciated with cancers of the proximal colon (OR = 1.24, 95% CI =
1.08 to 1.43) compared with those of the distal region (OR = 1.06,
95% CI = 0.94 to 1.21; P=.05).

Sensitivity Analyses

By comparing risk estimates from minimally adjusted logistic
models produced using data with mean imputation (Table 2) with
those generated using multiple imputation or the reduced com-
plete case data (Supplementary Table 7, available online), we found
the effect sizes were almost identical in magnitude. Similarly, ef-
fect estimates from minimally adjusted multinomial logistic mod-
els produced using data with mean imputation (Table 3) and those
generated using complete case data (Supplementary Table 8, avail-
able online) were almost identical in magnitude.

Discussion

Our study, including 3767 early-onset CRC and 4049 controls,
demonstrated that several nongenetic factors known to be
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Table 2. Risk estimates for early-onset colorectal cancer associated with anthropometric, dietary, lifestyle, and pharmacological risk factors

Minimally adjusted models®

Multivariable model®

Lifestyle and environmental risk factor® OR (95% CI) P OR (95% CI) P
Anthropometric
BMI, per 5kg/m? 1.03 (0.98 to 1.08) 28 1.00 (0.95 to 1.05) 95
Height, per 10cm 1.03 (0.96 to 1.11) 43 1.06 (0.98 to 1.14) .16
Lifestyle
Pack-years of smoking 0.99 (0.95 to 1.04) .69 0.96 (0.92 to 1.01) 12
Sedentary lifestyle 1.13(0.90 to 1.42) 31 1.13(0.88 to 1.44) 34
Alcohol use, 0g/d 1.28 (1.13 to 1.45) <.001 1.23(1.08 to 1.39) .001
Alcohol use, >28g/d 1.31(1.11 to 1.55) .002 1.25 (1.04 to 1.50) .02
Lower educational attainment, highest level completed 1.12 (1.07 t0 1.18) <.001 1.10 (1.04 to 1.16) <.001
History of diabetes 1.24 (0.94 to 1.64) 12 1.25(0.93 to 1.68) 14
Dietary
Lower total folate intake, mcg/d? 1.16 (1.08 to 1.26) <.001 1.08 (0.98 to 1.18) 11
Lower fruit intake, servings/d< 1.07 (1.02 to 1.12) .008 1.01 (0.96 to 1.07) .69
Lower vegetable intake, servings/d? 1.05 (0.99 to 1.10) .08 1.00 (0.94 to 1.06) 98
Greater red meat intake, servings/d? 1.12 (1.07 to 1.18) <.001 1.10 (1.04 to 1.16) <.001
Greater processed meat intake, servings/d¢ 1.08 (1.00 to 1.16) .06 1.03 (0.95 to 1.12) 43
Lower total fiber intake, g/d? 1.19 (1.08 to 1.31) <.001 1.11 (1.00 to 1.23) .06
Lower total calcium intake, mg/d? 1.17 (1.08 to 1.28) <.001 1.09 (0.99 to 1.19) .08
Pharmacological
No aspirin use 1.07 (0.88 to 1.29) .51 1.10 (0.90 to 1.34) .36
No NSAID use 1.43 (1.22 to 1.68) <.001 1.43 (1.21 to 1.68) <.001

#The referent category for each categorical factor was defined as the following: presence of a sedentary lifestyle (no), alcohol intake (1-28 g/day), educational attainment
(> college graduate), history of diabetes (no), aspirin use (yes), and NSAID use (yes). BMI = body mass index; CI = confidence interval; NSAID = nonsteroidal anti-inflam-

matory drug; OR = odds ratio.

bLogistic regression models include individual nongenetic factors and were adjusted for age, sex, study, family history, and total energy consumption (for dietary

factors).

Logistic regression model includes all nongenetic factors and was adjusted for age, sex, study, family history, and total energy consumption.
dDietary variables were harmonized across studies by sex- and study-specific quartiles and assigned values 0, 1, 2, and 3 in the order of increasing risk. These variables

were treated as continuous variables in the analysis.

involved in late-onset CRC (27,37) are also relevant for early-on-
set disease. In particular, not regularly using NSAIDs, greater
red meat intake, alcohol abstinence and heavier alcohol use,
and lower educational attainment were statistically signifi-
cantly associated with early-onset CRC. Notably, this study is
novel in that it statistically examined how associations between
risk factors and early-onset CRC differ by subsite. In doing so,
we provide the first evidence that no use of NSAIDs, lower in-
take of dietary fiber, and lower intake of folate may be more
strongly associated with early-onset cancers of the rectum,
compared with those of the colon.

Pharmacological, dietary, lifestyle, and anthropometric-
related risk factors for CRC have been clearly established for
late-onset disease (27,37); however, research on these factors in
early-onset CRC is less developed, relying often on smaller stud-
ies and examination of a limited number of risk factors.
Evidence on pharmacological factors and early-onset CRC is
limited, although lower aspirin use was related to greater risk of
CRC in 1 study (26). As diets have shifted considerably over the
past several decades, several researchers hypothesize that die-
tary factors are largely driving the higher rates of CRC in youn-
ger individuals. Reduced intake of folate (20), calcium (20), citrus
fruits (20), and greater processed meat (20) has demonstrated a
positive association in some studies with greater risk of early-
onset CRC. Certain lifestyle factors have also been suggested to
increase one’s risk for early-onset CRC, including smoking
(21,22,24,39,40), a sedentary lifestyle (25), abstinence or heavy
alcohol use (20,24,39), and a history of diabetes (22,40). Lastly,
associations between greater BMI and risk of early-onset CRC
have been inconsistently shown (22-24,26,39,40). Our larger,

comprehensive study generally tended to replicate previous
reports, although some differences were noteworthy. In particu-
lar, neither BMI nor smoking were risk factors in our early-onset
series, in contrast to the late-onset group.

The recent rise internationally in early-onset CRC incidence
is related, to a substantial degree, to increases in rectal cancer
(5,11,13,17). Although prior work has shown that select dietary
factors, including calcium and fiber intake (41), and aspirin
(18,41) tend to exert greater risk over all ages combined for rec-
tal cancer compared with colon cancer (18,19,42), studies have
yet to reveal such differences for early-onset disease. However,
previous studies were small or included a broader definition of
early-onset CRC up to 60years of age (18,41). Thus, our study is
the first to identify statistically significant differences in early-
onset CRC by disease subsite, particularly for dietary fiber and
possibly for no use of NSAIDs and lower intake of folate.

Whereas early-onset CRC has been characterized by a
greater preponderance of rectal cancer, temporal increases as-
sociated with birth cohort effects have also been noted
(1,3,5,13), thus suggesting that risk factors strongly linked with
rectal cancer and increasing in prevalence may explain the in-
creasing rates of early-onset disease. Major shifts in dietary
consumption in the past decades among younger generations
are well established for the United States (43) and internation-
ally (44) characterized typically by decreases in consumption of
fruits, non-potato vegetables, and calcium-rich dairy sources,
coupled with an increase in processed foods (eg, meats, pizza,
macaroni and cheese) and soft beverages. Concurrent with
changes in foods consumed, nutrient intakes of fiber, folate,
and calcium are lower than dietary recommendations among
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Risk Factor OR (95% Cl)
BMI

Early-onset CRC ——— 1.00 (0.95, 1.05)

Late-onset CRC - 1.12 (1.09, 1.14)
Height

Early-onset CRC — 1.06 (0.98, 1.14)

Late-onset CRC - 1.04 (1.01, 1.07)
Pack-years of smoking

Early-onset CRC —— 0.96 (0.92, 1.01)

Late-onset CRC - 1.05 (1.03, 1.07)
Sedentary lifestyle

Early-onset CRC 1.13 (0.88, 1.44)

Late-onset CRC — 1.11{1.02,1.22)
Alcohol use (0 g/day)

Early-onset CRC Pr—— 1.23 (1.08, 1.39)

Late-onset CRC ——— 1.20 (1.14, 1.26)
Alcohol use (>28 g/day)

Early-onset CRC —_— 1.25(1.04, 1.50)

Late-onset CRC — 1.231(1.15; 1:32)
Lower educational attainment

Early-onset CRC — 1.10 (1.04, 1.16)

Late-onset CRC - 1.06 (1.04, 1.08)
Diabetes diagnosis

Early-onset CRC 1.25(0.93, 1.68)

Late-onset CRC — 1.20 (1.12, 1.28)
Lower total folate intake

Early-onset CRC ot 1.08 (0.98, 1.18)

Late-onset CRC et 1.04 (1.01, 1.07)
Lower fruit intake

Early-onset CRC —— 1.01 (0.96, 1.07)

Late-onset CRC L 1.06 (1.04, 1.08)
Lower vegetable intake

Early-onset CRC — 1.00 (0.94, 1.06)

Late-onset CRC - 1.01 (0.99, 1.04)
Greater red meat intake

Early-onset CRC — 1.10 (1.04, 1.16)

Late-onset CRC e 1.07 (1.05, 1.10)
Greater processed meat intake

Early-onset CRC S—— 1.03 (0.95, 1.12)

Late-onset CRC - 1.06 (1.03, 1.09)
Lower total fiber intake

Early-onset CRC — 1.11 (1.00, 1.23)

Late-onset CRC — 1.10 (1.06, 1.14)
Lower total calcium intake

Early-onset CRC —— 1.09 (0.99, 1.19)

Late-onset CRC - 1.13 (1.10, 1.16)
No aspirin use

Early-onset CRC ——i 1.10 (0.90, 1.34)

Late-onset CRC — 1.41 (1.34, 1.48)
No NSAID use

Early-onset CRC —_— 1.43 (1.21, 1.68)

Late-onset CRC — 1.40 (1.30, 1.51)

0.8

Figure 1. Risk estimates for early-onset vs late-onset colorectal cancer (CRC) associated with anthropometric, dietary, lifestyle, and pharmacological risk factors. Data
presented from multivariable models, which were adjusted for age, sex, study, family history, and total energy consumption; the late-onset model was additionally ad-
justed for history of screening. Dietary variables were harmonized across studies by sex- and study-specific quartiles, and assigned values 0, 1, 2, and 3 in the order of
increasing risk. These variables were treated as continuous variables in the analysis. Error bars indicate 95% confidence intervals. BMI = body mass index; CI = confi-

dence interval; NSAID = nonsteroidal anti-inflammatory drug; OR = odds ratio.

US adolescents (43), although current folate intake likely has in-
creased recently because of folic acid fortification of all enriched
cereal-grain products by the Food and Drug Administration be-
ginning in 1998 (45). Furthermore, adolescent use of NSAIDs has
decreased over recent generations (46). Consistent with these
trends, we identified several factors, including no use of NSAIDs
and lower intake of several dietary factors, that tended toward
greater association with rectal compared with colon cancer.
These findings may provide the first clues that generational
changes in risk-related exposures may contribute to the
increases observed internationally in early-onset CRC.

Our study is among the first to comprehensively assess the
relationship of well-established CRC risk factors in the

development of early-onset CRC. We leveraged multiple studies
from heterogeneous populations, and we included rigorous har-
monization across these studies of risk factors and disease phe-
notypes (27,37). Despite these strengths, this research also has
limitations. Anthropometric, dietary, lifestyle, and pharmaco-
logical risk factors were self-reported, which may result in mis-
classification, although prior work has shown that self-reported
lifestyle and diet are relatively accurate (47,48). Second, sex-
and study-specific mean imputation for addressing missing
data reduced the variance of distributions, potentially resulting
in biased estimates; however, sensitivity analyses using com-
plete case data or multiple imputation did not produce substan-
tial differences. As with all studies using pooled data,
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Table 3. Association between anthropometric, dietary, lifestyle, and pharmacological risk factors and early-onset colorectal cancer risk, strati-

fied by anatomic subsite

Colon cancer®

Rectal cancer®

Colon vs rectum®

Lifestyle and environmental risk factor® OR (95% CI) P OR (95% CI) P P
Anthropometric
BMI, per 5 kg/m2 1.05 (0.99 to 1.10) .09 0.99 (0.93 to 1.06) .84 11
Height, per 10 cm 1.03 (0.94 to 1.12) 55 1.03 (0.93 to 1.13) 57 96
Lifestyle
Pack-years of smoking 0.99 (0.94 to 1.04) .69 0.99 (0.94 to 1.05) 73 .99
Sedentary lifestyle 1.15 (0.88 to 1.51) .30 1.09 (0.78 to 1.53) .63 77
Alcohol use, 0g/d 1.28 (1.12 to 1.47) <.001 1.30 (1.11 to 1.53) .001 .86
Alcohol use, >28 g/d 1.29 (1.06 to 1.57) 01 1.34 (1.08 to 1.67) .009 75
Lower educational attainment, highest level completed 1.12 (1.05 to 1.18) <.001 1.13 (1.06 to 1.21) <.001 .68
History of diabetes 1.20 (0.88 to 1.63) .25 1.28 (0.90 to 1.81) .16 .70
Dietary
Lower total folate intake, mcg/d? 1.14 (1.04 to 1.24) .003 1.24 (1.11 to 1.37) <.001 12
Lower fruit intake, servings/d? 1.05 (0.99 to 1.10) .09 1.10 (1.03 to 1.17) .004 .16
Lower vegetable intake, servings/d¢ 1.03 (0.97 to 1.10) .28 1.08 (1.01 to 1.16) .03 24
Greater red meat intake, servings/d¢ 1.12 (1.06 to 1.18) <.001 1.12 (1.05 to 1.19) .001 .99
Greater processed meat intake (servings/day)? 1.06 (0.97 to 1.16) .18 1.09 (0.98 to 1.21) 11 .65
Lower total fiber intake, g/d? 1.14 (1.02 t0 1.27) .02 1.30 (1.14 to 1.48) <.001 .04
Lower total calcium intake, mg/d¢ 1.15 (1.05 to 1.26) .003 1.24 (1.11 to 1.39) <.001 .18
Pharmacological
No aspirin use 1.15(0.92 to 1.42) 21 1.04 (0.81 to 1.34) .75 47
No NSAID use 1.33(1.12 to 1.60) .002 1.66 (1.31 to 2.09) <.001 .08

2The referent category for each categorical factor was defined as the following: presence of a sedentary lifestyle (no), alcohol intake (1-28 g/d), educational attainment
(> college graduate), history of diabetes (no), aspirin use (yes), and NSAID use (yes). BMI = body mass index; CI = confidence interval; NSAID = nonsteroidal anti-inflam-

matory drug; OR = odds ratio.

bMultinomial logistic regression models include individual nongenetic factors and were adjusted for age, sex, study, family history, and total energy consumption (for

dietary factors).
<42 test for contrasts in multinomial models.

9Dietary variables were harmonized across studies by sex- and study-specific quartiles and assigned values 0, 1, 2, and 3 in the order of increasing risk. These variables

were treated as continuous variables in the analysis.

heterogeneity stemming from study design is a potential con-
cern; this points to the need for additional large cohort studies
to assess these relationships. For case-control studies, risk fac-
tors were assessed after cancer diagnosis, which therefore
makes their data susceptible to recall bias. Nevertheless, rela-
tive risks for each known risk factor (Table 2) were relatively
comparable to those previously reported throughout the litera-
ture. Further, measurement error in the dietary assessment of
energy may have had a noteworthy impact on the presence of
residual confounding for dietary factors. Prior weight loss due to
CRC manifestation may have biased BMI ascertainment and
likely may explain our null findings for BMI risk; additional
analyses using prospective cohorts or Mendelian randomization
methods are warranted to elucidate this association.
Additionally, we note that the observed differentials in risk by
disease subsite may be influenced by multiple testing and re-
quire further independent validation. Lastly, only individuals of
European ancestry were included, thus limiting the generaliz-
ability of the findings. Associations may differ across racial and
ethnic populations, emphasizing the need for racially and eth-
nically diverse cohorts, particularly as early-onset CRC occurs
more commonly among Black, Asian, Pacific Islander, and
Hispanic communities (49-51).

In summary, we found that a subset of established nonge-
netic risk factors for late-onset CRC were additionally related to
early-onset CRC. Our research also provided the first evidence
linking CRC risk factors to early-onset anatomic subsite pat-
terns, specifically for lower intake of dietary fiber. These results

present key insights concerning risk factors that contribute to
CRC manifestation in younger individuals, providing a basis for
identification of those most at risk, which is imperative in miti-
gating the rising burden of this disease.
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