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Abstract

Background: Incidence of colorectal cancer (CRC) in younger adults is increasing in many countries. Smoking is an established risk
factor of CRC risk, but evidence on its impact on early-onset CRC (EOCRC) risk is limited. We aimed to evaluate the association of
smoking exposure with EOCRC and compare it with late-onset CRC (LOCRC).

Methods: Smoking history and other known or suspected CRC risk factors were ascertained in detail in personal interviews among
6264 CRC patients and 6866 controls (frequency matched for age, sex, and county of residence) who were recruited in 2003-2020 in
the DACHS study (Darmkrebs: Chancen der Verhütung durch Screening [German]; Colorectal Cancer: Chances for Prevention
Through Screening [English]), a population-based case-control study from Germany. Associations of smoking with EOCRC (<55 years,
724 cases, 787 controls) and LOCRC (�55years, 5540 cases, 6079 controls) were estimated using multiple logistic regression.

Results: Smoking exposure was much higher among EOCRC cases than among controls, and strong associations of smoking were
observed for both EOCRC and LOCR. Adjusted odds ratios for EOCRC and LOCRC were as follows: current smoking: 1.57 (95% confi-
dence interval [CI] ¼ 1.20 to 2.04, P< .001) and 1.46 (95% CI ¼ 1.28 to 1.67, P< .001); former smoking: 1.39 (95% CI ¼ 1.07 to 1.81, P¼ .01)
and 1.24 (95% CI ¼ 1.13 to 1.36, P< .001); per 10 pack-years: 1.15 (95% CI ¼ 1.05 to 1.27, P< .001) and 1.05 (95% CI ¼ 1.03 to 1.08, P< .001).
These patterns were similar for colon and rectum cancer and for early- and late-stage CRC.

Conclusion: Smoking is a strong risk factor for both EOCRC and LOCRC.

Colorectal cancer (CRC) is the third-most common cancer and

the second-most common cause of death due to cancer, with

approximately 1.9 million incident cases and 0.9 million deaths

estimated globally in 2020 (1). Furthermore, the incidence of CRC

among younger persons (those younger than the screening age) is

increasing in many countries, including those that have previ-

ously shown a decrease in the incidence of CRC in older adults

(eg, Australia, Canada, Denmark, New Zealand, the United

Kingdom, and the United States) (2-8). As a consequence of these

trends, the US Preventive Services Task Force recently lowered

the recommended age of initiating screening in the average-risk

population from 50 years to 45 years (9). Identification of the spe-

cific role of key risk factors for early-onset CRC (EOCRC) might be

crucial for even more effective, targeted primary and secondary

prevention.
Numerous epidemiological studies and several meta-analyses

have established smoking as a risk factor for CRC (10-12).

However, the vast majority of CRC cases occur at older ages, and

previous evidence therefore mostly reflects the role of smoking

for late-onset CRC (LOCRC). Only a few recent studies from the

United States have specifically addressed the role of smoking for

EOCRC, and results were inconsistent, from positive to null (13-

16). In this large, population-based, case-control study from

Germany, we aimed to provide a detailed assessment and com-

parison of the associations between smoking and risk of EOCRC

and LOCRC, paying particular attention to the amount of smok-

ing exposure and specific associations by cancer site and CRC

stage.

Methods and Materials
Study design and study population
The DACHS study (Darmkrebs: Chancen der Verhütung durch

Screening [German]; Colorectal Cancer: Chances for Prevention

Through Screening [English]) is an ongoing, population-based,

case-control study conducted in the Rhine-Neckar region in

southwestern Germany since 2003. All of the >20 clinics provid-

ing CRC surgery in the catchment area of approximately 2 million

people contributed to recruitment. Details of the DACHS study

have been reported elsewhere (17,18). Briefly, patients with a his-

tologically confirmed first diagnosis of CRC (International

Classification of Diseases, 10th Revision codes C18-C20) are eligi-

ble if they are at least 30 years of age, can speak German, and are

physically and mentally able to participate in an interview of
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approximately 1 hour. Community-based controls are randomly
selected from population-based registries using frequency
matching with respect to age (5-year groups), sex, and county of
residence. Controls with a history of CRC are excluded; otherwise
inclusion and exclusion criteria are the same as in cases. The
study was approved by the ethics committees of the Heidelberg
Medical Faculty of Heidelberg University and of the state Medical
Boards of Baden-Württemberg and Rhineland-Palatinate. Written
informed consent is obtained from each participant. The current
analysis is based on cases and controls recruited between 2003
and 2020. This observational study has been registered in the
German Clinical Trials Register (ID DRKS00011793), which is a
primary registry in the World Health Organization (WHO)
Registry Network.

Data collection
Patients were informed about the study by their physicians, usu-
ally during or shortly after their hospital stay for CRC surgery. In
addition, patients who could not be recruited during their hospi-
tal stay were contacted by mail shortly after discharge by clini-
cians or through cancer registries. According to estimates based
on cancer registries, approximately 50% of eligible cases in the
study area could be recruited. Controls were randomly selected
and frequency matched by sex, 5-year age groups, and county of
residence from population registries and contacted by the study
center through mail and follow-up calls (participation rate was
51%).

Personal interviews by trained interviewers were conducted
with both cases and controls using a standardized questionnaire
and included detailed information on sociodemographic, medi-
cal, and lifestyle history. Interviews with cases were conducted
during their hospital stay or shortly after hospital discharge at
their homes. Interviews with controls were scheduled at their
homes. A minority of control participants not willing to partici-
pate in a personal interview provided some key information in a
self-administered questionnaire that also addressed
sociodemographic, medical, and lifestyle factors, including smok-
ing.

Assessment of smoking behavior
Information on current as well as prior smoking behavior was
ascertained in great detail. We classified participants as current
smokers if they were still smoking at the time of diagnosis (cases)
or interview (controls) or reported stopping smoking in the year
before; as former smokers if they had stopped more than 1 year
before the diagnosis or interview; and as never smokers if they
had never smoked regularly. As a measure of cumulative smok-
ing exposure, pack-years of active smoking were calculated for
both current and former smokers from the average number of
cigarettes smoked daily multiplied by the duration of smoking in
years divided by 20 (eg, smoking 20 cigarettes per day for 1 year
corresponds to 1 pack-year).

Statistical analysis
There are no uniform definitions of EOCRC. The majority of stud-
ies have used 50 years as the threshold age for defining EOCRC or
LOCRC, which is the starting age for CRC screening in the average
risk population recommended in most countries’ guidelines (19).
We used 55 years as the cutoff age in our main analysis because
screening colonoscopy, which was added in Germany in 2002,
has been offered for CRC screening from age 55 years on through-
out most of the study period in Germany (for men, it was lowered
to 50 years in 2019 only).

The distribution of demographic and lifestyle characteristics
among cases and controls was compared in both younger and
older participants (<55 or �55 years). Differences were tested for
statistical significance using the Pearson v2 test for categorical
data. Multiple logistic regression was used to estimate odds ratios
(ORs) and 95% confidence intervals (CIs) for the associations of
smoking status and pack-years (entered as continuous variable
or as categorical variable, with categories 0, �15, and >15 to
ensure reasonable sample size in each category) with risk of both
EOCRC (<55 years) and LOCRC (�55 years). Two adjustment
levels were applied. Model A adjusted for age and sex. Model B
additionally adjusted for education, family history of CRC in the
first-degree relative, previous large bowel endoscopy, body mass
index (BMI) approximately 10 years before diagnosis or interview,
alcohol consumption, use of nonsteroidal antiinflammatory
drugs (NSAIDs, including aspirin), physical activity, and diabetes.
Results from model B are reported as main results. Subsite-
specific and stage-specific analyses were also performed for
colon and rectal cancer and for early- (stages I and II) and late-
(stages III and IV) stage cancer, respectively, using model B.
Potential interaction of smoking exposure with age was tested for
statistical significance by additionally including a cross-product
term of smoking status or pack-years of smoking with age (<55
or �55 years) as categorical variable in the comprehensively
adjusted models (model B). All analyses were performed using
SAS version 9.4 (SAS Institute Inc, Cary, NC, USA). Statistical tests
were 2-sided, with an alpha level of .05.

Results
Characteristics of the study participants
Figure 1 shows the selection of the study population. After
excluding participants with missing data on relevant covariates,
724 EOCRC cases (mean age at diagnosis: 48.4 years) and 787 con-
trols younger than 55 years were included. The corresponding
numbers for LOCRC were 5540 cases (mean age at diagnosis:
71.2 years) and 6079 controls aged at least 55 years.
Characteristics of the participants are shown in Table 1. In both
age groups, statistically significant higher proportions of cases
than of controls had a lower level of education, a family history
of CRC, and a higher BMI. A previous large bowel colonoscopy
was less often reported by cases than by controls. There were
also differences between cases and controls regarding alcohol
consumption, diabetes, and NSAIDs use, but these differences
reached statistical significance in the older, much larger age
group only.

Associations of smoking exposure with EOCRC
and LOCRC
Table 2 shows the associations of smoking exposure (smoking
status and pack-years of active smoking) with EOCRC and
LOCRC. Former and current smoking were strongly associated
with a higher risk of both EOCRC and LOCRC, and strong associa-
tions persisted after comprehensive adjustment for multiple
potential confounders. Former and current smoking were associ-
ated with a 1.39-fold (95% CI ¼ 1.07 to 1.81, P¼ .01) and 1.57-fold
(95% CI ¼ 1.20 to 2.04, P< .001) increased risk of EOCRC, respec-
tively, and a 1.24-fold (95% CI ¼ 1.13 to 1.36, P< .001) and 1.46-
fold (95% CI ¼ 1.28 to 1.67, P< .001) increased risk of LOCRC,
respectively, compared with never smokers. Cumulative smoking
exposure showed a dose-response relationship with both EOCRC
and LOCRC. The odds ratios per 10 pack-years increment were
1.15 (95% CI ¼ 1.05 to 1.27, P< .001) and 1.05 (95% CI ¼ 1.03 to
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1.08, P< .001) for EOCRC and LOCRC, respectively. Although all

the associations with smoking exposure were slightly stronger for

EOCRC than for LOCRC, the interactions between smoking expo-

sure and age (<55 or �55 years) did not reach statistical signifi-

cance.

Associations of smoking exposure with EOCRC or
LOCRC by cancer site and stage
Tables 3 and 4 show the associations between smoking exposure

and EOCRC and LOCRC by cancer site and cancer stage, respec-

tively. Overall, very similar patterns were seen for colon and rec-

tal cancer (Table 3) and for early- and late-stage cancer (Table 4),

even though not all of the smoking category-specific associations

in the younger age group reached statistical significance, given

the much lower numbers of cases and controls in this group.

Discussion
In this large, population-based, case-control study from

Germany, smoking was strongly associated with both EOCRC and

LOCRC risk in a dose-response manner. The associations per-

sisted after comprehensive confounder adjustment and were of

similar size for colon and rectum cancer, and for early- and late-
stage cancer.

Although the association of smoking with CRC risk has long
been established (10-12), only a few recent studies from the United
States have specifically addressed the role of smoking for EOCRC.
Inconsistent results were reported from 3 smaller studies (between
239 and 651 EOCRC cases). In a single-institution electronic health
records study, no association was found between smoking and
EOCRC (269 cases) (14). In a retrospective, registry-based case-con-
trol study among US veterans, the association of current smoking
with EOCRC risk (651 cases) likewise did not reach statistical signifi-
cance (OR ¼ 1.10, 95% CI ¼ 0.89 to 1.35), but smoking information
was missing for a large proportion (36.6%) of EOCRC cases (16). In
an analysis of the US National Interview Survey, former or current
smoking was associated with ever having had a diagnosis of CRC
among those aged 18-49 years (239 cases, OR ¼ 1.51, 95% CI ¼ 1.10
to 2.08) (15). In a very large study (5710 EOCRC cases) using
Explorys, a US national database, “tobacco use” (with no further dis-
tinction between current or former smoking, or by amount of expo-
sure) was strongly associated with increased risk of EOCRC (OR ¼
2.46, 95% CI ¼ 2.33 to 2.59, P < .001) (13). The apparent inconsis-
tency of previous results may have been partly due to small sample

Controls (2003-2020)
N = 7950 (<55y, n = 866)

Cases (2003-2020)
N = 6602 (<55y, n = 758)

Controls 
N = 7807 (<55y, n = 850)

Other covariates missing data:
Previous endoscopy: 2

Family history of CRC: 4

Diabetes history: 7

Education level: 11

Alcohol consumption: 66

Physical activity: 97

NSAIDs use: 0

BMI: 74

Other covariates missing data:
Previous endoscopy: 1

Family history of CRC: 8

Diabetes history: 100

Education level: 74

Alcohol consumption: 200

Physical activity: 107

NSAIDs use: 13

BMI: 438

Cases
N = 6264

<55y, n = 724 

≥55y, n = 5540

Controls
N = 6866

<55y, n = 787 

≥55y, n = 6079

Missing smoking related variables:
Active regular smokers: 45
Number of cigarette (pack-years): 32

Missing smoking related variables:
Active regular smokers: 58

Number of cigarette (pack-years): 85

Cases 
N = 6525 (<55y, n = 747)

Figure 1. Flow chart showing selection of the study population. BMI¼body mass index; CRC¼ colorectal cancer; NSAIDs¼nonsteroidal
antiinflammatory drugs.
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size in some of the studies as well as large variations in study design

and details of exposure and relevant covariate information. Our

results are based on a large, prospective, population-based case-

control study from Germany, which has been specifically designed

to assess risk factors of CRC and thereby substantially strengthens

the evidence for the role of smoking in increasing EOCRC risk.
The biological mechanisms underlying the association

between smoking and CRC have not yet been fully revealed.

Smoking has been found to be even more strongly associated

with both advanced adenomas and serrated polyps (20), the pre-

cursors of CRC, than with CRC, which often develop already at

“EOCRC ages.”
Cigarette smoke carcinogens, such as nitrosamines, benzene,

heterocyclic amines, and polycyclic aromatic hydrocarbons, may

reach the colorectal mucosa by direct ingestion or the circulation

and may have a direct carcinogenic impact on both the colon and

the rectum (21). There is increasing evidence that smoking is par-

ticularly strongly associated with the microsatellite instability-

high, CpG island methylator phenotype-positive, and B-Raf pro-

tein encoding gene (BRAF) mutation-positive subtypes of CRC (22-

25), implying that epigenetic modification may be functionally

involved in smoking-related colorectal carcinogenesis. There is

also accumulating evidence that the composition of the gut

microbiome, which is altered by smoking exposure, plays an

important role in colorectal carcinogenesis (26). A recent animal
study (27) showed that cigarette smoke–induced dysbiosis of the

gut microbiota exerts a protumorigenic function in CRC. Smoke-

induced gut microbiota dysbiosis changed gut metabolites and
compromised gut barrier function, potentially activating onco-

genic MAPK/ERK (mitogen-activated protein kinases/extracellular

signal-regulated kinases) signaling in colonic epithelial cells. It
appears plausible that such mechanisms may affect both EOCRC

and LOCRC, which is supported by the consistent associations of

smoking with both outcomes found in our study.
Our study has a number of specific strengths, including its

design as a population-based case-control study with prospec-

tively designed detailed collection of information on smoking

exposure and relevant potential confounders and its large overall
sample size. However, several limitations also require careful

consideration. Firstly, despite the overall large sample size, the

number of EOCRC cases (n¼ 724) and controls (n¼ 787) was still
quite limited, which limited the power and precision of analyses

of EOCRC-specific associations, in particular for site stage-

specific analyses. In particular, power was insufficient to assess

Table 1. Characteristics of participants aged younger than 55 years old and 55 years and older

<55 years �55 years

Cases (724) Controls (787) P Cases (5540) Controls (6079) P
Variables No. (%) No. (%) No. (%) No. (%)

Sex
Female 312 (43) 350 (44) 2202 (40) 2393 (40)
Male 412 (57) 437 (56) 3338 (60) 3686 (60)

Age, y
30-39/55-64 58 (8) 62 (8) 1375 (25) 1520 (25)
40-49/65-74 271 (37) 291 (37) 2135 (39) 2360 (39)
50-54/�75 395 (55) 434 (55) 2030 (36) 2199 (36)

Education, y <.001 <.001
�9 307 (42) 194 (25) 3695 (67) 3326 (55)
10-11 1939 (27) 273 (35) 925 (17) 1282 (21)
12-13 224 (31) 320 (40) 920 (16) 1471 (24)

Alcohol consumptiona .17 <.001
Light drinker 577 (80) 650 (83) 4148 (75) 4699 (77)
Moderate drinker 102 (14) 104 (13) 961 (17) 1045 (17)
Heavy drinker 45 (6) 33 (4) 431 (8) 335 (6)

Physical activity (MET-h/wk)b .09 .01
<115.1/<78.3 203 (28) 263 (33.5) 1780 (32) 2015 (33)
115.1-188.8/78.3-139.5 254 (35) 261 (33) 1997 (36) 2032 (33.5)
>188.8/>139.5 267 (37) 263 (33.5) 1763 (32) 2032 (33.5)

First-degree family history of CRC <.001 <.001
No 617 (85) 727 (92) 4732 (85) 5385 (89)
Yes 107 (15) 60 (8) 808 (15) 694 (11)

Previous large bowel endoscopy <.001 <.001
No 609 (84) 552 (70) 3913 (71) 2161 (36)
Yes 115 (16) 235 (30) 1627 (29) 3918 (64)

Diabetes .11 <.001
No 684 (94) 757 (96) 4393 (79) 5182 (85)
Yes 40 (6) 30 (4) 1147 (21) 897 (15)

NSAIDs usec .34 <.001
No 666 (92) 713 (91) 4052 (73) 4142 (68)
Yes 58 (8) 74 (9) 1488 (27) 1937 (32)

BMI approx. 10 years before diagnosis/interview (kg/m2) <.001 <.001
<25 351 (48) 476 (61) 1578 (28) 2203 (36)
25 to <30 252 (35) 232 (29) 2600 (47) 2812 (46)
�30 121 (17) 79 (10) 1362 (25) 1064 (18)

a Average alcohol consumption in past 10 years, using sex-specific cutoffs: light drinkers: 0-12 g/d (women) and 0-24 g/d (men); moderate drinkers: more than
12-25 g/d (women) and more than 24-50 g/d (men); and heavy drinkers: more than 25 g/d (women) and more than 50 g/d (men). BMI¼body mass index;
CRC¼ colorectal cancer; MET¼metabolic equivalent of task; NSAIDs¼nonsteroidal antiinflammatory drugs.

b Average physical activity in past 10 years, classified according to tertiles among controls.
c NSAID (including aspirin) use at least 2 times per week for at least 1 year.
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interactions between smoking and age, and it is unclear to what
extent the apparently stronger associations seen between smok-
ing and EOCRC than between smoking and LOCRC may be due to
chance rather than a true difference in smoking effects.
Secondly, with recruitment rates of approximately 50% of cases
and slightly more than 50% of controls, we cannot rule out some
selection bias. The main barrier to complete recruitment of cases
in this large population-based study was overload of physicians
in the more than 20 clinics involved in the recruitment, which is
unlikely to be related to smoking status exposure of the cases.
Also, recruitment rates of both cases and controls were by far the
lowest in the oldest age groups in this study, which, in contrast to
most previous studies, did not set an upper age limit. Although
this has led to lower overall participation rates, it should likewise
not be a major source of selection bias. Nevertheless, it is con-
ceivable that more health-conscious people may have been more

likely to be willing to participate as controls in this study, which
may have led to some overestimation of smoking effects. Thirdly,
all smoking information was based on self-reports. Therefore,
despite most detailed ascertainment of current and former smok-
ing habits in personal interviews, some misclassification of
smoking exposure cannot be excluded, which could have led to
some underestimation of smoking effects.

Despite its limitations, our study adds to the evidence that
smoking is no less (and possibly even stronger) related to EOCRC
than it is related to LOCRC. Further efforts to reduce smoking
exposure, which is related to a large variety of adverse health
effects beyond CRC, should be a public health priority and should
also help to reduce the burden of both EOCRC and LOCRC in the
long term. Some progress in that regard, especially among
younger generations, has been made in several high-income
countries in the past decades, including countries for which an

Table 2. Associations of smoking with early- and late-CRC risk

Smoking exposure

<55 years �55 years

P(interaction)
c

Cases Controls
ORa (95% CI) ORb (95% CI)

Cases Controls
ORa (95% CI) ORb (95% CI)No. (%) No. (%) No. (%) No. (%)

Smoking status .40
Never 277 (38) 391 (50) 1 (Ref) 1 (Ref) 2527 (46) 3141 (52) 1 (Ref) 1 (Ref)
Former 216 (30) 208 (26) 1.47 (1.15 to 1.88) 1.39 (1.07 to 1.81) 2267 (41) 2333 (38) 1.25 (1.15 to 1.35) 1.24 (1.13 to 1.36)
Current 231 (32) 188 (24) 1.74 (1.36 to 2.23) 1.57 (1.20 to 2.04) 746 (13) 605 (10) 1.60 (1.41 to 1.81) 1.46 (1.28 to 1.67)

Pack-years .20
0 277 (38) 391 (50) 1 (Ref) 1 (Ref) 2527 (46) 3141 (52) 1 (Ref) 1 (Ref)
1-15 242 (33) 237 (30) 1.44 (1.14 to 1.83) 1.39 (1.08 to 1.79) 1444 (26) 1514 (25) 1.22 (1.11 to 1.34) 1.25 (1.13 to 1.38)
�16 205 (29) 159 (20) 1.85 (1.42 to 2.41) 1.61 (1.21 to 2.14) 1569 (28) 1424 (23) 1.43 (1.31 to 1.57) 1.33 (1.20 to 1.48)

Per 10 pack-years 1.22 (1.11 to 1.33) 1.15 (1.05 to 1.27) 1.07 (1.05 to 1.10) 1.05 (1.03 to 1.08)

a Adjusted for age and sex. CI¼ confidence interval; NSAIDs¼nonsteroidal antiinflammatory drugs; OR¼ odds ratio; Ref¼ reference.
b Additionally adjusted for previous endoscopy, family history of CRC, education, BMI approximately 10 years before diagnosis (cases) or interview (controls),

alcohol consumption, NSAID use (including aspirin), physical activity, and diabetes.
c Pinteraction between age (<55 or �55 years) and smoking exposure in the comprehensively adjusted model (model B).

Table 3. Associations of smoking with early- and late-CRC risk by subsite

Cancer site

<55 years �55 years

Pinteraction
b

Cases Controls
ORa (95% CI)

Cases Controls
ORa (95% CI)No. (%) No. (%) No. (%) No. (%)

Colon
Smoking status .78

Never 149 (40) 391 (50) 1 (Ref) 1643 (47) 3141 (52) 1 (Ref)
Former 102 (28) 208 (26) 1.26 (0.91 to 1.75) 1388 (40) 2333 (38) 1.21 (1.10 to 1.34)
Current 116 (32) 188 (24) 1.54 (1.12 to 2.12) 449 (13) 605 (10) 1.49 (1.28 to 1.73)

Pack-years
0 149 (41) 391 (50) 1 (Ref) 1643 (47) 3141 (52) 1 (Ref) .60
1-15 120 (33) 237 (30) 1.33 (0.98 to 1.81) 895 (26) 1514 (25) 1.23 (1.10 to 1.38)
�16 98 (26) 159 (20) 1.50 (1.06 to 2.13) 942 (27) 1424 (23) 1.31 (1.17 to 1.47)
Per 10 pack-years 1.14 (1.02 to 1.28) 1.05 (1.02 to 1.08)

Rectum
Smoking status .47

Never 128 (36) 391 (50) 1 (Ref) 884 (43) 3141 (52) 1 (Ref)
Formerc 114 (32) 208 (26) 1.52 (1.10 to 2.11) 879 (43) 2333 (38) 1.30 (1.14 to 1.47)
Current 115 (32) 188 (24) 1.58 (1.13 to 2.20) 297 (14) 605 (10) 1.47 (1.22 to 1.76)

Pack-years
0 128 (36) 391 (50) 1 (Ref) 884 (43) 3141 (52) 1 (Ref) .39
1-15 122 (34) 237 (30) 1.46 (1.06 to 2.00) 549 (27) 1514 (25) 1.29 (1.12 to 1.49)
�16 107 (30) 159 (20) 1.70 (1.20 to 2.41) 627 (30) 1424 (23) 1.38 (1.20 to 1.59)
Per 10 pack-years 1.15 (1.02 to 1.29) 1.05 (1.02 to 1.08)

a Adjusted for age, sex, previous endoscopy, family history of CRC, education, BMI approximately 10 years before diagnosis (cases) or interview (controls),
alcohol consumption, NSAID use (including aspirin), physical activity, and diabetes. BMI ¼ body mass index; CI¼ confidence interval; CRC¼ colorectal cancer;
OR¼odds ratio; Ref¼ reference.

b Pinteraction between age (<55 or �55 years) and smoking exposure.
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increase in EOCRC rates has been observed (28). In Germany,

based on data from 1998 through 2014, for all birth cohorts (range

from 1910-1929 to 1990-1996), smoking prevalence decreased

with age. The share of smokers increased consistently up to 45 or

60 years and then decreased. Also, except for the 1950-1959

cohort, younger cohorts had a lower smoking prevalence than

older ones in comparable age groups. In 1998, smoking rates were

highest between ages 26 and 45 years. Sixteen years later, in

2014, smoking rates were highest between age 46 and 60 years.

The high former smoking rates of the 55 years of age and older

group can be explained by younger age groups with high shares

of smokers in the past getting older (29). Hence, although smok-

ing most likely increases the risk of EOCRC, trends in smoking are

unlikely to explain the rise in EOCRC incidence rates in these

countries (28). Such trends may well be explained, however, by

other major risk factors of CRC (including EOCRC), such as over-

weight and obesity, the prevalence of which keeps increasing

almost globally (30-32). However, stable or increasing smoking

prevalence among younger generations, along with other adverse

risk factor trends, may lead to substantial increases in EOCRC in

the future in many other countries, especially low-income coun-

tries (28). Comprehensive efforts to promote healthy lifestyles

that can most substantially reduce the risk of CRC and many

other adverse health outcomes (33-35) would have enormous

public health potential.
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Table 4. Associations of smoking with early- and late-CRC risk by stage

CRC stage

<55 years �55 years
Pinteraction

b

Cases Controls
ORa (95% CI)

Cases Controls
ORa (95% CI)No. (%) No. (%) No. (%) No. (%)

Early-stage CRC (stages I or II) .22
Smoking status

Never 107 (36) 391 (50) 1 (Ref) 1306 (45) 3141 (52) 1 (Ref)
Former 104 (35) 208 (26) 1.61 (1.15 to 2.26) 1215 (42) 2333 (38) 1.29 (1.16 to 1.44)
Current 86 (29) 188 (24) 1.58 (1.11 to 2.24) 376 (13) 605 (10) 1.52 (1.30 to 1.79)

Pack-years .27
0 107 (36) 391 (50) 1 (Ref) 1306 (45) 3141 (52) 1 (Ref)
1-15 102 (34) 237 (30) 1.52 (1.09 to 2.12) 784 (27) 1514 (25) 1.32 (1.17 to 1.49)
�16 88 (30) 159 (20) 1.70 (1.18 to 2.46) 807 (28) 1424 (23) 1.36 (1.20 to 1.53)
Per 10 pack-years 1.18 (1.05 to 1.33) 1.05 (1.02 to 1.08)

Late-stage CRC (stages III or IV)
Smoking status

Never 155 (40) 391 (50) 1 (Ref) 1158 (47) 3141 (52) 1 (Ref) .57
Former 100 (26) 208 (26) 1.22 (0.88 to 1.70) 969 (39) 2333 (38) 1.16 (1.03 to 1.30)
Current 135 (34) 188 (24) 1.65 (1.20 to 2.26) 343 (14) 605 (10) 1.43 (1.21 to 1.69)

Pack-years
0 155 (40) 391 (50) 1 (Ref) 1158 (47) 3141 (52) 1 (Ref) .31
1-15 124 (32) 237 (30) 1.30 (0.95 to 1.76) 610 (25) 1514 (25) 1.16 (1.02 to 1.32)
�16 111 (28) 159 (20) 1.67 (1.18 to 2.36) 702 (28) 1424 (23) 1.28 (1.12 to 1.46)
Per 10 pack-years 1.15 (1.03 to 1.30) 1.04 (1.01 to 1.07)

a Adjusted for age, sex, previous endoscopy, family history of CRC, education, BMI approximately 10 years before diagnosis (cases) or interview (controls),
alcohol consumption, NSAID use (including aspirin), physical activity, and diabetes. BMI ¼ body mass index; CI¼ confidence interval; CRC¼ colorectal cancer;
OR¼odds ratio; Ref¼ reference.

b Pinteraction between age (<55 or �55 years) and smoking exposure.
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