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Abstract

Background: Little is known about the role of early obesity or weight change during adulthood in the development of liver
cancer and biliary tract cancer (BTC). Methods: We investigated the associations of body mass index (BMI) and weight
trajectories with the risk of liver cancer and BTC in the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial. BMI
was self-reported at ages 20 years and 50 years and at enrollment. BMI trajectories were determined using latent class growth
models. Cox regression was used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs). Results: During a median
follow-up of 15.9 years among 138 922 participants, 170 liver cancer and 143 BTC cases were identified. Compared with those
whose BMI did not exceed 25 kg/m2, participants with BMI exceeding 25 kg/m2 at age 20 years had increased risks of liver can-
cer (HR¼2.03, 95% CI ¼ 1.26 to 3.28) and BTC (HR¼1.99, 95% CI ¼ 1.16 to 3.39). Compared with participants maintaining nor-
mal BMI until enrollment, trajectory of normal weight at age 20 years to obesity at enrollment was associated with increased
risk for liver cancer (HR¼2.50, 95% CI ¼ 1.55 to 4.04) and BTC (HR¼1.83, 95% CI ¼ 1.03 to 3.22). Compared with adults with sta-
ble weight (65 kg) between age 20 years and 50 years, weight gain of 20 kg and greater between ages 20 years and 50 years had
higher hazard ratios of 2.24 (95% CI ¼ 1.40 to 3.58) for liver cancer and 1.86 (95% CI ¼ 1.12 to 3.09) for BTC. Conclusions: Being
overweight and/or obese at age 20 years and BMI trajectories that result in being overweight and/or obese may increase risk
for both liver cancer and BTC.

Hepatobiliary cancers include liver cancer, the most common
type of which is hepatocellular carcinoma (HCC, approximately
80%), and biliary tract cancer (BTC), which encompasses cancers
of the gallbladder, extrahepatic bile duct, and ampulla of Vater
(1). All are highly lethal, with liver being the fifth-most common
cause of cancer death among men worldwide in 2020 (2). In the
United States, the incidence of liver plus intrahepatic bile duct
cancer has been increasing recently, particularly for HCC, with

incidence rates of 5.8 per 105 during 2008-2012 and 1.8 per 105

during 1978-1982, and the mortality of liver cancer has also in-
creased during this period (3.2 per 105 during 2012-2017 vs 2.0
per 105 during 1985-1995) (2-4).

Coinciding with the increased rate of liver cancer and BTC,
the prevalence of obesity has increased markedly in the United
States (5,6). According to a recent report by the World Cancer
Research Fund International/American Institute for Cancer
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Research, excess adult adiposity (measured by body mass index
[BMI]) is a well-demonstrated cause of liver cancer (7,8). More
than 30% of liver cancer cases in the United States have been at-
tributed to obesity and other metabolic disorders (9). However,
several questions are unanswered regarding the association be-
tween obesity and hepatobiliary cancers. First, little is known
about the role of adiposity in early adulthood in the develop-
ment of liver cancer and BTC. Only 3 studies (10-12) have inves-
tigated BMI at young adult ages in relation to HCC and 1
examined its association with BTC (13). Second, the relationship
between weight change across the life course and liver cancer
has not been widely studied (10). Because the influence of obe-
sity on cancer development may vary at different ages (14), tra-
jectory changes in BMI across one’s lifespan or a more
integrated lifetime measure might better reflect the long-term
effect of obesity on carcinogenesis compared with obesity mea-
sured at a single time point or during a short period. Third, the
impact of adulthood weight changes on hepatobiliary cancer
remains largely undefined. Weight gain during adulthood
depends mostly on accumulation of fat rather than lean mass;
thus, weight change is more likely to reflect adiposity than
adult-attained weight itself, which tends to also reflect lean
mass (7,15). However, few studies have investigated weight gain
during adulthood (10,12,16,17). In addition, whether the influ-
ence of weight gain on cancer risk differs according to when it
occurs in adulthood remains unclear.

Herein, we investigated early adulthood BMI, trajectories of
adiposity change, and BMI over time in relation to the subse-
quent risk of developing liver cancer and BTC.

Methods

Study Population

The data were collected by the Prostate, Lung, Colorectal and
Ovarian (PLCO) Cancer Screening Trial. Details of the study de-
sign, scientific rationale, and baseline characteristics of the par-
ticipants have been described elsewhere (18). In brief, 154 887
eligible participants aged 42-78 years from 10 study sites
(Washington, DC; Detroit, Michigan; Marshfield, Wisconsin;
Honolulu, Hawaii; Birmingham, Alabama; Aurora, Colorado;
Minneapolis, Minnesota; Pittsburgh, Pennsylvania; Boise, Idaho;
and St Louis, Missouri) were enrolled between November 1993
and July 2001. Information on anthropometric measurements,
demographics, cancer risk factors, and medical histories were
collected using a self-administered baseline questionnaire in
1993-2001. Dietary information was collected using the Diet
History Questionnaire, which collected frequency of intake and
portion size of 124 food items in 1999 or 2000. The response
rates for the dietary questionnaire and the baseline question-
naire were 84% and 89%, respectively.

Among the 154 887 participants who completed the baseline
questionnaire, we excluded individuals with a previous cancer
diagnosis except nonmelanoma skin cancer (n¼ 6959, 4.49%),
zero follow-up time (n¼ 16, 0.01%), or any missing values of BMI
at age 20 years and 50 years and at baseline (n¼ 8990, 5.80%) to
model trajectory of BMI evolution across adulthood. After exclu-
sions, a total of 138 922 participants (89.69%, 70 063 women and
68 859 men) were included in the present analysis. The flow
chart is shown in Figure 1. The usage of the database in the
PLCO study was approved by the ethics committees of the data
providers.

Exposure Assessments

At the time of enrollment into PLCO, participants recorded their
current height and body weight and recalled their weight at age
20 years and 50 years. BMI was calculated as the weight in kilo-
grams divided by height in meters squared. Persons were classi-
fied by their BMI at each age according to the World Health
Organization criteria: underweight (<18.5 kg/m2), normal weight
(18.5-24.9 kg/m2, reference), overweight (25-29.9 kg/m2), and obese
(�30 kg/m2). Consistent with previous studies (19,20), changes in
weight between ages 20 years and 50 years were classified in 5
categories: 1) weight loss of at least �5 kg; 2) stable weight, de-
fined as either weight loss between 0 and less than �5 kg or
weight gain between 0 and less than 5 kg (reference); 3) moderate
weight gain between less than or equal to 5 and 10 kg; 4) statisti-
cally significant weight gain between more than 10.0 and 20.0 kg;
and 5) extreme weight gain of 20.0 kg or more.

Assessments of Covariates

The PLCO study has collected data on age (years), sex (men,
women), center (see Study Population section), race and ethnic-
ity (Hispanic, non-Hispanic Black, non-Hispanic White, other
[Asian, Pacific Islander, American Indian, and unknown]), ran-
domization arm (intervention, control), education (less than
high school, high school, post high school, some college, college
graduate, postgraduate), job status (homemaker, working, un-
employed, retired, extended sick leave, disabled, other), aspirin
use longer than 12 months (yes, no), smoking status (current,
former, never smokers), family history of liver cancer (yes, no),
family history of biliary tract cancer (yes, no), and alcohol
(never, current, former, unknown). Healthy Eating Index-2010
(HEI-2010) scores, histories of diabetes mellitus (yes, no), hyper-
tension (yes, no), diverticulitis (yes, no), liver cirrhosis (yes, no),
and gallstones stones or inflammation (yes, no) were derived
from the diet history questionnaire.

Liver Cancer and BTC Ascertainment

Incident liver cancer and BTC cases were ascertained through
annual self-report, state cancer registries and linkage to the
National Death Index (for completeness), which were further
confirmed by medical record reviews. Cancer cases were de-
fined using International Classification of Diseases for
Oncology, Third Edition (codes C22.0 and C22.1 for liver cancer,
codes C23.9-C24.1 and C24.8-C24.9 for BTC).

Statistical Analysis

We calculated person-years from the date of return of the base-
line questionnaire to the date of diagnosis of liver cancer or
BTC, death from any cause, loss to follow-up, or the end of the
follow-up (December 31, 2009), whichever came first. We used a
group-based trajectory modeling approach implemented by SAS
PROC TRAJ (21,22) to identify persons with similar patterns of
BMI evolution across adulthood (ie, BMI at ages 20 years and 50
years and at study enrollment). We determined the optimal
number of groups and model pattern according to the change in
Bayesian Information Criterion and the mean posterior proba-
bility of each group, where each trajectory category needed to
include at least 1% of participants. This approach was based on
the latent class growth model and has been successfully applied
in several cohort studies (23-25).
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Age-adjusted and multivariable-adjusted hazard ratios (HRs)
and 95% confidence intervals (CIs) were calculated using Cox
proportional hazards models. When examining liver cancer as
the primary outcome, BTC was a censored event and vice versa.
There was no evidence of violation of proportional hazard

assumptions after testing an interaction term between expo-
sures and follow-up time. The adjusted variables in the multi-
variable models included age, sex, race and ethnicity,
randomization arm, education, study site, job status, smoking
status, use of aspirin, family history of liver cancer, and family
history of BTC. In analyses for weight change, we further ad-
justed for BMI at age 20 years.

We used several sensitivity analyses to test the robustness
of our findings. First, we adjusted for HEI-2010 score and alcohol
drinking in a subset, accounting for the possible confounding
due to diet. Second, we adjusted for several comorbidities, in-
cluding diabetes mellitus, hypertension, diverticulitis, liver cir-
rhosis, gallstones, and inflammation, some of which were
considered as potential intermediates in the associations be-
tween obesity and hepatobiliary cancers. Third, participants di-
agnosed with liver cancer or BTC within 3 years after baseline
survey were excluded, addressing for the potential reverse cau-
sality. All analyses were conducted using SAS version 9.4 (SAS
Institute Inc, Cary, NC).

Results

Study Enrollment Characteristics

Participants with a higher BMI at study enrollment were youn-
ger, less likely to be current smokers, and more likely to use as-
pirin and to have a family history of liver cancer (Table 1). The

baseline characteristics according to weight change are summa-
rized in Supplementary Table 1 (available online).

Associations of BMI With Liver Cancer and BTC

A total of 170 liver cancer cases and 143 BTC cases occurred during
a median follow-up of 15.9 years among 138 922 participants.
Compared with normal weight, obesity (BMI �30 kg/m2) at age
50 years or at study enrollment (mean age ¼ 62.6 years) was statis-
tically significantly associated with 91%-158% increased risk for
liver cancer and 115%-120% increased risk for BTC. When modeled
continuously, BMI at ages 20 years and 50 years and at study enrol-
ment were associated with increased risks of both cancers, with
multivariable-adjusted hazard ratios ranging from 1.32 to 1.45 per
5 kg/m2 for liver cancer and 1.24 to 1.35 for BTC (Table 2), although
such positive associations were slightly attenuated when we addi-
tionally controlling for diabetes mellitus, hypertension, diverticuli-
tis, liver cirrhosis, gallstones, inflammation, HEI-2010 score, and
alcohol drinking. When we further adjusted for the average BMI
during age 50 years to study enrollment, participants with BMI �30
vs 18.5–24.9 kg/m2 at age 20 years had hazard ratios of 1.60 (95% CI
¼ 0.73 to 3.54) for liver cancer and 1.53 (95% CI ¼ 0.61 to 3.89) for
BTC (Supplementary Table 2, available online).

We observed an increased risk of BTC among participants who
were obese at age 20 years (HR¼ 1.99, 95% CI¼ 1.16 to 3.39) or at age
50 years (HR¼ 1.67, 95% CI ¼ 1.06 to 2.61) compared with those who
were never overweight. For liver cancer, we observed an increased
risk among participants who were overweight at age 20 years
(HR¼ 2.03, 95% CI ¼ 1.26 to 3.28) and age 50 years (HR¼ 1.63, 95% CI
¼ 1.06 to 2.49) (Table 3). These associations were in the same direc-
tion, albeit not statistically significant after further adjusting for dia-
betes mellitus, hypertension, diverticulitis, liver cirrhosis, gallstones,
inflammation, HEI-2010 score, and alcohol drinking. The hazard

Figure 1. Flowchart depicting the process of selecting participants. BMI ¼ body mass index; PLCO ¼ Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial.
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ratios of liver cancer for BMI first exceeded 25kg/m2 were 1.30 (95%
CI ¼ 0.69 to 2.46) at age 20years and 1.01 (95% CI ¼ 0.58 to 1.76) at
age 50years. The hazard ratios of BTC for BMI first exceeded 25 kg/
m2 were 1.96 (95% CI ¼ 0.98 to 3.94) at age 20years and 1.68 (95% CI
¼ 0.95 to 3.00) at age 50 years (Supplementary Table 3, available on-
line). Likewise, results did not essentially change after further exclu-
sion of participants diagnosed with liver cancer or BTC within
3years after baseline survey (data not shown).

Associations of BMI Trajectories With Liver Cancer and
BTC

We identified 4 distinct trajectories of body adiposity from age
20 years up to study enrollment: 28.1% participants had the

“stable normal” trajectory, where they maintained normal BMI
throughout; 48.5% individuals had the “normal to overweight”
trajectory, where they progressed from a normal BMI to over-
weight; 18.6% participants had the “normal to obese” trajectory,
where they started lean and became obese; the remaining
(4.8%) had the “overweight to obese” trajectory, where they
started overweight and became obese (Figure 2).

Compared with the “stable normal” group, the participants
in the other groups showed an elevated risk of developing liver
cancer, with the hazard ratio of 2.50 (95% CI ¼ 1.55 to 4.04) in the
normal to obese group. A similar pattern was observed for BTC
(Table 4). The adjusted hazard ratios of incident BTC were 1.75
(95% CI ¼ 1.09 to 2.79) for the normal to overweight group, 4.26
(95% CI ¼ 2.16 to 8.41) for the overweight to obese group, and

Table 1. Demographic and lifestyle characteristics of participants in the PLCO Cancer Screening Triala

Variables

BMI at study enrollment, kg/m2

<18.5 18.5 to <25 25 to <30 �30

No. of participants 954 46 196 59 032 32 740
Mean age, y 63.7 (5.4) 62.9 (5.5) 62.7 (5.3) 61.8 (5.1)
Sex

Men 23.2 40.1 59.7 48.7
Women 76.8 59.8 40.1 51.3

Race and ethnicity
Hispanic 1.8 1.6 2.0 2.0
Non-Hispanic Black 4.2 3.3 4.7 8.1
Non-Hispanic White 82.0 88.4 89.4 87.7
Otherb 12.1 6.7 4.0 2.2

Family history of liver cancer 1.4 2.0 2.1 2.2
Family history of biliary tract cancer 0.2 0.3 0.3 0.3
Alcohol drinking status

Never 14.9 10.2 9.0 10.7
Former 16.4 12.4 14.4 17.9
Current 64.2 74.0 73.0 67.0
Unknown 4.43 3.4 3.6 4.4

Education
Less than high school 6.5 5.5 7.2 9.8
High school 23.2 21.1 22.9 25.5
Post high school training other than college 13.0 11.6 12.7 13.7
Some college 21.0 21.3 21.7 22.8
College graduate 17.5 19.4 16.9 14.1
Postgraduate 18.8 21.1 18.6 14.1

Smoking status
Never 46.1 48.8 44.8 45.0
Current 27.2 38.0 45.5 47.0
Former 26.7 13.2 9.7 8.0

Job status
Homemaker 17.1 13.8 9.1 11.0
Working 30.0 38.5 40.8 41.1
Unemployed 1.5 1.0 1.0 1.2
Retired 43.6 42.9 45.0 40.4
Extended sick leave and disabled 5.3 1.6 1.9 4.1
Other 2.5 2.2 2.2 2.2

Mean HEI-2010 score 66.6 (12.2) 67.0 (11.1) 64.7 (10.7) 63.6 (10.4)
Aspirin usec 41.4 44.0 48.7 48.9
Mean BMI, kg/m2

At age 20 y 19.3 (2.6) 20.7 (2.2) 22.2 (2.6) 24.0 (3.7)
At age 50 y 19.3 (3.0) 22.6 (2.1) 25.9 (2.4) 30.6 (4.7)
At study enrollment 17.5 (0.8) 22.8 (1.5) 27.2 (1.4) 34.1 (4.1)

aAll data reported as percentage (%) or mean (SD), unless noted otherwise. BMI ¼ body mass index; HEI-2010 score ¼ the Healthy Eating Index 2010 score; PLCO ¼
Prostate, Lung, Colorectal and Ovarian.
b“Other” race category includes Asian, Pacific Islander, American Indian, and unknown.
cAspirin use for longer than 12 months.
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1.83 (95% CI ¼ 1.03 to 3.22) for the normal to obese group.
Overall, the BMI trajectories that resulted in obesity increased
the risk of both liver cancer and BTC.

Associations of Weight Changes With Liver Cancer and
BTC

After adjusting for BMI at age 20 years and other confounding
factors, both liver cancer and BTC risk statistically significantly
increased progressively with weight gain from 20 years to
50 years of age (both Ptrend < .05; Table 5). Compared with adults
with stable weight (65 kg), participants with weight gain of
20 kg and more between ages 20 years and 50 years had elevated
hazard ratios of 2.24 (95% CI ¼ 1.40 to 3.58) for liver cancer and
1.86 (95% CI ¼ 1.12 to 3.09) for BTC. We did not observe any sta-
tistically significant associations of weight gain from age
50 years to the study enrollment with either liver cancer or BTC
(data not shown). Results were slightly attenuated when we ad-
ditionally adjusted for HEI-2010 score, diabetes mellitus,

hypertension, diverticulitis, liver cirrhosis, gallstones, inflam-
mation, and alcohol (Supplementary Table 4, available online)
or excluded participants diagnosed with liver cancer or BTC
within 3 years after baseline survey (Supplementary Table 5,
available online).

Discussion

In this prospective cohort study of 138 922 US adults, we found
that higher BMI at various ages across adulthood and BMI tra-
jectories that resulted in being overweight and/or obese were
associated with an increased risk of both liver cancer and BTC.
Participants with weight gain during adulthood had higher risks
of subsequently developing liver cancer and BTC. In addition,
individuals who reported being overweight at age 20 years had
a doubled risk of both diseases. Our findings on liver cancer and
BTC were consistent with the prospective cohort studies
(10,11,13) that examined adiposity at an earlier age and across
the life course.

Table 2. Hazard ratios and 95% confidence intervals for incident liver and biliary tract cancers according to BMI in the PLCO Cancer Screening
Trial

Model

BMI (kg/m2)

BMI (per 5 kg/m2)c<18.5 18.5 to <25 25 to <30 �30

Liver cancer
BMI, age 20 y, kg/m2

No. of cases/person-years 11/183 461 118/1 701 222 34/288 085 7/37 537 —
Age-adjusted HR (95% CI) 0.86 (0.46 to 1.60) 1 (Referent) 1.79 (1.22 to 2.63) 2.95 (1.37 to 6.34) 1.59 (1.31 to 1.93)
Multivariable adjusted HR (95% CI)a 1.04 (0.56 to 1.94) 1 (Referent) 1.35 (0.92 to 1.99) 2.54 (1.18 to 5.46) 1.37 (1.10 to 1.72)

BMI, age 50 y, kg/m2

No. of cases/person-years 0/16 314 55/1 043 112 76/860 936 39/289 942 —
Age-adjusted HR (95% CI) — 1 (Referent) 1.77 (1.25 to 2.51) 3.02 (1.99 to 4.58) 1.47 (1.28 to 1.68)
Multivariable adjusted HR (95% CI)a — 1 (Referent) 1.40 (0.98 to 2.01) 2.58 (1.69 to 3.96) 1.45 (1.24 to 1.70)

BMI, age at study enrollment
No. of cases/person-years 1/13 942 44/746 192 72/944 652 53/505 518 —
Age-adjusted HR (95% CI) 1.15 (0.15 to 8.37) 1 (Referent) 1.31 (0.90 to 1.91) 1.90 (1.27 to 2.85) 1.26 (1.10 to 1.45)
Multivariable adjusted HR (95% CI)a 1.18 (0.16 to 8.64) 1 (Referent) 1.14 (0.78 to 1.68) 1.91 (1.26 to 2.89) 1.32 (1.14 to 1.54)

Average BMI across the adult life course (age 20 y to study enrollment)
No. of cases/person-years 0/16 905 80/1 317 070 75/730 876 15/145 454 —
Age-adjusted HR (95% CI) — 1 (Referent) 1.75 (1.28 to 2.40) 1.90 (1.09 to 3.31) 1.54 (1.27 to 1.85)
Multivariable adjusted HR (95% CI)a — 1 (Referent) 1.56 (1.13 to 2.16) 1.86 (1.06 to 3.26) 1.50 (1.22 to 1.85)

Biliary tract cancer
BMI, age 20 y, kg/m2

No. of cases/person-years 10/183 461 104/1 701 222 24/288 085 5/37 537 —
Age-adjusted HR (95% CI) 0.89 (0.46 to 1.70) 1 (Referent) 1.44 (0.92 to 2.24) 2.37 (0.96 to 5.84) 1.34 (1.05 to 1.71)
Multivariable adjusted HR (95% CI)b 0.90 (0.47 to 1.72) 1 (Referent) 1.32 (0.83 to 2.08) 2.15 (0.87 to 5.31) 1.28 (0.99 to 1.64)

BMI, age 50 y, kg/m2

No. of cases/person-years 1/6314 52/1 043 112 62/860 936 28/289 942 —
Age-adjusted HR (95% CI) 1.21 (0.16 to 8.80) 1 (Referent) 1.53 (1.06 to 2.22) 2.28 (1.43 to 3.64) 1.37 (1.16 to 1.60)
Multivariable adjusted HR (95% CI)b 1.13 (0.16 to 8.18) 1 (Referent) 1.46 (0.99 to 2.14) 2.15 (1.33 to 3.47) 1.35 (1.14 to 1.59)

BMI, age at study enrollment
No. of cases/person-years 0/13 942 36/746 192 57/944 652 50/505 518 —
Age-adjusted HR (95% CI) — 1 (Referent) 1.27 (0.83 to 1.92) 2.19 (1.42 to 3.37) 1.24 (1.06 to 1.44)
Multivariable adjusted HR (95% CI)b — 1 (Referent) 1.24 (0.81 to 1.90) 2.20 (1.41 to 3.43) 1.24 (1.06 to 1.45)

Average BMI across the adult life course (age 20 y to study enrollment)
No. of cases/person-years 1/16 905 72/1 317 070 55/730 876 15/145 454 —
Age-adjusted HR (95% CI) 1.06 (0.14 to 7.62) 1 (Referent) 1.42 (1.00 to 2.03) 2.10 (1.20 to 3.69) 1.40 (1.13 to 1.73)
Multivariable adjusted HR (95% CI)b 1.01 (0.14 to 7.31) 1 (Referent) 1.38 (0.96 to 1.98) 2.01 (1.14 to 3.54) 1.37 (1.09 to 1.71)

aModels were adjusted for age, sex, center, race and ethnicity, randomization arm, education, job status, aspirin use longer than 12 months, smoking status, and family

history of liver cancer. BMI ¼ body mass index; CI ¼ confidence interval; HR ¼ hazard ratio; PLCO ¼ Prostate, Lung, Colorectal and Ovarian.
bModels were adjusted for age, sex, center, race and ethnicity, randomization arm, education, job status, aspirin use longer than 12 months, smoking status, and family

history of biliary tract cancer.
cThe tests were conducted using BMI as a continuous variable.
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Excess adult adiposity, which is measured by BMI, is a well-
established risk factor for various cancers, including liver cancer
(7). Our findings regarding BMI at age 20 years were consistent
with previous studies (10,11). In a hospital-based case-control

study with 622 HCC cases and 660 sex- and age-matched can-
cer-free and genetically unrelated family members, obesity
(BMI> 30 kg/m2) before the mid-20s and during the mid-20s to
mid-40s was statistically significantly associated with 150% and

Table 3. Hazard ratios and 95% confidence intervals for incident liver and biliary tract cancers according to timing of being first overweight in
the PLCO Cancer Screening Trial

Time when BMI first exceeded 25 kg/m2

Liver cancer Biliary tract cancer

No. of cases/person-years HR (95% CI)a No. of cases/person-years HR (95% CI)b

Never 32/545 121 1 (Referent) 30/545 121 1 (Referent)
By age 20 y 41/262 785 2.03 (1.26 to 3.28) 29/262 785 1.99 (1.16 to 3.39)
By age 50 y 74/679 922 1.63 (1.06 to 2.49) 62/679 922 1.67 (1.06 to 2.61)
By age at study enrollment 23/290 756 1.34 (0.78 to 2.29) 22/290 756 1.30 (0.74 to 2.26)

aModels were adjusted for age, sex, center, race and ethnicity, randomization arm, education, job status, aspirin use longer than 12 months, smoking status, and family

history of liver cancer. BMI ¼ body mass index; CI ¼ confidence interval; HR ¼ hazard ratio; PLCO ¼ Prostate, Lung, Colorectal and Ovarian.
bModels were adjusted for age, sex, center, race and ethnicity, randomization arm, education, job status, aspirin use longer than 12 months, smoking status, and family

history of biliary tract cancer.

Figure 2. Trajectories of adulthood body mass index among participants in the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial. Each trajectory was mod-

eled using quadratic polynomials. BMI ¼ body mass index.

Table 4. Hazard ratios and 95% confidence intervals for incident liver and biliary tract cancers according to BMI trajectories across adulthood in
the PLCO Cancer Screening Trial

BMI trajectories

Liver cancer Biliary tract cancer

No. of cases/person-years HR (95% CI)a No. of cases/person-years HR (95% CI)b

Stable normal 28/600 919 1 (Referent) 24/600 919 1 (Referent)
Normal to overweight 83/1 116 850 1.33 (0.86 to 2.05) 78/1 116 850 1.75 (1.09 to 2.79)
Overweight to obese 8/95 321 1.99 (0.89 to 4.44) 14/95 321 4.26 (2.16 to 8.41)
Normal to obese 51/397 214 2.50 (1.55 to 4.04) 27/397 214 1.83 (1.03 to 3.22)

aModels were adjusted for age, sex, center, race and ethnicity, randomization arm, education, job status, aspirin use longer than 12 months, smoking status, and family

history of liver cancer. BMI ¼ body mass index; CI ¼ confidence interval; HR ¼ hazard ratio; PLCO ¼ Prostate, Lung, Colorectal and Ovarian. Note: underweight, BMI <

18.5 kg/m2; normal weight, BMI ¼ 18.5 to <25.0 kg/m2; overweight, BMI ¼ 25 to <30 kg/m2; obese BMI � 30 kg/m2.
bModels were adjusted for age, sex, center, race and ethnicity, randomization arm, education, job status, aspirin use longer than 12 months, smoking status, and family

history of biliary tract cancer.
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190% increased risk of HCC, respectively (11). In the National
Institutes of Health-American Association of Retired Persons
(NIH-AARP) cohort study, in which 372 HCCs developed after a
mean follow-up of 11.9 years, BMI greater than 30 kg/m2 at ages
18 years and 30 years showed 90% and 100% increased risk of
developing HCC, respectively (10).

We found that being overweight at ages 20 years or 50 years
was associated with higher risks of both liver cancer and BTC,
which was in line with the results of the NIH-AARP study (10).
Although we do not know the exact age at which adiposity
begins to influence cancer development, these findings indicate
that maintaining a healthy weight, especially in young adult-
hood, could protect against development of these cancers. We
identified 4 distinct trajectory changes in BMI and found that
BMI trajectories that result in obesity were associated with ap-
proximately 90% increased liver cancer risk. Similarly, findings
from the NIH-AARP study identified 5 distinct trajectories using
latent-class group-based trajectory modeling and showed that
BMI trajectories that resulted in obesity were associated with
70%-80% higher HCC risk (10).

In most observational studies, BMI was based on a single
measurement, with the assumption that a single “one-off” mea-
sure is an approximation for long-term exposure; a group-based
trajectory modeling approach has its advantages. First, it
improves the assessment of etiological associations by pheno-
typing particular high-risk subpopulations. Second, BMI trajec-
tory modeling offers a public health strategy to identify early
divergent adverse trajectories as potential intervention targets.
Third, the trajectory approach allows a better understanding of
the causes of between-individual variation in certain features
(eg, weight variation over age) by analyzing the trajectory as an
exposure rather than an outcome (26,27).

Compared with BMI at one time point, adult weight gain is
more likely to reflect the accumulation of adiposity (15). We
found that weight gain during early to mid-20s to 50s of age was
associated with higher risk of both liver cancer and BTC, inde-
pendent of BMI at age 20 years. However, we did not find statis-
tically significant associations with weight gain from 50 years to

age at study enrollment (mean age ¼ 62.6 years). These results,
if confirmed by future studies, underscore the importance of
maintaining a stable adult weight, especially during early-to-
mid adulthood.

In this study, we also examined the risk of BTC, which has
not, to our knowledge, been previously reported. Previous stud-
ies, however, have investigated adult BMI and other anthropo-
metric parameters (eg, waist circumference and waist-to-hip
ratio) at a single time point in relation to total BTC (13,16) and
gallbladder cancer (28). In general, BTC showed patterns similar
to those of liver cancer when examining weight changes and
BMI trajectory changes across adulthood. Our analyses showed
that BMI trajectories that resulted in overweight and obesity
were both associated with higher risk of BTC. This finding con-
trasted slightly from the finding regarding liver cancer.

The exact mechanisms linking obesity and liver cancer or
BTC development remain unclear. However, adiposity greatly
increases the risk of nonalcoholic fatty liver disease (15,29),
which can cause inflammation and hepatic damage and predis-
pose to liver cancer (30). In addition, adiposity is associated
with low-grade chronic inflammation and insulin resistance,
which play an important role in the occurrence and progression
of many types of cancer, including liver cancer and BTC (31-33).

Strengths of this study include a large prospective cohort de-
sign, relatively long-term follow-up, validated cancer outcomes,
and adjustments for a wide range of risk factors. In addition, us-
ing a group-based trajectory approach may better characterize
the association between evolution of adiposity across time. Our
study has several limitations. First, BMI was based on self-
report and recalled height and weight; we thus cannot rule out
measurement error. Second, our study lacked other body size
indicators, including waist and hip circumferences.
Anthropometric indices based on these measurements may
better reflect abdominal obesity, which could be a risk factor for
liver cancer independent of BMI (16). In addition, we did not ac-
count for chronic hepatitis B virus (HBV) and hepatitis C virus
(HCV) infections status, given the lack of this variable. Third,
this study had limited cancer cases, which also precluded

Table 5. Hazard ratios and 95% confidence intervals for incident liver and biliary tract cancers according to weight change during early to mid-
adulthood (20-50 years of age) in the PLCO Cancer Screening Trial

Model
Loss Stable Gain Gain Gain

Ptrend
d� �5 kg �5 to <5 kg 5 to <10 kg 10 to <20 kg � 20 kg

Liver cancer
No. of cases/person-years 2/51 988 36/390 233 31/400 507 63/715 883 38/651 693 —
Median (IQR) �9.0 (�13.6 to �6.8) 2.2 (0.0 to 4.5) 7.7 (6.8 to 9.1) 13.6 (11.3 to 15.8) 24.9 (22.7 to 31.7) —
Age-adjusted HR (95% CI) 0.75 (0.18 to 3.13) 1 (Referent) 0.95 (0.59 to 1.55) 1.71 (1.13 to 2.58) 2.23 (1.40 to 3.54) <.001
MV, HR (95% CI)a 0.60 (0.15 to 2.51) 1 (Referent) 0.96 (0.59 to 1.55) 1.60 (1.06 to 2.43) 1.99 (1.25 to 3.17) .002
MVþBMI at age 20 y, HR (95% CI)b 0.39 (0.09 to 1.65) 1 (Referent) 1.02 (0.63 to 1.66) 1.80 (1.19 to 2.73) 2.24 (1.40 to 3.58) <.001

Biliary tract cancer
No. of cases/person-years 1/51 988 34/390 233 38/400 507 40/715 883 30/651 693 —
Median (IQR) �9.0 (�13.6 to �6.8) 2.2 (0.0 to 4.5) 7.7 (6.8–9.1) 13.6 (11.3 to 15.8) 24.9 (22.7 to 31.7) —
Age-adjusted HR (95% CI) 0.39 (0.05 to 2.90) 1 (Referent) 1.24 (0.78 to 1.97) 1.15 (0.72 to 1.81) 1.86 (1.13 to 3.06) .005
MV, HR (95% CI)c 0.37 (0.05 to 2.67) 1 (Referent) 1.23 (0.78 to 1.96) 1.12 (0.71 to 1.78) 1.74 (1.05 to 2.89) .01
MVþBMI at age 20 y, HR (95% CI)b 0.26 (0.03 to 1.92) 1 (Referent) 1.29 (0.81 to 2.05) 1.21 (0.76 to 1.92) 1.86 (1.12 to 3.09) .004

aModels were adjusted for age, sex, center, race and ethnicity, randomization arm, education, job status, aspirin use longer than 12 months, smoking status, and family

history of liver cancer. BMI ¼ body mass index; CI ¼ confidence interval; HR ¼ hazard ratio; IQR ¼ interquartile range; MV ¼ multivariable model; PLCO ¼ Prostate,

Lung, Colorectal and Ovarian.
bModels were further adjusted for the BMI at age 20 years.
cModels were adjusted for age, sex, center, race and ethnicity, randomization arm, education, job status, aspirin use longer than 12 months, smoking status, and family

history of biliary tract cancer.
dThe trend tests were conducted using BMI as a continuous variable.
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subgroup or interaction analyses according to other risk factors,
such as alcohol, coffee, HBV, and HCV.

In conclusion, our results suggest that being overweight or
obese at age 20 years and BMI trajectories after age 20 years that
result in obesity and/or being overweight may increase the risk
of both liver cancer and BTC. Future studies with continuously
collected body size indicators (eg, weight, height, and waist and
hip circumferences via electronic medical record) are needed to
comprehensively characterize the role of adiposity at various
ages for hepatobiliary cancer development.
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