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Abstract

Obesity relatively late in adulthood has been consistently associated with increased risk of primary 

liver cancer. However, little is known about the role of early adult adiposity and evolution of 

adiposity across adulthood in hepatocarcinogenesis. We examined adult body mass index (BMI; 

kg/m2) in relation to hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC) 

in a large prospective cohort. Weight at ages 18, 35, 50 and at study baseline was retrospectively 

reported by 303,620 participants. BMI trajectories were identified using latent class trajectory 

modeling. Incidence of HCC and ICC was determined through 2011. Cox proportional hazards 

modeling was used to calculate adjusted hazard ratios (HRs) and 95% confidence intervals (CIs). 

A total of 372 HCC cases and 104 ICC cases occurred during follow-up. Being obese (BMI ≥ 30) 

at ages 18, 35, 50 and at baseline (mean age 62.3 years, range 50.3–71.5 years) was associated 

with an 86%–119% elevated risk of HCC. BMI trajectories that resulted in obesity were associated 

with ~80% higher HCC incidence. BMI at age 18, per 5 kg/m2, was associated with a 34% higher 

risk of ICC, but the association attenuated for BMI at older ages. In conclusion, our findings 

suggest that maintaining a healthy BMI throughout the lifetime may reduce liver cancer risk. 

Future studies with longitudinally collected weight information are warranted to further elucidate 

the role of life-course adiposity in liver cancer development.
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INTRODUCTION

Liver cancer, of which hepatocellular carcinoma (HCC) and intrahepatic 

cholangiocarcinoma (ICC) are the most common types, is the sixth most commonly 

occurring cancer in the world and the second leading cause of cancer-related mortality.1 The 

incidence and mortality of liver cancer have been rising sharply in the United States (U.S.) 

and other low-risk areas over the past few decades.2–4 The role of obesity in liver cancer 
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development has been examined in many studies.5 According to a meta-analysis of 26 

prospective studies, obesity is associated with a roughly two-fold increased risk.6 Although 

it is not as strongly associated with liver cancer as other factors such as hepatitis B virus 

(HBV) or hepatitis C virus (HCV) infection, obesity is becoming an increasingly important 

risk factor for liver cancer because of its growing prevalence worldwide.7 For example, in 

the U.S., approximately 36% of adults in 2011–2014 were obese (body mass index [BMI] ≥ 

30 kg/m2),8 and obesity combined with diabetes has the greatest population attributable 

fraction for HCC among older adults (≥ 65 years).9

In most studies of liver cancer, obesity has been self-reported at study baseline, relatively 

late in adulthood. Only two prior studies examined early life BMI, and found that 

childhood10 or early adulthood11 obesity was associated with higher risk of liver cancer in 

adults. However, it remains unclear whether these associations were independent of obesity 

later in life. Due to the correlation of early and late life adiposity,12 simply adjusting for late-

life adiposity in the model could be problematic.13 One study reported that weight gain 

during adulthood is associated with a higher risk of HCC; however, recalled weight was only 

available at age 20 (or age 25 in one study site).14 While a trajectory-based approach has 

been used to examine adiposity across adulthood and risk of several types of cancer,15 this 

method has not been used previously to study liver cancer. In addition, most prior studies of 

obesity and liver cancer either evaluated primary liver cancer overall, or focused on HCC, 

whereas few studies also examined ICC.

Herein, the associations of age-specific BMI and BMI trajectories across adulthood were 

examined with respect to the incidence of HCC and ICC.

MATERIALS AND METHODS

Study Population

The NIH–AARP Diet and Health study is a large prospective cohort study of persons in the 

U.S.16 At baseline (1995–1996), 3.5 million AARP members aged 50 to 71 years who 

resided in six states (California, Florida, Louisiana, New Jersey, North Carolina, and 

Pennsylvania) and two metropolitan areas (Atlanta, Georgia; and Detroit, Michigan) were 

invited to complete a questionnaire on demographic, diet, and lifestyle characteristics. 

Questionnaires were completed satisfactorily by 566,398 participants. Six months after 

completing the baseline questionnaire, a second questionnaire was mailed to living 

participants who did not have self-reported colon, breast, or prostate cancer at baseline to 

collect additional information, including more detailed weight history. Of the 334,905 

participants who completed the second questionnaire, we excluded participants whose 

baseline (n = 6,959) or second questionnaire (n = 3,424) were completed by proxy; those 

with self-reported prevalent cancer at baseline (n = 14,565) or any cancer diagnosis before 

the second questionnaire (n = 3,279); cancer only reported on death certificate (n = 2,451); 

and those with no information on weight at all ages (n = 607). Our final analytical cohort 

included 303,620 participants (176,789 men and 126,831 women). The study was approved 

by the Special Studies Institutional Review Board of the U.S. National Cancer Institute. All 

participants gave informed consent by virtue of completing and returning the questionnaire.
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Exposure Assessment

The baseline questionnaire collected data on the participants’ current height and weight. The 

second questionnaire asked participants’ height at age 18 and weight at ages 18, 35, and 50. 

For individuals aged 50 at baseline, weights were collected for all four time points, but their 

weights at age 50 and at baseline had the same value. BMI at age 18 was derived using 

height and weight at age 18 while BMI at ages 35, 50, and at baseline were derived using 

weight at each respective age and height at baseline. BMI was categorized based on the 

current World Health Organization classifications (underweight, < 18.5 kg/m2; normal 

weight, 18.5 – < 25.0 kg/m2; overweight, 25 – < 30 kg/m2; obese class I, 30 – < 35 kg/m2; 

obese class II, 35 – < 40 kg/m2; obese class III, ≥ 40 kg/m2). Based on BMI at each age, we 

identified the time when BMI first exceeded 25 kg/m2 (never; by age 18; after 18 and by 35; 

after 35 and by 50; after 50 and by baseline).17 Furthermore, we calculated weight change 

between the four time points (age 18, 35, 50, and age at baseline) and categorized the 

amount of change as lost ≥ 2kg, lost < 2kg or gain < 5kg, gain 5 – < 15kg, or gain ≥ 

15kg.18, 19

Identification of incident primary HCC and ICC

Diagnosis of HCC and ICC was ascertained through December 31, 2011, via linkage to state 

cancer registries of the eight baseline states plus three states where the study participants 

were most likely to relocate: Arizona, Nevada, and Texas. This approach has been estimated 

to have a sensitivity of 90% and a specificity of nearly 100%.20 HCC and ICC cases were 

identified using International Classification of Diseases for Oncology, 3rd edition (ICD-O-3) 

topography (C22) and morphology codes (8170–8175 for HCC; 8032, 8033, 8070, 8071, 

8140, 8141, 8160, 8161, 8260, 8480, 8481, 8490, and 8560 for ICC).21

Statistical Analysis

Cox proportional hazards modeling was used to calculate hazard ratios (HRs) and 95% 

confidence intervals (CIs) adjusted for confounders and covariates, using follow-up time as 

the underlying time-metric. In all analyses, person-time began on the date the second 

questionnaire was received and scanned, and ended on the date of first primary cancer 

diagnosis, death, end of follow-up, or the date the participant moved out of registry 

ascertainment area, whichever came first. This definition allowed us to censor participants 

with a first primary cancer diagnosis other than HCC or ICC, to ensure that we excluded 

secondary liver cancer as a result of metastasis from the primary site. The proportional 

hazards assumption was tested using likelihood ratio testing by comparing models with and 

without an interaction term between person-time and the main exposure variable. No 

violation was detected.

To identify distinct groups of participants with similarities in BMI trajectories, latent-class 

group-based trajectory models with maximum likelihood estimation were employed using a 

censored normal distribution,22 as implemented in SAS PROC TRAJ (SAS Institute, Cary, 

NC).23 As a basis for model selection, the number of groups and the order of the polynomial 

function were determined using the Bayesian information criterion (BIC).22 Models with 3–

6 trajectories (requiring a minimum of 2% of participants per group) and linear, quadratic, or 

cubic order terms were considered.
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All models were adjusted, a priori, for sex and age at study entry. Adjustment for physical 

activity, history of diabetes, alcohol drinking, smoking status, and consumption of red meat 

was also made because these variables changed the HR estimates by >10%. Weight change 

models additionally adjusted for the mean weight between the beginning and end of the 

period of change. This adjustment may produce more robust results than simply adjusting 

for the initial weight, because initial weight and weight change are not independent 

variables, thus may introduce bias.13 Other variables were examined but did not materially 

change the HR, included race, marital status, aspirin use, total energy intake, and coffee 

consumption. We tested for interaction of BMI with age at study entry (5-year age groups), 

sex, smoking (never, former, or current), alcohol consumption (quartiles), and history of 

diabetes (yes/no), using likelihood ratio tests.

Several sensitivity analyses were conducted, including 1) examining all primary liver cancer 

rather than HCC or ICC, as defined using topography (C22); 2) using age as the underlying 

time-metric; 3) constructing sex-specific BMI trajectories; and 4) excluding the first two 

years of follow-up to account for potential reverse causation (i.e., individuals can lose 

weight because of pre-clinical disease).

All analyses were conducted using SAS version 9.3 (SAS Institute, Cary, NC). All statistical 

tests were two sided, and p values < 0.05 were considered statistically significant.

RESULTS

The mean age of participants was 62.3 years at the administration of the baseline 

questionnaire (range 50.3–71.5 years). Fifty-eight percent of participants were men, and the 

great majority (>90%) were non-Hispanic white. Table 1 presents participants’ 

characteristics by baseline BMI. Compared to those with normal BMI, overweight or obese 

individuals were more likely to be male, have higher intakes of both total calories and red 

meat and have a history of diabetes. Conversely, they were less likely to have a college 

degree, be physically active, or be current smokers. Underweight individuals were more 

likely to be current smokers and less likely to be male. Individuals with higher BMI at 

baseline tended to have higher BMI at younger ages.

During a mean follow-up of 11.9 (standard deviation 4.7) years, 372 HCC cases and 104 

ICC cases were diagnosed. As shown in Table 2, being obese at age 18 was associated with 

higher risk of HCC (HR 1.86, 95% CI 1.06–3.27). Similarly, being obese at ages 35, 50 or at 

baseline were each associated with an approximately 2-fold elevated risk of HCC. A higher 

risk of ICC was associated with BMI at age 18 (HR 1.34, 95% CI 1.02–1.75, per 5 kg/m2), 

but not at ages 35, 50 or at baseline. In addition, we observed an increased risk of HCC and 

ICC among participants who were first overweight before age 18 or between ages 18 and 35, 

compared to those who were never overweight, but the associations attenuated for the 

participants who were first overweight after age 35 (Table 3).

In trajectory analyses using cubic polynomial functions of age, five distinct trajectories of 

BMI during adulthood were identified (Figure 1). Thirty-seven percent of participants had a 

normal BMI throughout all ages studied, 46% had a normal BMI at age 18 and became 
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overweight by baseline, 7% had an overweight BMI and became class I obese, 8% had a 

normal BMI at age 18 and became class II obese, while the remaining 2% had an overweight 

BMI and became class III obese (age-specific BMI for each trajectory is presented in 

Supplementary Table 1). Other combinations of BMI categories were not identified due to 

their low prevalence in the study population. As shown in Table 4, compared to the 

participants who had a normal BMI during the whole time period, HCC incidence was 28% 

higher for those with normal BMI and became overweight, and 71–84% higher for those 

whose trajectories resulted in any extent of obesity. The pattern for ICC was less clear, but 

there was a suggestion that the trajectories resulting in obese class II or III may be 

associated with over 50% higher ICC incidence.

In sensitivity analyses, the associations of BMI at each age and BMI trajectory with the risk 

of primary liver cancer were similar to what was observed with HCC in the main analysis 

(Supplementary Table 2). In addition, the evaluation of sex-specific BMI trajectories 

identified five trajectories in men (Supplementary Figure 1) and four trajectories in women 

(Supplementary Figure 2). Associations of sex-specific BMI trajectories with the incidence 

of HCC and ICC are shown in Supplementary Table 3. Analyses using age as the time scale 

or excluding the first 2 years of follow-up did not materially change the results. We did not 

observe effect modification by any factors on the association between BMI and the 

incidence of HCC or ICC (data not shown).

In a supplementary analysis of weight change, per 5 kg weight gain between ages 18–35 or 

35–50 was associated with higher HCC incidence, and weight loss immediately before 

baseline was associated with higher HCC and ICC incidence (Supplementary Table 4).

DISCUSSION

The current study is the first prospective study on early adulthood adiposity in relation to 

both HCC and ICC, and the first to examine trajectories of adiposity change during 

adulthood on liver cancer risk. In this large prospective cohort, higher BMI at various ages 

across adulthood and BMI trajectories that resulted in obesity were associated with higher 

HCC incidence. The association between adiposity and ICC was less clear, although there 

was some indication that higher BMI at age 18 was associated with ICC development.

In age-specific obesity analysis, an approximate two-fold increased risk of HCC was 

observed across all ages studied. Previously, a case-control study (n = 622 cases and 660 

controls) reported that obesity assessed at young adult ages was associated with two- to 

three-fold increased risk of HCC, similar to our estimates.11 Being overweight prior to study 

enrollment, especially at ages 35 or 50, was also associated with HCC in the current study. 

In addition, individuals who did not become overweight or obese until baseline (after age 

50) had no elevated risk. Although our data did not allow us to determine the exact age at 

which adiposity starts to influence the risk of developing liver cancer, these findings 

collectively suggest that maintaining a healthy weight throughout the life course, especially 

in early adulthood, may be associated with lower risk of HCC.
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Using a trajectory-based approach, five distinct groups of BMI evolution across adulthood 

were identified. The patterns closely resembled those previously observed in other U.S.-

based studies.15, 18 Notably, individuals who were overweight in early adulthood and 

became class I obese had a ~70% higher risk of HCC, comparable to effect estimates for 

individuals who had a normal BMI and became Class II obese, suggesting that even if these 

individuals were only borderline obese at baseline (mean BMI 30.8 kg/m2), cumulative 

adiposity throughout adulthood may still impose a substantially increased risk of 

hepatocarcinogenesis.

In the current study, weight gain in early or mid-adulthood was associated with increased 

risk of HCC in each time period. Interestingly, participants with weight loss of over 2 kg 

between age 50 and baseline also had an elevated risk of HCC, which persisted after 

exclusion of the first 2 years of follow-up (data not shown). One likely explanation is that 

weight loss is a common symptom of cirrhosis 24 which may occur many years before HCC 

diagnosis. Thus, cirrhosis could potentially confound and attenuate the association between 

BMI and HCC incidence when adiposity is evaluated relatively close to the onset of HCC, 

whereas assessing weight in early adulthood before the onset of cirrhosis may provide a 

more robust estimate of this association.

Our study also examined the association between early obesity and ICC, which has not been 

previously reported. However, it has been suggested that HCC and ICC may share common 

risk factors, including obesity.25 Although the sample size was limited for our ICC analysis 

and most results did not reach statistical significance, there was a suggestion that elevated 

BMI at age 18 was associated with higher risk of ICC. Compared to results for HCC, ICC 

development seems to be influenced by adiposity at earlier stages of adulthood. Future 

studies with larger number of ICC cases are required to further elucidate this association.

Although not entirely understood, the mechanisms underlying the association between 

obesity and liver cancer, specifically HCC, are speculated to involve production of tumor-

promoting cytokines and hepatic inflammation, altered gut microbial metabolites, as well as 

insulin resistance.26 Nonalcoholic fatty liver disease (NAFLD) is a common complication of 

obesity, including childhood and adolescence obesity.27, 28 The progression from NAFLD to 

steatohepatitis, fibrosis and cirrhosis may be involved in the obesity-induced 

hepatocarcinogenesis.29 As liver cancer takes several decades to develop, it is plausible that 

those with accumulation of excess liver fat at an earlier age are at increased risk of liver 

cancer. The mechanistic role of obesity in ICC is not well-studied, although it has been 

suggested that pro-inflammatory molecules, leptin, and adiponectin may be involved.30

There are several strengths of our study. It is the first to comprehensively evaluate 

trajectories of BMI during adulthood with the incidence of HCC and ICC in a large 

prospective cohort. We specifically examined the timing of being first overweight to evaluate 

if deviation from normal weight at an earlier age is more influential in liver cancer 

development. Collection of detailed covariate data enabled the assessment of potential 

confounders and important effect modifiers. This study also had several limitations. The 

study had no information on HBV or HCV infection status and the role of adiposity in 

hepatocarcinogenesis may differ between persons who are infected with HBV or HCV and 
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persons who are not.31 In our analyses we adjusted for baseline smoking status, but we were 

unable to account for smoking across the life course due to the lack of this information. 

Exposure misclassification is possible, given that weight and height were self-reported, and 

information from ages 18, 35, and 50 was based on recall from earlier life periods. However, 

previous studies have shown that self-reported recalled past weight has a fairly high 

validity.32, 33 Furthermore, it has been reported that BMI distributions in the NIH-AARP 

cohort were similar to contemporaneous population data for the respective age group, 

suggesting that recall bias is not substantial.34 The NIH-AARP study mainly consisted of 

non-Hispanic white individuals, which limits the generalizability of our finding to other 

racial/ethnic groups, especially Hispanics and Blacks, among whom the prevalence of 

obesity35 and the liver cancer rates forecast for the next few decades36 are both high and 

prevention efforts are crucially needed.

In conclusion, higher BMI across adulthood and BMI trajectories that resulted in obesity 

may be associated with elevated HCC incidence. There is also a suggestion that adiposity 

may affect ICC development at an earlier age than HCC. Our results, if replicated in future 

studies, indicate that maintaining a healthy body weight throughout the life course may be 

important for the primary prevention of liver cancer. Given the rising incidence and 

mortality of primary liver cancer in many historically lower-risk areas 4 and the ongoing 

global epidemic of obesity,7 future studies (preferably studies with longitudinally collected 

height and weight information) are warranted to further elucidate the role of life-course 

adiposity in liver cancer development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BIC Bayesian information criterion

BMI body mass index

CI confidence interval

HBV hepatitis B virus

HCC hepatocellular carcinoma

HCV hepatitis C virus

HR hazard ratio

ICC intrahepatic cholangiocarcinoma

ICD-O-3 International Classification of Diseases for Oncology, 3rd edition

NAFLD nonalcoholic fatty liver disease
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Novelty and Impact

This is the first prospective study of early adulthood adiposity in relation to 

hepatocellular carcinoma and intrahepatic cholangiocarcinoma, and the first to examine 

trajectories of adiposity change during adulthood in relation to risk. Our findings suggest 

that maintaining a healthy body mass index throughout lifetime may be important for 

prevention of both outcomes.
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Figure 1. 
Trajectories of body mass index across adulthood among participants in the NIH-AARP 

study
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