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Abstract

Background: Smoking has been associated with colorectal cancer (CRC) incidence and mortality in previous studies, but current
evidence on smoking in association with survival after CRC diagnosis is limited. Methods: We pooled data from 12 345 patients
with stage I-IV CRC from 11 epidemiologic studies in the International Survival Analysis in Colorectal Cancer Consortium. Cox
proportional hazards regression models were used to evaluate the associations of prediagnostic smoking behavior with overall,
CRC-specific, and non-CRC-specific survival. Results: Among 12 345 patients with CRC, 4379 (35.5%) died (2515 from CRC) over a
median follow-up time of 7.5 years. Smoking was strongly associated with worse survival in stage I-III patients, whereas no associa-
tion was observed among stage IV patients. Among stage I-III patients, clear dose-response relationships with all survival outcomes
were seen for current smokers. For example, current smokers with 40 or more pack-years had statistically significantly worse over-
all, CRC-specific, and non-CRC-specific survival compared with never smokers (hazard ratio [HR]¼1.94, 95% confidence interval [CI]
¼1.68 to 2.25; HR¼ 1.41, 95% CI¼ 1.12 to 1.78; and HR¼ 2.67, 95% CI¼ 2.19 to 3.26, respectively). Similar associations with all sur-
vival outcomes were observed for former smokers who had quit for less than 10 years, but only a weak association with non-CRC-
specific survival was seen among former smokers who had quit for more than 10 years. Conclusions: This large consortium of
CRC patient studies provides compelling evidence that smoking is strongly associated with worse survival of stage I-III CRC
patients in a clear dose-response manner. The detrimental effect of smoking was primarily related to noncolorectal cancer
events, but current heavy smoking also showed an association with CRC-specific survival.
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Smoking is an established risk factor for colorectal adenomas
(1,2) and colorectal cancer (CRC) (3-8) and recently has also been
associated with increased CRC-specific mortality (3,9,10). In a
meta-analysis that summarized evidence on the association be-
tween prediagnostic smoking and prognosis after CRC diagnosis,
current smoking compared with never smoking was statistically
significantly associated with 26% higher total mortality (11).

Four studies provided further evidence (12-15) that prediag-
nostic (12-15) and postdiagnostic (13) current smoking was associ-
ated with decreased overall and CRC-specific survival compared
with never smoking. In a more recent large meta-analysis includ-
ing primary data of incident CRC patients from 14 population-
based prospective cohort studies, former and current smoking
were associated with worse CRC prognosis compared with never
smoking (16). However, in that study, smoking status was ascer-
tained at the time of recruitment into the cohort, and smoking
status and intensity at the time of CRC diagnosis was unknown.

Very few studies to date have investigated outcomes other
than overall or CRC-specific survival, and exposure assessment
was mostly restricted to smoking status and pack-years.
Moreover, only a few studies have investigated associations be-
tween smoking cessation and CRC prognosis (13,14,16-18).

We aimed to investigate the impact of prediagnostic smok-
ing behavior on a number of survival outcomes including over-
all, CRC-specific, and non-CRC-specific survival in a large
international consortium of cohorts of CRC patients, with a par-
ticular focus on smoking history and intensity.

Methods

Study Population

This analysis included 11 studies from the International
Survival Analysis in Colorectal Cancer Consortium (ISACC). We
included data from 6 prospective US cohort studies [Cancer
Prevention Study II Nutrition cohort (CPS-II) (19); Nurses’ Health
Study I (NHS I) (20-22); Physicians’ Health Study (PHS) (23);
Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening
Trial (24,25); VITamins And Lifestyle (VITAL) study (26), and
Women’s Health Initiative (WHI) (27)], 1 prospective cohort
study from Sweden (Northern Sweden Health and Disease
Study [NSHDS]), 3 population-based case-control studies from
Germany and the United States with follow-up of patients
[Darmkrebs: Chancen der Verhuetung durch Screening (DACHS)
(28,29); Diet, Activity and Lifestyle Survey (DALS) (30), and the
Seattle Site of the Colon Cancer Family Registry (CCFR)], and
data from the Early Detection Research Network (EDRN). These
studies are also included in the Genetics and Epidemiology of
Colorectal Cancer Consortium, which was primarily responsible
for data harmonization (31,32). All CRC cases were confirmed by
state federal or provincial cancer registry linkage, medical
records, pathology reports, or death certificates and included
follow-up for survival. Informed consent was obtained from all
participants, and the studies were approved by the respective
institutional review boards.

Data Collection and Follow-up

Information on demographic and lifestyle factors was collected
by self-report using in-person interviews and/or structured
questionnaires (33). As previously described, a multistep data
harmonization procedure was carried out to combine data
across the studies (33).

Smoking status was categorized as never, former, or current
smoking and included the smoking status at time of diagnosis for
patient cohorts based on case-control studies and the smoking
status at baseline for population cohorts. Current smoking was
defined as either regular or daily smoking, according to the re-
spective study’s definition. Never smoking was defined as never
having smoked daily or regularly. Pack-years of smoking was cal-
culated by multiplying the average number of packs of cigarettes
smoked per day by smoking duration in years. Time since smok-
ing cessation was calculated for former smokers, by subtracting
age at smoking cessation from age at cancer diagnosis, and then
categorized into 4 groups (>20, 10-20, 5-10, and <5 years).

Further sociodemographic and lifestyle information was col-
lected via self-report at baseline. Other variables of interest in-
cluded age at diagnosis, sex, body mass index (BMI, kg/m2),
alcohol intake, history of diabetes, and use of aspirin and other
nonsteroidal anti-inflammatory drugs. Information on cancer
site and cancer stage as determined by the American Joint
Committee on Cancer or Surveillance, Epidemiology, and End
Results (stage I-III or locoregional, stage IV or distant) was avail-
able for all included studies.

The details of assessing survival in the included studies
have been described previously (19,22,26,28,30,34-38). Briefly,
half of the studies used active follow-up to ascertain vital status
(NHS, PHS, PLCO, and WHI); date and cause of death were con-
firmed via review of death certificates and/or medical records.
For the other studies (VITAL, CPS-II, DACHS, DALS, CCFR, EDRN,
NSHDS), vital status was determined through linkage to the
National Death Index, national and/or state cancer registries,
state death records, or population registries with cause of death
verified by death certificates or medical records. In all studies,
patients alive at the most recent follow-up or data linkage were
censored on that date in the survival analysis.

Statistical Analysis

All statistical analyses were performed using the individual-
level harmonized data pooled across studies. Patient character-
istics were described overall and by smoking status, and the
associations were evaluated with v2 tests. Cox proportional haz-
ards regression was used to calculate hazard ratios (HRs) and
95% confidence intervals (CI) for the association between pre-
diagnostic smoking behavior and survival (overall, CRC-specific,
and non-CRC-specific) after CRC diagnosis. Survival time was
calculated as the time from diagnosis of CRC to death or end of
follow-up. In analyses of CRC-specific survival, patients who
died from causes other than CRC were censored at the time of
death. Median follow-up time was calculated based on the
Kaplan-Meier estimate of potential follow-up (39).

Fully adjusted models including age at diagnosis, sex, stage,
study, location, and BMI were calculated. Other potential con-
founding variables that were considered but not included in the
final models—because not all studies had this information avail-
able and because hazard ratios did not materially change—were
alcohol intake, nonsteroidal anti-inflammatory drugs, and his-
tory of diabetes. Results from these models are included in
Supplementary Table 1 (available online). Missing data for BMI
(approximately 2%) were accounted for by mean and mode im-
putation, and a missing indicator variable was used for missing
stage at diagnosis. Sensitivity analyses using multiple imputa-
tion to account for missing BMI were performed (Supplementary
Tables 2 and 3, available online), with no important differences
in the results observed compared with the main analyses. We
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decided a priori to restrict the analyses on smoking history and
intensity (cigarettes per day, years of smoking, years since ces-
sation, and pack-years smoking) to nonmetastatic (stage I-III)
patients, because metastatic patients may have already worse
survival that may not be altered by previous smoking behavior.
Sensitivity analyses stratifying by type of study were performed
for smoking status in the entire sample and for stage I-III and
stage IV patients.

All statistical tests were 2-sided, and P values of less than .05
were considered statistically significant. All analyses were per-
formed using R version 4.0.2 (40).

Results

Patient Characteristics

From 16 studies in the ISACC, data were harmonized for 19 024
participants (9536 females, 9488 males). Five studies with exten-
sive missing information on tumor stage (n¼ 6679) were ex-
cluded, leaving 11 studies and 12 345 participants for the current
analysis: 9967 CRC patients with stage I-III disease and 1370 CRC
patients with stage IV disease. All patients had complete infor-
mation on smoking status and follow-up time. Details on the in-
dividual studies are provided in Supplementary Table 4 (available
online). Among stage I-III patients, 3228 (32.4%) died during
follow-up, of whom 1497 (46.4%) died from CRC. Among stage IV
patients, 1151 (84.0%) died, with 1018 (88.4%) from CRC. Median
follow-up time was 7.5 (interquartile range ¼ 4.8-13.9) years.

Patient characteristics among 12 345 incident CRC cases
from the 11 included studies are presented in Supplementary
Table 5 (available online). Overall patient characteristics by
smoking status are presented in Table 1. Patients were on aver-
age aged 66.7 years at diagnosis of CRC. There were 43.3% never,
44.1% former, and 12.6% current smokers at baseline. Of 1560
current smokers, 1430 (91.7%) had information on cigarettes per
day with 23.5% smoking more than 20 cigarettes per day; 1522
(97.5%) had information on years smoked, with 75.0% having
smoked for 30 or more years; and 1424 (91.3%) had information
on pack-years, with 71.7% having smoked 20 or more pack-
years. Of 5441 former smokers, 5049 (92.8%) had information on
cigarettes per day, and 25.9% reported smoking more than 20
cigarettes per day; 5138 (94.4%) had information on years
smoked, with 30.9% having smoked for 30 or more years; and
5318 (97.7%) had information available on time since smoking
cessation, with 23.8% of patients having stopped smoking no
later than 10 years before.

Prognosis According to Smoking Behavior

Among 12 345 patients with CRC, 4379 (35.5%) died, of which
2515 (57.4%) died from CRC. Median survival times were 17.3,
14.4, and 13 years for never, former, and current smokers, re-
spectively. In multivariable analyses among stage I-III patients,
when compared with never smokers, current (HR ¼ 1.53, 95% CI
¼ 1.37 to 1.71) and former (HR¼ 1.12, 95% CI¼ 1.04 to 1.21) smok-
ing were associated with worse overall survival (Table 2). In
analyses of CRC-specific survival, associations between current
smoking and survival were more pronounced than for former
smoking. Current, but not former, smoking was associated with
worse CRC-specific survival (HR ¼ 1.18, 95% CI ¼ 1.00 to 1.40; HR
¼ 1.03, 95% CI ¼ 0.92 to 1.15, respectively). Current and former
smoking were also associated with poorer non-CRC-specific sur-
vival in comparison with never smoking (HR ¼ 2.05, 95% CI ¼

1.75 to 2.41; HR ¼ 1.22, 95% CI ¼ 1.09 to 1.37, respectively).
Similar results were observed in sensitivity analyses stratifying
by type of study (Supplementary Table 6, available online).

Associations of smoking with non-CRC-specific survival were
similar among patients with stage I-III and stage IV cancers.
However, in contrast to the findings among stage I-III patients,
no associations were observed between smoking and overall or
CRC-specific survival among stage IV cancers (Table 2). As a re-
sult, associations with CRC-specific survival among patients at
all stages were similar but lower in magnitude compared with
associations among stage I-III cancers. All further analyses were
restricted to stage I-III CRC cancer patients.

Cigarettes per Day

Associations with poorer survival were much stronger for cur-
rent smokers and for former smokers who smoked 20 or more
cigarettes per day than for those who smoked less, with hazard
ratios (for current smokers of 20 or more cigarettes per day com-
pared with never smokers reaching levels of 1.81 (95% CI ¼ 1.57
to 2.08), 1.29 (95% CI ¼ 1.05 to 1.60), and 2.57 (95% CI ¼ 2.11 to
3.13) for overall, CRC-specific, and non-CRC-specific survival, re-
spectively (Table 3).

Years of Smoking

For former smokers, associations with poorer survival strongly
varied by years of smoking (Table 3). Stronger associations with
poorer survival were essentially restricted to patients who had
smoked 40 or more years, with hazard ratios of 1.68 (95% CI ¼
1.46 to 1.93), 1.24 (95% CI ¼ 0.99 to 1.56), and 2.08 (95% CI ¼ 1.73
to 2.51) for overall, CRC-specific, and non-CRC-specific survival,
respectively. By contrast, there was only little variation of haz-
ard ratios by years of smoking among current smokers.

Years Since Cessation

Former smokers who had quit for less than 10 years had simi-
larly worse survival as current smokers, whereas associations
with poor survival were much weaker or absent in former
smokers who had quit for more than 10 years (Table 3).

Pack-Years of Smoking

Among former smokers, associations with poorer survival were
furthermore restricted to those who had smoked at least 20 pack-
years, with strong associations being restricted to overall and
non-CRC-specific survival for former smokers who had smoked
40 or more pack-years (Table 3). With the exception of smokers
who had smoked less than 20 pack-years, current smokers had
worse survival than former smokers for each category of pack-
years. Compared with never smokers, the strongest increase in
mortality was seen for current smokers with 40 or more pack-
years exposure (HR ¼ 1.94, 95% CI¼ 1.68 to 2.25; HR ¼ 1.41, 95% CI
¼ 1.12 to 1.78; HR ¼ 2.67, 95% CI ¼ 2.19 to 3.26, for overall, CRC-
specific, and non-CRC-specific survival, respectively).

Discussion

In this large international CRC consortium, based on data from
more than 12 000 men and women with CRC, we observed sta-
tistically significant associations between former and current
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Table 1. Patient characteristics according to smoking status

Characteristic Total

Smoking status

PaNever smokers Former smokers Current smokers

Total, No. (%) 12345 5344 (43.3) 5441 (44.1) 1560 (12.6)
Mean age (SD) at diagnosis, y 66.7 (10.9) 66.9 (11.5) 67.9 (9.8) 61.4 (11.1) <.001
Age at diagnosis, No. (%), y
<30 23 (0.2) 12 (0.2) 2 (0.04) 9 (0.6) <.001
30-<60 3079 (24.9) 1315 (24.6) 1118 (20.5) 646 (41.4)
60-<70 4260 (34.5) 1721 (32.2) 1971 (36.2) 568 (36.4)
70-<80 3976 (32.2) 1778 (33.3) 1897 (34.9) 301 (19.3)
�80 1007 (8.2) 518 (9.7) 453 (8.3) 36 (2.3)

Sex, No. (%)
Men 5740 (46.5) 1939 (36.3) 3004 (55.2) 797 (51.1) <.001
Women 6605 (53.5) 3405 (63.7) 2437 (44.8) 763 (48.9)

Tumor location, No. (%)
Proximal 5150 (42.9) 2323 (44.6) 2250 (42.4) 577 (38.8) <.001
Distal 3607 (30.1) 1529 (29.4) 1649 (31.1) 429 (28.9)
Rectum 3234 (27.0) 1352 (26.0) 1402 (26.4) 480 (32.3)
Missing 354 140 140 74

Tumor stage, No. (%)
I-III or locoregional 9967 (87.9) 4330 (87.7) 4434 (88.9) 1203 (85.1) <.001
IV or distal 1370 (12.1) 605 (12.3) 555 (11.1) 210 (14.9)
Missing 1008 409 452 147

Body mass index, No. (%)
<18.5 kg/m2 99 (0.8) 46 (0.9) 25 (0.5) 28 (1.8) <.001
18.5-24.9 kg/m2 4070 (33.6) 1826 (34.9) 1608 (30.1) 636 (41.5)
25.0-29.9 kg/m2 5040 (41.7) 2106 (40.3) 2342 (43.9) 592 (38.6)
�30 kg/m2 2887 (23.9) 1247 (23.9) 1364 (25.5) 276 (18.0)
Missing 249 119 102 28

Alcohol, No. (%)
Non-drinker 3711 (41.3) 1999 (50.9) 1369 (33.7) 343 (34.4) <.001
1-28 g/d 4161 (46.3) 1681 (42.8) 2038 (50.2) 442 (44.4)
>28 g/d 1112 (12.4) 245 (6.2) 656 (16.1) 211 (21.2)
Missing 3361 1419 1378 564

Diabetes, No. (%)
Yes 1212 (11.4) 508 (11.1) 601 (12.7) 103 (7.8) <.001
No 9435 (88.6) 4083 (88.9) 4135 (87.3) 1217 (92.2)
Missing 1698 753 705 240

Use of NSAIDs
Yes 1351 (11.6) 549 (10.9) 645 (12.6) 157 (10.8) .02
No 10263 (88.4) 4496 (89.1) 4475 (87.4) 1292 (89.2)
Missing 731 299 321 111

Cigarettes per day, No. (%)b

<10 2251 (34.7) — 1835 (36.3) 416 (29.1) <.001
10-20 2585 (39.9) — 1907 (37.8) 678 (47.4)
>20 1643 (25.4) — 1307 (25.9) 336 (23.5)
Missing 522 — 392 130

Years smoked, No. (%)b

<20 2434 (36.5) — 2266 (44.1) 168 (11.0) <.001
20-<30 1498 (22.5) — 1285 (25.0) 213 (14.0)
30-<40 1431 (21.5) — 1011 (19.7) 420 (27.6)
�40 1297 (19.5) — 576 (11.2) 721 (47.4)
Missing 341 — 303 38

Pack-years, No. (%)b

<10 1881 (29.3) — 1696 (33.9) 185 (13.0) <.001
10-<20 1271 (19.8) — 1053 (21.1) 218 (15.3)
20-<40 1806 (28.1) — 1310 (26.2) 496 (34.8)
�40 1466 (22.8) — 941 (18.8) 525 (36.9)
Missing 577 — 441 136

Years since cessation, No. (%)c

>20 2610 (49.1) — 2610 (49.1) — —

(continued)
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smoking and poorer overall survival. Compared with never
smoking, current smoking was also associated with worse CRC-
specific survival. Clear dose-response relationships were gener-
ally seen when we further investigated the associations of
smoking behavior by cigarettes per day, years of smoking, and
pack-years of smoking with all survival outcomes. Former
smokers who quit less than 10 years ago had poorer overall and
non-CRC-specific survival compared with never smokers, and
former smokers who quit more than 10 years ago showed no
statistically significant difference compared with never smok-
ers. These findings reflect the benefit of quitting smoking earlier
in life, also in regard to survival outcomes after a CRC diagnosis.

Smoking is a well-established risk factor for colorectal ade-
nomas and CRC (1,2,10,41) and has been associated with overall
and CRC-specific mortality (3,9,10,42,43). In 2 previous meta-
analyses on the association between prediagnostic smoking
and CRC prognosis, current smoking has been statistically sig-
nificantly associated with poorer overall survival compared
with never smoking (HR ¼ 1.29, 95% CI ¼ 1.04 to 1.60) (11,16).
The results of our current investigation, of which subsamples of
3 studies (13,15,18) were included in 1 of the meta-analyses, are
in accordance with previous results on overall survival (HR ¼
1.35, 95% CI ¼ 1.23 to 1.49) (11).

Studies on the association of former smoking with overall
survival have reported mixed results (18,44-46). A meta-analysis
of 4 studies found a non-statistically significant association be-
tween former smoking and overall survival (11), whereas an-
other larger pooled meta-analysis found statistically significant
10%-12% worse overall survival for former smokers when com-
pared with never smoking (16). In this current analysis, former
smokers among stage I-III CRC patients had a 12% higher overall
mortality compared with never smokers. Furthermore, when
looking at the association between former smokers stratified by
number of cigarettes per day and overall survival, a statistically
significant association was only observed between former
smokers who had smoked at least 20 cigarettes per day, and a
weaker non-statistically significant association was seen for
former smokers who had smoked less than 20 cigarettes per
day.

A number of studies have also previously investigated smok-
ing status in association with CRC-specific survival
(13,15,16,18,44,47-49) of which subsamples of 3 of these studies
are included in the present analysis (13,15,18). Results from
these studies were heterogeneous, but generally, associations
were strongest between current or ever smoking and poorer
CRC-specific survival. In the most recent large pooled meta-
analysis (16), current smoking was non-statistically signifi-
cantly associated with worse CRC-specific survival, and former
smoking was not associated with CRC-specific survival.

Consistent with these results, we found current smoking to be
associated with CRC-specific survival (HR ¼ 1.18, 95% CI ¼ 1.00
to 1.40) among stage I-III CRC patients and no association for
former smoking. In further analyses, according to the number
of cigarettes per day, we only observed a statistically significant
association between current smokers who smoked 20 or more
cigarettes per day and CRC-specific survival. Former smoking ir-
respective of the number of cigarettes per day was not associ-
ated with CRC-specific survival. Stronger associations observed
for current and former smoking with non-CRC-specific survival
suggest that smoking status has a weak interaction with CRC as
a determinant of survival but influences overall survival
through factors not related to the CRC disease.

Only a few studies to date have investigated smoking cessa-
tion in association with CRC prognosis, and the results have
been mixed (13,14,16-18). Most previous studies compared indi-
viduals who had stopped smoking with never smokers; 2 of
these previous studies found statistically significant associa-
tions between time since cessation and poorer overall survival
compared with never smokers (13,18), whereas 2 studies did not
observe any associations (14,17). Ordonez-Mena et al. (16) found
that both short and long durations of smoking cessation
(<10 years and �10 years) were associated with improved over-
all survival compared with current smoking. In this analysis, we
found worse overall survival among patients who quit less than
10 years ago compared with never smokers. However, compared
with never smokers, statistically significantly worse survival
was not observed among patients who quit smoking more than
10 years ago, indicating a mortality benefit of smoking cessa-
tion. Regarding non-CRC-specific survival, we found strong
associations among those who quit 10 or less years ago and
patients who quit more than 10-20 years ago, in comparison
with never smoking.

Results from previous studies on the association between
years since smoking cessation and CRC-specific survival
(13,16,18) have been inconsistent. One study found poorer CRC-
specific survival among smokers who quit 25 or more years ago,
compared with never smoking, but no associations among
smokers who quit less than 25 years ago (18), and another found
no associations with CRC-specific survival irrespective of the
time since quitting smoking (13). In contrast, a more recent
large pooled meta-analysis using data from the Consortium on
Health and Ageing: Network of Cohorts in Europe and the
United States reported smoking cessation to be associated with
improved survival when compared with current smokers (16).

The overall health benefit of smoking cessation is well docu-
mented (50). CRC survivors who do not die from cancer could
still die because of causes other than CRC of which smoking
may still be a risk factor. Whether smoking cessation after CRC

Table 1. (continued)

Characteristic Total

Smoking status

PaNever smokers Former smokers Current smokers

>10-20 1444 (27.2) — 1444 (27.2) —
>5-�10 660 (12.4) — 660 (12.4) —
�5 604 (11.4) — 604 (11.4) —
Missing 123 — 123 —

aP values were calculated using 2-sided v2 tests. NSAIDs ¼ nonsteroidal anti-inflammatory drugs.
bTotal and percentages based on former smokers and current smokers only (n¼7001).
cBased on former smokers only (n¼5441). Missing values are excluded from all percentage calculations.
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diagnosis lowers CRC-specific mortality warrants further inves-
tigation in future large studies. Unfortunately, we were not
able to examine associations with postdiagnostic smoking
behavior within the ISACC consortium, and currently, limited
evidence is available that examines smoking behavior after a
CRC diagnosis and associations with survival (13,18). In 1 study,
both overall and CRC-specific survival were higher for smokers
who quit smoking after diagnosis than for those who continued
smoking (13), but in another study, smokers who quit smoking
after diagnosis had only lower CRC-specific mortality but not
overall mortality compared with those who continued smoking
(18).

There are a number of strengths of the present study. First,
pooling studies from a large consortium with harmonized expo-
sure and outcome data resulted in a large sample to investigate
associations of smoking behavior and survival after a diagnosis
of CRC. Second, we were able to adjust for several relevant con-
founding variables. Other strengths of the present study include
the comprehensive follow-up procedures carried out by each in-
dividual study, which ensured thorough vital status assess-
ment, completeness of follow-up, and a long duration of follow-
up in each study. However, as this study includes harmonized
data from 11 epidemiological studies, we cannot rule out differ-
ences in the completeness of follow-up between studies. We
also acknowledge some further limitations of our study. Among
the studies included in the consortium, there were differences
in the timing of smoking assessment and the ascertainment of
smoking status; however, stratified analyses by type of study
showed similar patterns of association between smoking status
and the survival outcomes. Some studies had much more de-
tailed information, whereas others were more limited.
Additionally, we did not have harmonized information on post-
diagnostic smoking status; therefore, it was not possible to as-
sess potential changes in smoking behavior, which could have
affected the overall results. Further limitations include the lim-
ited availability of harmonized treatment information and in-
formation on CRC recurrence. Finally, we cannot rule out the
possibility of residual confounding due to unmeasured or inac-
curately measured variables; although sensitivity analyses pre-
sented in the supplement showed no relevant changes in the
measures of association for models including several confound-
ing variables, the possibility remains that other factors such as
comorbidities, diet, or physical activity might influence the
outcomes.

In conclusion, in this large study examining the association
between prediagnostic smoking and CRC survival, former and
current smoking were associated with worse overall survival,
which was dependent on the number of pack-years smoked.
Current, but not former, smokers had poorer CRC-specific sur-
vival. Patients who quit smoking at least 10 years before diagno-
sis presented similar survival outcomes compared with never
smokers, indicating a clear benefit of smoking cessation, but
poorer overall and non-CRC-specific survival were observed for
former smokers who quit less than 20 years ago. Future research
is needed to investigate how smoking cessation after CRC diag-
nosis may influence CRC survival.
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U.S. Department of Health and Human Services (R01
CA176272). GECCO: National Cancer Institute, National
Institutes of Health, U.S. Department of Health and HumanT

ab
le

2.
O

ve
ra

ll
,C

R
C

-s
p

ec
ifi

c
an

d
n

o
n

-C
R

C
-s

p
ec

ifi
c

su
rv

iv
al

ac
co

rd
in

g
to

sm
o

ki
n

g
st

at
u

s
am

o
n

g
12

34
5

C
R

C
p

at
ie

n
ts

a

Su
rv

iv
al

o
u

tc
o

m
e

St
ag

e
I-

II
Ip

at
ie

n
ts

St
ag

e
IV

p
at

ie
n

ts
St

ag
e

I-
IV

p
at

ie
n

ts

N
ev

er
sm

o
ke

rs
Fo

rm
er

sm
o

ke
rs

C
u

rr
en

t
sm

o
ke

rs
N

ev
er

sm
o

ke
rs

Fo
rm

er
sm

o
ke

rs
C

u
rr

en
t

sm
o

ke
rs

N
ev

er
sm

o
ke

rs
Fo

rm
er

sS
m

o
ke

rs
C

u
rr

en
t

sm
o

ke
rs

O
ve

ra
ll

su
rv

iv
al

N
o

.a
t

ri
sk

(e
ve

n
ts

)
47

39
(1

22
4)

48
86

(1
54

5)
13

50
(4

59
)

60
5

(5
10

)
55

5
(4

70
)

21
0

(1
71

)
53

44
(1

73
4)

54
41

(2
01

5)
15

60
(6

30
)

H
R

(9
5%

C
I)

1.
00

(R
ef

er
en

t)
1.

12
(1

.0
4

to
1.

21
)

1.
53

(1
.3

7
to

1.
71

)
1.

00
(R

ef
er

en
t)

0.
96

(0
.8

4
to

1.
09

)
0.

98
(0

.8
2

to
1.

18
)

1.
00

(R
ef

er
en

t)
1.

07
(1

.0
0

to
1.

14
)

1.
35

(1
.2

3
to

1.
49

)
C

R
C

-s
p

ec
ifi

cb
,c

N
o

.a
t

ri
sk

(e
ve

n
ts

)
46

44
(6

21
)

47
89

(6
81

)
12

94
(1

95
)

58
6

(4
58

)
54

1
(4

16
)

20
0

(1
44

)
52

30
(1

07
9)

53
30

(1
09

7)
14

94
(3

39
)

H
R

(9
5%

C
I)

1.
00

(R
ef

er
en

t)
1.

03
(0

.9
2

to
1.

15
)

1.
18

(1
.0

0
to

1.
40

)
1.

00
(R

ef
er

en
t)

0.
93

(0
.8

1
to

1.
06

)
0.

95
(0

.7
8

to
1.

15
)

1.
00

(R
ef

er
en

t)
0.

98
(0

.9
0

to
1.

07
)

1.
07

(0
.9

5
to

1.
21

)
N

o
n

-C
R

C
-s

p
ec

ifi
cb

,c
,d

N
o

.a
t

ri
sk

(e
ve

n
ts

)
46

44
(5

32
)

47
89

(7
81

)
12

94
(2

26
)

56
5

(2
5)

52
4

(3
8)

19
8

(1
7)

52
30

(5
57

)
53

30
(8

19
)

14
94

(2
43

)
H

R
(9

5%
C

I)
1.

00
(R

ef
er

en
t)

1.
22

(1
.0

9
to

1.
37

)
2.

05
(1

.7
5

to
2.

41
)

1.
00

(R
ef

er
en

t)
1.

33
(0

.7
9

to
2.

23
)

2.
08

(1
.1

0
to

3.
95

)
1.

00
(R

ef
er

en
t)

1.
23

(1
.1

0
to

1.
37

)
2.

05
(1

.7
6

to
2.

39
)

a
M

o
d

el
s

ad
ju

st
ed

fo
r

ag
e,

se
x,

st
u

d
y,

st
ag

e
(e

xc
ep

t
st

ag
e

IV
an

al
ys

is
),

ca
n

ce
r

si
te

,b
o

d
y

m
as

s
in

d
ex

.C
I¼

co
n

fi
d

en
ce

in
te

rv
al

;C
R

C
¼

co
lo

re
ct

al
ca

n
ce

r;
H

R
¼

ad
ju

st
ed

h
az

ar
d

ra
ti

o
.

b
T

h
e

N
o

rt
h

er
n

Sw
ed

en
H

ea
lt

h
an

d
D

is
ea

se
St

u
d

y
n

o
t

in
cl

u
d

ed
in

C
R

C
-s

p
ec

ifi
c

an
d

n
o

n
-C

R
C

-s
p

ec
ifi

c
an

al
ys

es
be

ca
u

se
o

f
n

o
d

at
a

(n
¼

29
1)

.
c Pa

ti
en

ts
w

it
h

m
is

si
n

g
in

fo
rm

at
io

n
o

n
C

R
C

-s
p

ec
ifi

c
an

d
n

o
n

-C
R

C
-s

p
ec

ifi
c

su
rv

iv
al

(n
¼

94
).

d
Fo

r
st

ag
e

IV
sp

ec
ifi

c
an

al
ys

is
,P

h
ys

ic
ia

n
s’

H
ea

lt
h

St
u

d
y

an
d

Ea
rl

y
D

et
ec

ti
o

n
R

es
ea

rc
h

N
et

w
o

rk
st

u
d

ie
s

ad
d

it
io

n
al

ly
ex

cl
u

d
ed

be
ca

u
se

o
f

n
o

o
cc

u
rr

in
g

n
o

n
-C

R
C

-s
p

ec
ifi

c
ev

en
ts

(n
¼

40
).

6 of 9 | JNCI Cancer Spectrum, 2021, Vol. 5, No. 5



Services (U01 CA137088; R01 CA059045). SCCFR: The Seattle site
of the Colon Cancer Family Registry was supported in part by
the National Cancer Institute (NCI) of the National Institutes of
Health (NIH) under awards U01 CA167551, U01 CA074794 (to
JDP) and awards U24 CA074794 and R01 CA076366 (to PAN).
CPS-II: The American Cancer Society funds the creation, main-
tenance, and updating of the Cancer Prevention Study-II (CPS-
II) cohort. This study was conducted with institutional review
board approval. DACHS: German Research Council (Deutsche
Forschungsgemeinschaft, BR 1704/6-1, BR 1704/6-3, BR 1704/6-4
and CH 117/1-1) and the German Federal Ministry of Education
and Research (01KH0404, 01ER0814, 01ER1505A, 01ER1505B).
DALS: National Institutes of Health (R01 CA48998 to M. L.
Slattery). EDRN: This work is funded and supported by the NCI,
EDRN Grant (U01 CA 84968-09). Harvard cohorts (HPFS, NHS,
PHS): HPFS is supported by the National Institutes of Health
(P01 CA055075, UM1 CA167552, U01 CA167552, R01 CA137178,

R01 CA151993, R35 CA197735, K07 CA190673, and P50
CA127003), NHS by the National Institutes of Health (R01
CA137178, P01 CA087969, UM1 CA186107, R01 CA151993, R35
CA197735, K07 CA190673, and P50 CA127003), and PHS by the
National Institutes of Health (R01 CA042182). NSHDS: Swedish
Research Council (VR 2017-00650, VR 2017-01737), the Swedish
Cancer Society (CAN 2017/581), Region V€asterbotten (VLL-
841671, VLL-833291), Knut and Alice Wallenberg Foundation
(VLL-765961), and the Lion’s Cancer Research Foundation (sev-
eral grants) and Insamlingsstiftelsen, both at Umeå University.
PLCO: Intramural Research Program of the Division of Cancer
Epidemiology and Genetics and supported by contracts from
the Division of Cancer Prevention, National Cancer Institute,
NIH, DHHS. WHI: The WHI program is funded by the National
Heart, Lung, and Blood Institute, National Institutes of Health,
U.S. Department of Health and Human Services through con-
tracts HHSN268201100046C, HHSN268201100001C, HHSN26820

Table 3. Overall, CRC-specific and non-CRC-specific survival according to smoking behavior among 10 975 stage I-III CRC patientsa

Smoking behavior

Overall survival CRC-specific survivalb,c Non-CRC-specific survivalb,c

No. at risk
(events) HR (95%CI)

No. at risk
(events) HR (95% CI)

No. at risk
(events) HR (95% CI)

Cigarettes per dayd

Never smokers 4624 (1202) 1.00 (Referent) 4513 (618) 1.00 (Referent) 4513 (530) 1.00 (Referent)
Former smokers
<20 2363 (652) 1.05 (0.95 to 1.16) 2034 (329) 1.02 (0.89 to 1.17) 2358 (318) 1.07 (0.93 to 1.24)
�20 2174 (764) 1.26 (1.14 to 1.38) 2157 (321) 1.06 (0.92 to 1.23) 2157 (426) 1.45 (1.27 to 1.66)

Current smokers
<20 615 (179) 1.35 (1.15 to 1.58) 595 (85) 1.12 (0.89 to 1.41) 595 (84) 1.59 (1.26 to 2.01)
�20 624 (250) 1.81 (1.57 to 2.08) 610 (106) 1.29 (1.05 to 1.60) 610 (132) 2.57 (2.11 to 3.13)

Years of smokingd,e

Never smokers 4624 (1202) 1.00 (Referent) 4513 (618) 1.00 (Referent) 4513 (530) 1.00 (Referent)
Former smokers
<20 2024 (524) 0.99 (0.89 to 1.10) 1983 (266) 1.00 (0.66 to 1.77) 1983 (233) 0.97 (0.83 to 1.13)
20-40 2068 (673) 1.14 (1.03 to 1.25) 2017 (293) 1.03 (0.90 to 1.19) 2017 (352) 1.26 (1.10 to 1.45)
�40 523 (250) 1.68 (1.46 to 1.93) 521 (91) 1.24 (0.99 to 1.56) 521 (157) 2.08 (1.73 to 2.51)

Current smokers
<20 148 (33) 1.53 (1.08 to 2.17) 144 (17) 1.08 (0.66 to 1.77) 144 (14) 2.26 (1.32 to 3.88)
20-40 539 (158) 1.43 (1.20 to 1.69) 500 (79) 1.19 (0.94 to 1.52) 500 (58) 1.73 (1.31 to 2.30)
�40 628 (256) 1.60 (1.39 to 1.83) 611 (95) 1.21 (0.97 to 1.51) 611 (151) 2.16 (1.80 to 2.59)

Years since smoking cessationf

Never smokers 4739 (1224) 1.00 (Referent) 4611 (621) 1.00 (Referent) 4611 (532) 1.00 (Referent)
Former smokers
�10 1128 (408) 1.46 (1.30 to 1.64) 1091 (169) 1.16 (0.98 to 1.38) 1091 (218) 1.86 (1.59 to 2.19)
10-20 1312 (403) 1.11 (0.99 to 1.25) 1267 (185) 1.02 (0.87 to 1.21) 1267 (194) 1.24 (1.05 to 1.47)
�20 2332 (694) 0.98 (0.89 to 1.07) 2289 (306) 0.94 (0.82 to 1.08) 2289 (355) 0.99 (0.87 to 1.14)

Pack-years of smokingd,g

Never smokers 4624 (1202) 1.00 (Referent) 4513 (618) 1.00 (Referent) 4513 (530) 1.00 (Referent)
Former smokers
<20 2450 (650) 1.02 (0.92 to 1.12) 2443 (332) 1.01 (0.88 to 1.15) 2443 (311) 1.03 (0.90 to 1.19)
20-40 1184 (395) 1.18 (1.05 to 1.32) 1175 (9) 1.03 (0.86 to 1.22) 1175 (216) 1.31 (1.11 to 1.54)
�40 856 (355) 1.49 (1.32 to 1.69) 850 (140) 1.17 (0.97 to 1.41) 850 (209) 1.83 (1.54 to 2.16)

Current smokers
<20 342 (80) 1.14 (0.91 to 1.44) 328 (36) 1.01 (0.88 to 1.15) 328 (39) 1.62 (1.17 to 2.25)
20-40 434 (133) 1.47 (1.22 to 1.76) 421 (70) 1.26 (0.98 to 1.62) 421 (52) 1.54 (1.15 to 2.05)
�40 457 (214) 1.94 (1.68 to 2.25) 451 (84) 1.41 (1.12 to 1.78) 451 (124) 2.67 (2.19 to 3.26)

aAll models adjusted for age, sex, study, stage, cancer site, and body mass index. CI ¼ confidence interval; CRC ¼ colorectal cancer; HR ¼ adjusted hazard ratio.
bThe Northern Sweden Health and Disease Study not included in CRC-specific and non-CRC-specific analyses because of no data (n¼248).
cPatients with missing information on CRC-specific and non-CRC-specific survival excluded (n¼44; for years since smoking cessation n¼81).
dThe Early Detection Research Network study participants excluded because of no available information (n¼218).
ePatients with missing information on years of smoking (n¼195).
fPatients with missing information on smoking cessation (n¼114).
gPatients with missing information on pack-years (n¼303).
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1100002C, HHSN268201100003C, HHSN268201100004C, and
HHSN271201100004C.
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