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Abstract

Background: Tobacco and alcohol are well-established risk factors for numerous cancers, yet their relationship to biliary tract
cancers remains unclear.

Methods: We pooled data from 26 prospective studies to evaluate associations of cigarette smoking and alcohol consumption
with biliary tract cancer risk. Study-specific hazard ratios (HRs) and 95% confidence intervals (CIs) for associations with smok-
ing and alcohol consumption were calculated. Random-effects meta-analysis produced summary estimates. All statistical
tests were two-sided.

Results: Over a period of 38 369 156 person-years of follow-up, 1391 gallbladder, 758 intrahepatic bile duct, 1208 extrahepatic bile
duct, and 623 ampulla of Vater cancer cases were identified. Ever, former, and current smoking were associated with increased
extrahepatic bile duct and ampulla of Vater cancers risk (eg, current vs never smokers HR = 1.69, 95% CI = 1.34 to 2.13 and 2.22,
95% CI = 1.69 to 2.92, respectively), with dose-response effects for smoking pack-years, duration, and intensity (all Pyrena < .01).
Current smoking and smoking intensity were also associated with intrahepatic bile duct cancer (eg, >40 cigarettes per day vs
never smokers HR = 2.15, 95 % CI = 1.15 to 4.00; Pienq = -001). No convincing association was observed between smoking and gall-
bladder cancer. Alcohol consumption was only associated with intrahepatic bile duct cancer, with increased risk for individuals
consuming five or more vs zero drinks per day (HR = 2.35, 95%CI = 1.46 to 3.78; Pyena = .04). There was evidence of statistical het-
erogeneity among several cancer sites, particularly between gallbladder cancer and the other biliary tract cancers.
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Conclusions: Smoking appears to increase the risk of developing all biliary tract cancers except gallbladder cancer. Alcohol
may increase the risk of intrahepatic bile duct cancer. Findings highlight etiologic heterogeneity across the biliary tract.

Biliary tract cancers, which include cancers of the gallbladder,
intrahepatic bile duct, extrahepatic bile duct, and ampulla of
Vater, are relatively rare but highly fatal malignancies (1-3).
Although incidence rates of biliary tract cancers are low glob-
ally, they are substantially higher in certain geographic regions
and among some ethnic and racial subgroups (1,2,4). Increasing
incidence rates of intrahepatic and extrahepatic bile duct can-
cers have also been reported in the United States (1,5). Yet, be-
cause of the rarity of biliary tract cancers and a paucity of
published data, the etiology of these malignancies remains
poorly understood.

Tobacco and alcohol are established risk factors for several
cancers (6) and have been classified as group 1 carcinogens by
the International Agency for Research on Cancer (7). Tobacco
smoking is the leading cause of cancer worldwide. Alcohol con-
sumption accounts for a smaller proportion of new cancer
cases; however, the global prevalence of alcohol use is high,
with approximately 38% of the world’s population age 15years
or older regularly consuming alcohol (7,8).

Despite a large body of tobacco- and alcohol-related re-
search, the relationship of these exposures to biliary tract can-
cers remains unclear. Prior studies investigating associations of
tobacco smoking and alcohol consumption with biliary
tract cancer risk have yielded inconsistent or inconclusive
results (6,9-22). Most prior studies have been relatively small,
retrospective case-control studies, limiting their ability to detect
modest associations and to perform analyses individually by
anatomic site. Prior meta-analyses relied primarily on case-
control data and almost exclusively evaluated ever vs never
smoking and alcohol consumption (23-28). With the exception
of one pooled analysis of intrahepatic bile duct cancer (29), pre-
vious meta-analyses have relied on published literature and
have often been limited by publication biases and an inability to
control for important confounders (23-28).

To address these limitations, we pooled individual-level
data from 26 prospective cohort studies and trials to evaluate
associations of cigarette smoking and alcohol consumption
with primary biliary tract cancer risk. We evaluated all associa-
tions separately by anatomic cancer.

Methods

Study Population

We used data from the Biliary Tract Cancers Pooling Project
(BiTCaPP), which includes prospective information from more
than 2.8 million participants. Studies were identified for poten-
tial inclusion via the National Cancer Institute Cancer Cohort
Consortium and individual research collaborations. Eligible
studies were prospective studies with at least one biliary tract
cancer case. Deidentified individual-level datasets were
requested electronically and successfully received from all stud-
ies. Study-specific datasets were then harmonized (ie, format-
ted wuniformly across studies to allow for inferential
equivalence) (30) and compiled in a pooled dataset. All data
used in this analysis were checked for consistency and com-
pleteness using logical queries and comparisons with published
data. No major data quality issues were identified.

Each study received ethical approval from its respective in-
stitutional review board and all study participants provided
written informed consent. BiTCaPP was exempted from addi-
tional ethical review by the National Cancer Institute’s Office of
Human Subjects Research.

We included in this analysis 26 BiTCaPP studies with infor-
mation both on cigarette smoking and alcohol consumption.
Details on the included studies are described in Table 1. Briefly,
this sample included 21 prospective cohort studies (31-51),
four randomized control trials (52-55), and one cancer screening
trial (56). Studies were conducted in North America (n=16) (31-
33,35,37,38,41-44,48,49,53-56), Europe (n=5) (34,36,50-52), Asia
(n=4) (39,45-47), and Australia (n =1) (40).

We excluded individuals younger than 18years (n=130)
and/or for whom entry or exit age was missing (n=5044). We
also excluded participants with prior cancer diagnoses other
than nonmelanoma skin cancer at study entry (n =61 232), bili-
ary tract cancers of undefined and/or unknown site or overlap-
ping lesions (n =329), and participants with missing biliary tract
cancer status (n=11). The final analytic sample thus included
2724 982 individuals.

Ascertainment of Outcomes

Outcomes of interest for this study were primary biliary tract
cancers occurring as incident, first cancers. Each study provided
data on primary biliary tract cancers by anatomic site using
International Classification of Disease codes (Supplementary
Table 1, available online). Cancer diagnoses were ascertained
via linkage to a local, state, provincial, or national cancer regis-
try (Agricultural Health Study [AgHealth]; Adventist Health
Study-2 [AHS-2]; Alpha-Tocopherol, Beta-Carotene Cancer
Prevention Study [ATBC]; Cohort of Swedish Men [COSM]; lowa
Women'’s Health Study [IWHS]; Melbourne Collaborative Cohort
Study [MCCS]; Multiethnic Cohort Study [MEC]; National
Institutes of Health-American Association of Retired Persons Diet
and Health Study [NIH-AARP|; Radiation Effects Research
Foundation Life Span Study [RERF]; Singapore Chinese Health
Study [SCHS]; Swedish Mammography Cohort [SMC]; VITamins
and Lifestyle Study [VITAL]; Women'’s Lifestyle and Health Study
[WLHS)); self-report verified by medical record, pathology report,
cancer registry linkage, or death certificate (Health Professionals
Follow-Up Study [HPFS]; Nurses’ Health Study [NHS]; Prostate,
Lung, Colorectal and Ovarian Cancer Screening Trial [PLCOJ;
Physicians’ Health Study [PHS]; Sister Study [SISTER]; Women'’s
Health Initiative [WHI]; Women'’s Health Study [WHS]); or a com-
bination of methods (Breast Cancer Detection Demonstration
Project [BCDDP]; Cancer Prevention Study II Nutrition Cohort
[CPS-II NCJ]; European Prospective Investigation into Cancer and
Nutrition [EPIC]; Japan Public Health Center-based prospective
Study 1 and 2 [JPHC]; New York University Women'’s Health Study
[NYUWHS]; Shanghai Cohort Study [SCS]).

Ascertainment of Exposures

All studies provided self-reported data on demographic and epi-
demiologic characteristics, including data on smoking and alco-
hol, which was obtained via questionnaires and/or in-person
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interviews. We assessed self-reported ever vs never smoking,
smoking status (never, former, current), duration of smoking
(years), smoking intensity (cigarettes per day), and smoking
pack-years. Detailed information on the ascertainment of
smoking information for each study is provided in
Supplementary Table 2 (available online). Briefly, all 26 studies
provided information on ever smoking and smoking status;
however, one study (ATBC) included only current smokers by
design and thus was excluded from the smoking analyses. Most
studies defined ever smoking as “regular smoking” (n=7) or
having smoked at least 100 cigarettes (n=7). Current smoking
was usually defined as any cigarette smoking reported at the
time of data collection (n=23). A total of 25 and 21 studies pro-
vided information on cigarette smoking duration and intensity,
respectively. For 15 studies, smoking duration was calculated by
subtracting the age at initiation of smoking from either the age
at which the subject quit (former smokers) or the age at baseline
(current smokers). The remaining 10 studies collected self-
reported total years smoked at baseline. Nine studies reported
smoking duration excluding intermittent periods of cessation.
For smoking intensity, studies provided either the average num-
ber of cigarettes smoked per day over the lifetime smoking pe-
riod (n=12) or the average smoked per day at the time of data
collection or last smoking period (n=9). We calculated smoking
pack-years (cigarettes per day divided by 20, multiplied by dura-
tion in years) for 21 studies.

For all 26 studies, we assessed self-reported number of alco-
holic drinks consumed per day (Supplementary Table 3, avail-
able online). Studies provided either grams of alcohol (n=22) or
alcoholic drinks (n=4) consumed per day. For the purposes of
these analyses, one alcoholic drink was defined as 14 g of etha-
nol (57). Most studies (n=17) reported average alcohol con-
sumption over the past 12 months.

Ever smoking and smoking status were analyzed categori-
cally, with never smokers as the reference group. Smoking and
alcohol dose variables were analyzed 1) categorically using a
priori cut points (smoking pack-years: never smokers [refer-
ence], >0-20, >20-40, >40; smoking duration [years| and inten-
sity [cigarettes per day]: never smokers [referent], >0-10, >10-
20, >20-40, >40; alcoholic drinks per day: O [referent], >0-0.5,
>0.5-1, 1-<3, 3-<5, >5) and 2) continuously (analyzed per 10-
unit increase [smoking variables] or per one drink [alcohol]).

Statistical Analysis

We assessed associations of cigarette smoking and alcohol con-
sumption with biliary tract cancer risk using Cox proportional
hazards regression with age as the timescale and left truncation
at baseline. Visual and statistical examination of the scaled
Schoenfeld residuals for the main exposures (smoking status
and alcoholic drinks per day [categorical]) in the pooled dataset
showed no evidence of proportional hazards assumption viola-
tion (58). All global P values for potential violations of the pro-
portional hazards assumption for the multivariable models as a
whole were greater than .10. Participant follow-up time began
at baseline and ended at the time of first primary cancer diagno-
sis (other than nonmelanoma skin cancer), loss to follow-up,
death, or study-specific end date, whichever occurred first.

We performed our primary analyses using a two-stage ap-
proach. In the first stage, we calculated site- and study-specific
hazard ratios (HRs) and 95% confidence intervals (CIs) adjusted
for a priori confounders identified based on directed acyclic
graphs: sex (male, female), race (white, black, Asian and Pacific
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Islander, other), educational attainment (<high school gradu-
ate, high school graduate, some college or post-high school
training), body mass index in kg/m? (<18.5, 18.5-<25, 25-<30,
>30), history of diabetes (ever vs never diagnosed), and birth co-
hort (1870-1899, 1900-1909, 1910-1919, 1920-1929, 1930-1939,
1940-1949, 1950-1959, 1960-1982). Smoking models were addi-
tionally adjusted for alcoholic drinks per day (0, >0-0.5, >0.5-1,
1-<3, >3), and alcohol models were additionally adjusted for
smoking status (never, former, current). Results were not mate-
rially altered after excluding body mass index and diabetes,
which could be potential confounders or causal mediators
depending on temporal relationships (data not shown). In the
second stage, we performed a random-effects meta-analysis of
the study-specific estimates and assessed statistical heteroge-
neity between studies using the I* statistic (59). We also re-
peated these analyses using a one-stage approach, calculating
hazard ratios in the aggregate, pooled dataset and stratifying
the baseline hazard by study. We evaluated heterogeneity by
biliary tract cancer site in the pooled dataset using a data dupli-
cation method for competing risks, testing for heterogeneity via
the Wald test (60). Heterogeneity analyses were conducted for
the associations with smoking status and alcoholic drinks per
day (categorical).

We performed several prespecified sensitivity analyses in
the pooled dataset. We analyzed smoking and alcohol dose-
response variables restricting to ever smokers and individuals
who consumed more than 0 alcoholic drinks per day, with the
lowest exposure group as the reference group. For smoking in-
tensity and duration, we also conducted analyses adjusting for
smoking pack-years (categorical) to assess if associations with
intensity or duration persisted after accounting for the effect of
total exposure (61). We evaluated potential multiplicative
effect-measure modification by sex and race for the associa-
tions with smoking status and alcoholic drinks consumed per
day (categorical). Effect-measure modification was assessed us-
ing likelihood ratio tests comparing models with and without a
multiplicative term (62). In a subset of 17 studies with informa-
tion on prior gallstone diagnoses (Table 1), we also compared
risk estimates with and without adjustment for history of gall-
stones to explore whether the associations with smoking and
alcohol might be mediated by gallstones, a key risk factor for
biliary tract cancers (63). Finally, for all analyses of gallbladder
cancer, we compared overall risk estimates with estimates that
were generated after restricting to participants who had no his-
tory of cholecystectomy (ie, only individuals who were at risk
for gallbladder cancer at baseline). This analysis was restricted
to nine studies that provided information on cholecystectomies
(Table 1).

Analyses were performed in SAS software version 9.4 (SAS
Institute Inc, Cary, NC), Stata software version 15.0 (StataCorp
LLC, College Station, TX), and R software version 3.5.1 (R
Development Core Team, Vienna, Austria). Participants with
missing data were case-deleted. All statistical tests were two-
sided and P values less than .05 were considered statistically
significant.

Results

Of the 2 724 982 people in the BiTCaPP sample, 1391 (0.05%) de-
veloped gallbladder cancer, 758 (0.03%) developed intrahepatic
bile duct cancer, 1208 (0.04%) developed extrahepatic bile duct
cancer, and 623 (0.02%) developed ampulla of Vater cancer over
a total of 38 369 156 person-years of follow-up. The median time
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to diagnosis of any biliary tract cancer was 10.6 years (interquar-
tile range [IQR] = 5.6-14.5 years), and the median age at biliary
tract cancer diagnosis was 71.8years (IQR = 65.0-78.5 years),
with no substantial variations by anatomic site.

Characteristics of the participants and studies are shown in
Table 1. The percentage of current smokers ranged from 1.1% in
AHS-2 to 50.5% in SCS (in ATBC, 100% of participants were cur-
rent smokers by design), whereas median alcoholic drinks per
day ranged from 0.1 in AgHealth and the RERF to 1.8 in the JPHC.

Summary risk estimates for the associations of cigarette
smoking and alcohol consumption with biliary tract cancer risk
are shown in Tables 2 and 3. There was low to moderate
between-study heterogeneity for most risk estimates, with 66%
of I? lower than 10%, and 91% lower than 40%.

Ever, former, and current smokers were at increased risk of
extrahepatic bile duct and ampulla of Vater cancers when com-
pared never smokers (HR for current vs never smokers = 1.69,
95% CI = 1.34 to 2.13 and 2.22, 95% CI = 1.69 to 2.92, respectively;
Table 2 and Figure 1). Current smokers were also at increased
risk of intrahepatic bile duct cancer (HR = 1.30, 95% CI = 1.00 to
1.69). Increasing levels of smoking pack-years, duration, and in-
tensity were associated with extrahepatic bile duct and ampulla
of Vater cancers (eg, HR = 1.96, 95% CI = 1.47 to 2.63, and HR =
2.18, 95% CI = 1.56 to 3.06, for smoking duration >40years vs
never smokers, respectively). In contrast, only smoking inten-
sity was consistently associated with intrahepatic bile duct can-
cer risk (eg, HR = 2.15, 95% CI = 1.15 to 4.00, for >40 cigarettes
per day vs never smokers). We observed no convincing evidence
of an association between cigarette smoking and gallbladder
cancer risk. Although a few estimates were suggestive of an in-
creased risk (eg, HR = 1.75, 95% CI = 1.00 to 3.06, for >40 ciga-
rettes per day vs never smokers), there was no consistent
pattern or evidence of a dose-response relationship, and some
estimates were based on a small number of cases (eg, <20).

Results for smoking dose variables were fairly consistent
when analyzed continuously, although effect sizes were smaller
given these analyses evaluated the average impact of a 10-unit
increase and assumed a linear relationship. In addition, smok-
ing pack-years was associated with intrahepatic bile duct can-
cer when analyzed continuously, which may suggest a loss of
power in the categorical analysis (given marginal associations
observed in high categories) or a chance finding. We saw evi-
dence for a dose-response relationship of smoking pack-years,
duration, and intensity with extrahepatic bile duct and ampulla
of Vater cancers (all Pyeng <.01). There was also evidence of a
dose-response relationship between smoking intensity and
intrahepatic bile duct cancer (Pyenqa =.001). When we analyzed
associations using the aggregate, pooled dataset, results were
consistent, although most associations were attenuated
(Supplementary Table 4, available online). Risk estimates re-
stricted to ever smokers were also generally consistent
(Supplementary Table 5, available online), as were the estimates
for smoking intensity and duration when additionally adjusted
for smoking pack-years (Supplementary Table 6, available
online).

Drinkers who reported drinking at least five alcoholic drinks
per day were at increased risk of intrahepatic bile duct cancer
compared with participants who consumed zero alcoholic
drinks per day (HR = 2.35, 95% CI = 1.46 to 3.78), and there was
evidence of a dose-response trend (Pyena =.04; Table 3 and
Figure 2). Individuals consuming three to fewer than five drinks
per day were at marginally increased risk of extrahepatic bile
duct cancer (HR = 1.82, 95% CI = 0.98 to 3.39); however, there
was no evidence of a dose-response relationship (Piyena =.84),

there was high between-study heterogeneity (I* = 57.2%), and
these results were not robust to sensitivity analyses. No associ-
ations between alcohol consumption and gallbladder or am-
pulla of Vater cancer were observed. In the pooled dataset, the
pattern of results was similar, but some of the associations did
not reach statistical significance (Supplementary Table 4, avail-
able online). Results were similar when we analyzed drinks per
day as a continuous variable (Table 3). When restricting to indi-
viduals who consumed alcohol, the pattern of results was con-
sistent (Supplementary Table 5, available online).

For the associations with smoking status and alcoholic
drinks per day, there was evidence of potential heterogeneity
between several biliary tract cancers, particularly gallbladder
cancer (all Pheterogeneity <-001 for comparisons with gallbladder
cancer; alcoholic drinks per day Pheterogeneity = -03 for ampulla of
Vater vs intrahepatic bile duct cancer; smoking status
Pheterogeneity = -08 for ampulla of Vater vs intrahepatic bile duct
cancer; and smoking status Pheterogeneity=-09 for extrahepatic
bile duct cancer vs intrahepatic bile duct cancer). There was lit-
tle evidence of heterogeneity between ampulla of Vater and ex-
trahepatic bile duct cancer (smoking status Pheterogeneity=-77;
alcoholic drinks per day Pheterogeneity =-22). For the associations
with alcoholic drinks per day, there was also little evidence of
heterogeneity between extrahepatic and intrahepatic bile duct
cancers (Pheterogeneity = -33)-

There was evidence of possible multiplicative effect-
measure modification by race for the association of smoking
status with extrahepatic bile duct cancer (likelihood ratio test P
=.05) and intrahepatic bile duct cancer (likelihood ratio test P
=.09). For extrahepatic bile duct cancer, the associations with
smoking status appeared to be stronger for whites and blacks
than for Asians and Pacific Islanders, and there was limited evi-
dence of an association with individuals of other races
(Supplementary Table 7, available online). However, sample
sizes were small for some comparisons (eg, <40 cases). For
intrahepatic bile duct cancer, the association with current
smoking was strongest for Asians and Pacific Islanders and
individuals of other races. Race was not a multiplicative effect
modifier of the associations between alcohol consumption and
biliary tract cancer risk (all likelihood ratio test P > .98). There
was also no evidence of multiplicative effect-measure modifica-
tion by sex at any cancer site (all likelihood ratio test P > .38).

When we additionally adjusted for history of gallstones in
17 studies, risk estimates were not materially altered
(Supplementary Table 8, available online). In nine studies, we
restricted the pooled analyses of gallbladder cancer to individu-
als without a prior cholecystectomy. As shown in
Supplementary Table 9 (available online), results were consis-
tent after restriction, although some risk estimates for cigarette
smoking were slightly stronger among those without a prior
cholecystectomy.

Discussion

In this large, prospective study, we evaluated associations of
cigarette smoking and alcohol consumption with the risk of
biliary tract cancers by anatomic site. Cigarette smoking was
associated with approximately 1.3- to 3.0-fold higher risks of
intrahepatic bile duct, extrahepatic bile duct, and ampulla of
Vater cancers. Associations with smoking were strongest and
most consistent with extrahepatic bile duct and ampulla of
Vater cancers, whereas associations with intrahepatic bile duct
cancer appeared to be more modest and most apparent at
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Gallbladder cancer

A Former vs never smokers
B Current vs never smokers

Study %
D HR (95% CI) Weight Study %
D HR (95% CI) Weight
AgHealth :‘—_ 046(013,1.72) 13 .
Egg%‘” ‘t'f; Eg ;: :;3 ‘133 AgHealth —— 1.02(022,476) 16
CPSHINC o 137(079.237) 76 COsM - 096(0.18,508) 13
g CPSHINC —— 178(0.72,440) 45
—— 0.92 (0.58, 1.47) 105
HPFS 4% —— 152(0.09, 26.55) 03 EPIC 1.20(0.75, 1.92) 16.6
IWHS — 0.80(0.39, 1.65) 44 HPFS —————% 790(039,161.78) 04
JPHC +——  242(089,656) 23 IWHS m 1.34(0.64,279) 69
MCCS e 094(041,218) 33 JPHC ‘_J 183(076,441) 48
MEC . 0.74 (0.46, 1.17) 10.5 MCCS 0.31 (0.04, 2.36) 09
NHS —— 074(0.35 157) 41 MEC — 1.40 (0.81,241) 125
NIH-AARP - 119(0.87,1.62) 233 NHS —_— 144(075,274) 89
NYUWHS —— 1 206(0.23,3740) 04 NIH-AARP —— 084(048, 147) 117
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Figure 1. Forest plots for associations between cigarette smoking status and biliary tract cancer risk by anatomic site in the Biliary Tract Cancers Pooling Project.
Hazard ratios for former vs never smoking (A, G, E, G) and current vs never smoking (B, D, F, H) are adjusted for sex (male, female), race (white, black, Asian and Pacific
Islander, other), education (less than high school graduate, high school graduate, some college or post-high school training), body mass index in kg per m? (<18.5, 18.5-
<25, 25-<30, >30), diabetes (ever vs never diagnosed), birth cohort (1870-1899, 1900-1909, 1910-1919, 1920-1929, 1930-1939, 1940-1949, 1950-1959, 1960-1982), and alco-
holic drinks per day (0, >0-0.5, >0.5-1, 1-<3, >3). Small black-filled diamonds represent the point estimates for each study. Horizontal lines represent 95% confidence
intervals; if ending in an arrow, the interval transcends the region plotted. % weight describes the weight (inverse variance) each study contributed to the summary
hazard ratio. Study weight is also represented by the shaded gray region around each study-specific point estimate. I is the percentage of variation due to between-
study heterogeneity. Summary hazard ratios (dotted lines) and 95% confidence intervals (hollow diamonds) were estimated via random-effects meta-analysis. All sta-
tistical tests were two-sided. P values were calculated using the Wald test. Some additional studies collected information on cigarette smoking status but could not
contribute to this meta-analysis because they did not have a sufficient number of biliary tract cancer patients who were former or current smokers. AgHealth =
Agricultural Health Study; BCDDP = Breast Cancer Detection Demonstration Project; CI = confidence interval; COSM = Cohort of Swedish Men; CPS-II NC = Cancer
Prevention Study II Nutrition Cohort; EPIC = European Prospective Investigation into Cancer and Nutrition; HR = hazard ratio; HPFS = Health Professionals Follow-Up
Study; IWHS = Iowa Women’s Health Study; JPHC = Japan Public Health Center-based prospective Study 1 and 2; MCCS = Melbourne Collaborative Cohort Study; MEC
= Multiethnic Cohort Study; NHS = Nurses’ Health Study; NIH-AARP = National Institutes of Health-American Association of Retired Persons Diet and Health Study;
NYUWHS = New York University Women’s Health Study; PHS = Physicians’ Health Study; PLCO = Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial; RERF
= Radiation Effects Research Foundation Life Span Study; SCHS = Singapore Chinese Health Study; SCS = Shanghai Cohort Study; SISTER = Sister Study; SMC =
Swedish Mammography Cohort; VITAL = VITamins and Lifestyle Study; WHI = Women’s Health Initiative; WHS = Women'’s Health Study; WLHS = Women’s Lifestyle
and Health Study.
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Figure 1. Continued

Studies investigating the association between alcohol con-
sumption and biliary tract cancer risk have also been mixed.
Positive (10,23,24,29) as well as null (11,15,19,23,25) associations
of alcohol consumption with extrahepatic and intrahepatic bile
duct cancer risk have been reported, and the International
Agency for Research on Cancer has deemed the epidemiologic
evidence for an association insufficient (6). Null associations be-
tween alcohol consumption and ampulla of Vater cancer have
been reported by prior studies (11,23), which is consistent with
our findings. Associations between alcohol consumption
and gallbladder cancer, however, have often been contradictory
(12-14,23,27). These contradictory findings may be partially at-
tributed to the potential protective effects of alcohol intake on
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gallstone formation (67) due to inhibition of gallbladder water
absorption and alterations in the composition of biliary lipids
(68). Nonetheless, in the present study, our results were robust
to additional adjustment for history of gallstones.

We observed positive associations between high levels of al-
cohol consumption and intrahepatic bile duct cancer risk.
Possible mechanisms for the positive association with alcohol
consumption include genotoxic effects of acetaldehyde, produc-
tion of reactive oxygen and nitrogen species, DNA methylation,
reduced immune surveillance, and inflammatory responses
(69). In the present study, alcohol consumption was not associ-
ated with gallbladder, extrahepatic bile duct, or ampulla of
Vater cancers. It is possible that we did not have sufficient
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Figure 2. Forest plots for associations between alcohol consumption (drinks per day) and biliary tract cancer risk by anatomic site in the Biliary Tract Cancers Pooling
Project. Hazard ratios for three to fewer than five vs zero drinks per day (A, G, E, G) and five or more vs zero drinks per day (B, D, F, H) are adjusted for sex (male, female),
race (white, black, Asian and Pacific Islander, other), education (less than high school graduate, high school graduate, some college or post-high school training), body
mass index in kg per m? (<18.5, 18.5-<25, 25-<30, >30), diabetes (ever vs never diagnosed), birth cohort (1870-1899, 1900-1909, 1910-1919, 1920-1929, 1930-1939, 1940~
1949, 1950-1959, 1960-1982), and cigarette smoking status (never, former, current). Small black-filled diamonds represent the point estimates for each study.
Horizontal lines represent 95% confidence intervals; if ending in an arrow, the interval transcends the region plotted. % weight describes the weight (inverse variance)
each study contributed to the summary hazard ratio. Study weight is also represented by the shaded gray region around each study-specific point estimate. I? is the
percentage of variation due to between-study heterogeneity. Summary hazard ratios (dotted lines) and 95% confidence intervals (hollow diamonds) were estimated via
random-effects meta-analysis. All statistical tests were two-sided. P values were calculated using the Wald test. Some additional studies collected information on alco-
holic drinks per day but could not contribute to this meta-analysis because they did not have a sufficient number of biliary tract cancer patients consuming three to
fewer than five or five or more drinks per day. ATBC = Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study; CI = confidence interval; COSM = Cohort of Swedish
Men; CPS-II NC = Cancer Prevention Study II Nutrition Cohort; EPIC = European Prospective Investigation into Cancer and Nutrition; HR = hazard ratio; IWHS = Iowa
Women's Health Study; JPHC = Japan Public Health Center-based prospective Study 1 and 2; MCCS = Melbourne Collaborative Cohort Study; MEC = Multiethnic Cohort
Study; NHS = Nurses’ Health Study; NIH-AARP = National Institutes of Health-American Association of Retired Persons Diet and Health Study; PLCO = Prostate, Lung,
Colorectal and Ovarian Cancer Screening Trial; VITAL = VITamins and Lifestyle Study; WHI = Women'’s Health Initiative.

statistical power to detect associations at the highest levels of
alcohol consumption, where there were fewer than 25 cases
and estimates were based on a subset of studies with a suffi-
cient number of high consumers. It is also possible that alcohol
consumption is not an important risk factor for these cancers.
There was evidence of effect-measure modification by race
for the association of smoking status with extrahepatic and intra-
hepatic bile duct cancers. Results suggested that the strength of
the associations may vary by race (eg, the association between
smoking status and extrahepatic bile duct cancer was stronger

among whites and blacks than among other racial groups,
whereas the association with intrahepatic bile duct cancer was
strongest among Asians and Pacific Islanders and individuals of
other races). Although we were underpowered to detect associa-
tions in some subgroups, these variations in associations by race
for some but not all anatomic sites point to potential etiologic dif-
ferences among biliary tract cancers despite their anatomic
proximity.

Gallstones is one of the primary known risk factors for bili-
ary tract cancers (63), and it may act as a mediator in the
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Figure 2. Continued

associations we observed. Nevertheless, when we additionally
adjusted for history of gallstones, there were no appreciable
changes in risk estimates, suggesting that the associations we
observed were likely not mediated by gallstones.

Strengths of our study include its prospective design, diver-
sity of included studies, large sample size, and long follow-up
period, which provided unprecedented statistical power to as-
sess associations with rare biliary tract cancer by anatomic site.
Meta-analyses of individual participant data offer several
advantages over meta-analyses of the published literature (70).
For example, by pooling individual-level data, we were able to
standardize adjustments for multiple potential confounders,
mitigate publication bias, and decrease the variability in effect
estimates that is caused by inconsistencies in analytic model-
ing. For two-thirds of the associations assessed, we observed
low heterogeneity (1> < 10%) and a similar pattern of risk esti-
mates across studies that differed substantially in design, popu-
lation, and geographic location, lending greater confidence to
these findings. The robustness of our findings to multiple
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sensitivity analyses also lends greater credence to these
associations.

Our study also has several limitations. Smoking and alcohol
data were provided at a single timepoint for most studies, so we
were unable to assess changes in these exposures over the
course of follow-up, and approaches to measuring these expo-
sures varied across studies. Data on cigarette smoking and alco-
hol consumption were ascertained via self-report and may be
subject to under- or misreporting. Regarding alcohol exposure,
definitions of standard drink measures and sizes often vary
substantially among and within countries (71), which may have
introduced some misclassification in the assessment of alco-
holic drinks consumed per day. We were also unable to assess
duration of drinking, total alcohol exposure, or differences by
beverage type. In addition, findings for heavy alcohol consump-
tion should be interpreted with caution given modest sample
sizes and few studies contributing to the highest exposure cate-
gories. There may be residual or unmeasured confounding, par-
ticularly from other lifestyle factors (eg, diet or physical



activity). Finally, there may have been some histological mis-
classification of cancers.

In this pooled analysis of 26 studies, we assessed associa-
tions between two potentially modifiable lifestyle factors and
biliary tract cancer risk in a well-powered, prospective study.
Our findings provide evidence that smoking is associated with
intrahepatic bile duct, extrahepatic bile duct, and ampulla of
Vater cancers, suggesting that tobacco may be a risk factor for
even more cancers than previously appreciated. High levels of
alcohol consumption were also associated with intrahepatic
bile duct cancer risk. Findings suggest etiologic heterogeneity
across the biliary tract, particularly for gallbladder cancer,
underscoring the importance of analyzing biliary tract cancers
individually by anatomic site to understand the unique factors
contributing to each of these malignancies. More broadly, our
findings provide insight into the etiology of these rare, under-
studied cancers and support ongoing public health efforts to
mitigate cigarette smoking and heavy alcohol consumption.
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