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BACKGROUND: Whether obesity and being overweight, defined by body mass index (BMI), increase hepatocellular carcinoma

(HCQO) has been less apparent in Asian populations.

METHODS: Overall, 14,265,822 Korean adults who underwent routine health examinations during 2003-2006 were followed up for
HCC. Multivariable-adjusted hazard ratios (HRs) associated with BMI were calculated.

RESULTS: During 13.7 years (mean) of follow-up, 47,308 individuals developed HCC. HRs of HCC associated with BMIs of 25.0-26.4,
26.5-27.9, 28.0-29.4, 29.5-30.9 and =31 kg/m> compared to those for 23.5-24.9 kg/m? were 1.05, 1.20, 1.39, 1.59 and 2.13,
respectively. For BMI < 25 kg/m? linear associations were not apparent. For BMI = 25 kg/m?, the HR per 5 kg/m? increase in BMI was
1.60 (total), 1.60 (men), and 1.59 (women). The corresponding HRs were 1.56, 1.61 and 1.60 for individuals aged <45, 45-64 and =65
years, respectively. Further adjustment for alanine transaminase (ALT) levels substantially reduced the HRs for high BMI, especially

in men and younger adults.

CONCLUSIONS: Overweight and obesity clearly increase HCC risk in Koreans. ALT levels are a mediator of the impact of obesity, but
it may not accurately predict high BMI-induced liver damage that can potentially progress to HCC, especially in women and older

adults.

British Journal of Cancer (2022) 127:109-115; https://doi.org/10.1038/s41416-022-01771-0

BACKGROUND

Hepatocellular carcinoma (HCC) is the dominant histologic type
and accounts for ~80% of primary liver cancer (PLC) [1], which
constituted 4.7% of cancer incidence and 8.3% of cancer deaths
globally in 2020 [2]. Obesity has been associated with higher HCC/
PLC incidence and mortality, as reported in meta-analyses
and several, but not all [3, 4], large-scale prospective cohort
studies [5-8]. Obesity has been well-accepted as a risk factor for
HCC. However, some uncertainties remain in this regard. It is
unclear whether lower adiposity, defined by body mass index
(BMI), lowers the risk of HCC. Moreover, many large-scale
prospective studies have not shown any clear evidence on the
association between overweight and the risk of HCC in the general
population [3-6, 9, 10].

Among Asian populations, the association of obesity with HCC
incidence per se has been less apparent [3-5, 11]. In a recent
prospective study of 2744 HCC cases among more than 0.5 million
Korean adults, obesity was not associated with an increased risk of
HCC [4]. In populations with a substantially slim body shape,
wherein the prevalence of obesity is relatively low and generally
<10%, as seen among Koreans [12], the associations might be

different from those seen in populations with a higher obesity
prevalence [13]. The fact that hepatitis B virus (HBV) infection
is the primary cause of liver cirrhosis and HCC in Asians [14] was
suggested to explain potentially weaker associations [3, 5, 11].
However, there has been little conclusive evidence on this topic.

Through a population-based prospective cohort study of more
than 14 million Korean participants, we aimed to investigate the
association between BMI, specifically obesity and overweight, and
the risk of HCC. We further examined whether the associations
differ by sex and age [5, 8, 9]. In addition, we explored the effects
of adjustment for mediators of the potential causal pathway
linking high BMIs to HCC, such as diabetes, cholesterol, and liver
enzymes, because many published studies have included these
variables [15-17].

METHODS

Study population and follow-up

We conducted a population-based prospective cohort study. Ninety-seven
percent of Koreans were insured through the National Health Insurance
Service (NHIS) [18]. Korean adults aged 18-99 years who underwent a
health examination between 2003 and 2006 were enrolled in the study
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cohort (n=15,163,545). From this sample, 122,451 patients with pre-
existing cancer were excluded, as were patients (n = 13,476) with missing
information on alanine transaminase (ALT), aspartate transaminase (AST),
and cardiometabolic factors including fasting glucose levels and BMI; those
(n=1067) with a missing or incorrect health examination date; and those
(n=1760,729) with prevalent liver diseases (Supplementary Fig. S1). We
excluded individuals with liver diseases, as liver disease status may be an
effect modifier [4]. We conducted a follow-up of the remaining 14,265,822
individuals until December 31, 2018, through record linkage to hospital
discharge records from the NHIS, in which certified health information
managers reviewed the medical records and assigned standardised
diagnosis codes. The completeness of the cancer incidence data from
the NHIS is comparable to that of the Korea National Cancer Incidence
Database [19, 20]. All patients discharged from the hospital due to HCC
(the International Classification of Diseases 10th revision: C220) for the first
time were considered incident cases.

The authors were granted access to anonymized data by the NHIS. This
study was approved by the Institutional Review Board of Catholic
Kwandong University, Republic of Korea. The need for informed consent
was waived because the data used were anonymized, constructed, and
provided by the NHIS according to a strict confidentiality protocol.

Data collection

Data were collected during baseline health examinations conducted from
2003 to 2006 through measurements and a questionnaire. ALT and AST
levels were measured using the NADH-UV or Reitman-Frankel methods.
Fasting serum glucose and total cholesterol (TC) levels were assayed using
enzymatic methods [21]. Blood pressure was measured using a standard
mercury sphygmomanometer. BMI was calculated as the measured weight
(kg) divided by the square of the measured height (m?) [18]. Smoking
status, alcohol use and history of cancer and cardiovascular diseases were
assessed using a questionnaire. Patients with a self-reported history of
cancer or those who were admitted to a medical institution for cancer
before the baseline health examination were considered to have pre-
existing cancer. The health examinations and data collection followed a
standard protocol documented by the government. The data collection
methods for smoking and alcohol use were similar to those used in our
previous study [4]. We considered individuals to have prevalent diabetes
(E10-E14) or liver diseases (B15-B19, K70-K77) at baseline if they had visited
a medical institution for the diseases at least once within 12 months
before, or two months after the baseline health examination date.

Statistical analysis
BMI was categorised into 11 groups (kg/m? <17.5, 17.5-189 to 29.5-30.9 by
1.5, 231.0, with 23.5-24.9 as reference) and seven groups (<18.5, 18.5-20.9,
21-22.9, 23-24.9 [reference], 25-27.4, 27.5-29.9 and >30 kg/mz) [18]. BMI was
also analysed as a continuous variable (per 5kg/m? increase), assuming a
linear association in the full, lower (<25 kg/m?), and upper (=25 kg/m?) ranges.
Hazard ratios (HRs) for HCC incidence were obtained using Cox
proportional hazards models stratified by age (years) at baseline (18-24,
25-34, 35-44, 45-54, 55-64, 65-74, 75-84 and 85-99 years, using the
STRATA statement). Multivariable analysis was adjusted for age at baseline
(continuous variable), sex, smoking status (never, former or current smoking
[<10, 10-19 or =20 cigarettes/day]), alcohol use (none, <10, 10-19, 20-39,
240 g ethanol use/day, and missing information), physical activity (exercise
with light sweating, none, 1-2 times/week and 3-7 times/week), and
income status (quartiles; 1 [low income], 2, 3, 4 [high income]). Mediators of
the effect of BMI, such as diabetes status (normoglycemia [fasting glucose
<100 mg/dL], impaired fasting glucose [100-125mg/dL], and diabetes
[>126 mg/dL or prevalent diabetes]), TC (continuous variable) [22], and ALT
(natural log-transformed levels), were further adjusted for in sensitivity
analyses. In addition, an analysis stratified by sex (male and female) and age
(<45, 45-64 and =65 years old) was performed. Differences in effect size
between sexes and age groups were evaluated using Cochrane Q statistics
as the interaction test. The proportional hazards assumption was tested
using Schoenfeld residuals. All P values were two-sided.

RESULTS

Baseline characteristics

During 13.7 years (mean) of follow-up, a total of 47,308 individuals
were diagnosed with HCC. At baseline, mean (+SD) BMI was 23.5 +
3.2kg/m~ and mean patient age was 45.0% 145 years. The BMI

range with the highest proportion of participants was 22-22.9 kg/m?
in women and 23-23.9 kg/m? in men (Supplementary Fig. 52). The
group with the lowest BMI comprised the youngest individuals and
had the highest proportion of women and never smokers. Higher
BMI groups were associated with heavy alcohol use and higher
levels of fasting glucose, TC and ALT (Table 1).

Categorical analyses

BMI had a non-linear association with HCC: BMI was positively
associated with the risk of HCC in the BMI range of =25 kg/m’ but
not in the BMI range of <25 kg/m? (Figs. 1 and 2, Supplementary
Figs. S3 and S4 and Supplementary Tables S1 and S2). Compared
to the BMI range 23.5-24.9 kg/m?, multivariable-adjusted HRs of
HCC associated with BMI ranges of 25.0-26.4, 26.5-27.9, 28.0-29.4,
29.5-30.9 and =31kg/m? were 1.05, 1.20, 1.39, 159 and 2.13,
respectively (Supplementary Table S1, P<0.001, except for the
BMI range 25.0-26.4 [P =0.003]). The corresponding HRs asso-
ciated with BMI ranges of 31.0-32.9, 33.0-34.9 and =35kg/m’
were 1.98 (95% confidence interval: 1.84-2.13), 2.36 (2.08-2.67)
and 2.73 (2.33-3.20), respectively (Supplementary Fig. S4). Linear
associations between BMI and HCC were not apparent in the BMI
range of <25 kg/m> In general, the HRs associated with BMI < 25
kg/m? were not substantially different from unity. In the sex- and
age-specific analyses, the association was similar between sexes
and age groups in the BMI range of >25kg/m” (Figs. 1, 2 and
Supplementary Fig. S3).

Linear analyses

Assuming linear associations, in the BMI range of =25 kg/m?, the
multivariable-adjusted HR for each 5-kg/m? increase in BMI was
1.60 for all participants, 1.60 for men, and 1.59 for women (P for
interaction between sexes =0.853; Table 2). The corresponding
HRs were 1.56, 1.61 and 1.60 for individuals aged <45, 45-64 and
>65 years, respectively. In the BMI range of <25 kg/m?, the results
of linear analyses were in accordance with those of the categorical
analyses; BMI was not positively associated with the risk of HCC.
The multivariable-adjusted HR per 5-kg/m? increase in BMI was
0.96 for all participants, 0.93 for men and 1.07 for women
(Supplementary Table S3).

Sensitivity analyses

In the spline analysis, the associations of BMI with HCC risk were
generally similar to those observed in the categorical analysis, and
non-linear associations were statistically confirmed for the overall
analyses and each subgroup analysis (Supplementary Figs. S5 and
S6, P for non-linearity <0.001 for each analysis).

The overall shape of the associations of BMI with HCC was
somewhat different between statistical models in which different
variables, including confounders and mediators, were adjusted for
(Fig. 3 and Supplementary Fig. S7). In particular, adjustment for
ALT levels dramatically changed the overall associations. Higher
risks of HCC associated with higher BMI were found to be
substantially weakened, especially in men and younger adults
(Fig. 3 and Supplementary Fig. S8), whereas high BMI-related HCC
risks were found to be less attenuated in women and older adults.

DISCUSSION

In this study, BMI had a non-linear association with HCC risk; in the
BMI range of =25kg/m? a higher BMI increased the risk of HCC,
regardless of sex and age, while in the BMI range of <25 kg/m? a
lower BMI was generally not associated with decreased risk.
Overweight participants, even those with a BMI of 26.5-27.9 kg/m?,
were clearly at a higher risk of HCC. In individuals with BMI>
25 kg/m?, the impact of higher BMI on HCC was generally similar
between men and women and between the early adulthood (18-44
years), middle-aged (45-64 years), and older (=65 years) populations.
The effect of higher BMI on HCC was materially mediated through
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Fig. 1

Sex-specific analysis

Hazard ratio
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Age- and sex-adjusted HRs across 11 categories of BMI for HCC incidence. BMI categories (kg/m?; <17.5, 17.5-18.9 to 29.5-30.9 by 1.5,

>31.0, with 23.5-24.9 as reference). The midpoint was used as a representative value of each BMI category, except for both ends (16.7 and
32.9) for which the median was used. HRs and 95% confidence intervals were calculated using Cox proportional hazards models with
adjustment for sex (for all participants only) and age at baseline as a continuous variable. BMI body mass index, HR hazard ratio, HCC

hepatocellular carcinoma.
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Fig. 2 HRs across seven categories of BMI for HCC incidence according to age. BMI categories (kg/m? <18.5, 18.5-20.9, 21-22.9, 23-24.9
[reference], 25-27.4, 27.5-29.9, and >30). The midpoint was used as a representative value of each BMI category, except for both ends (17.6
and 31.9), for which the median was used. HRs and 95% confidence intervals were calculated using Cox proportional hazards models with
adjustment for sex (for all participants only), age at baseline, household income, smoking status, alcohol use, and physical activity. BMI body

mass index, HCC hepatocellular carcinoma, HR hazard ratio.

high ALT levels, especially in men and younger adults, but less in
women and older adults.

Our study showed that the BMI range of >25kg/m? had
positive graded associations with HCC. In previous studies on
general or low-risk populations, the association of overweight
status with HCC has been unclear [3-5, 9, 10, 16, 23-27].
Furthermore, the effects of obesity on HCC (or PLC) have also
been less clear in Asian populations [3-5, 11, 16, 28, 29]. This
study included 14.3 million Korean adults and provides compel-
ling evidence that overweight status, even in those with a BMI
range of 26.5-27.9 kg/m?, and obesity, increased the risk of HCC

in the general population or low-risk population that had a low
prevalence of obesity (2.8%).

Obesity was associated with an 89% increased risk of HCC in our
study (Supplementary Table S3). Previous systematic reviews of
prospective studies reported 83% [9] and 96% [5] increased risks
of HCC/PLC associated with obesity. Despite the lower prevalence
of obesity (2.8%), the magnitude of the effect size in our study was
comparable to those of previous meta-analyses [5, 7, 9] and large-
scale population-based cohort studies in Western populations
[30], and it was substantially higher than that of studies conducted
in Asian populations [3-5, 9-11]. Potential effect modification of
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Table 2. HRs per 5kg/m? increase in BMI for HCC incidence by age and sex in the BMI range of >25 kg/m>.

Age group, BMI = 25 kg/m? (n = 4,284,559)
Sex group Years No. of HCC P value HR (95% Cl) Pinteraction (@ge) Pinteraction (s€X)
All participants 18-99 17,992 <0.001 1.60 (1.55-1.66)

18-44 3384 <0.001 1.56 (1.45-1.68) 0.610

45-64 10,747 <0.001 1.61 (1.54-1.68)

65-99 3861 <0.001 1.64 (1.52-1.76)
Men 18-99 14,212 <0.001 1.60 (1.54-1.67) 0.853

18-44 3166 <0.001 1.59 (1.47-1.72) 0.485 0.085

45-64 8603 <0.001 1.59 (1.51-1.68) 0.591

65-99 2443 <0.001 1.70 (1.54-1.88) 0.322
Women 18-99 3780 <0.001 1.59 (1.50-1.70)

18-44 218 0.118 1.24 (0.95-1.63) 0.166

45-64 2144 <0.001 1.63 (1.51-1.77)

65-99 1418 <0.001 1.58 (1.42-1.76)

BMI body mass index, C/ confidence interval, HCC hepatocellular carcinoma, HR hazard ratio.
HRs were calculated using Cox models after adjusting for age at baseline, sex, household income, smoking status, alcohol use and physical activity.

All participants
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Fig. 3 HRs across BMI categories for HCC incidence after further adjustment for mediators (sensitivity analysis). Eleven categories, as
shown in Fig. 1, for overall and sex-specific analyses and seven categories, as shown in Fig. 2, for age-specific analysis were used. HRs and 95%
confidence intervals were calculated using Cox proportional hazards models with adjustment for sex (for all participants only), age at baseline,
household income, smoking status, alcohol use, physical activity, diabetes status, total cholesterol level and log-transformed alanine
transaminase level. BMI body mass index, HCC hepatocellular carcinoma, HR hazard ratio.

prevalent liver diseases, such as stronger associations of higher
BMI with HCC in individuals without liver diseases [18, 31, 32], may
explain the stronger association of obesity with HCC in the present
study than in previous studies among Asians. Our study excluded
individuals with prevalent liver diseases. However, many previous
studies on Asians, particularly the general population, included a
substantial number of participants with liver diseases such as viral
hepatitis and cirrhosis, owing to the high prevalence of viral
hepatitis [4, 27], which may have contributed to the materially
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lower effect size of higher BMI. Adjustment for viral hepatitis and
cirrhosis may not eliminate the potential effect modification of
these liver diseases [4], and the exclusion of prevalent liver
diseases may better capture the effect of higher BMI on HCC risk
in low-risk populations.

In this study, men and women showed similar associations
between high BMI and HCC. Previous meta-analyses and large-
scale population-based cohort studies reported stronger associa-
tions of obesity in men than in women [5, 8, 9, 30]. A large-scale
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UK cohort study reported that the stronger association of obesity
with HCC in men than in women was prominent in the BMI range
of >35kg/m? [30]. The present study included only 0.2% of
individuals with the BMI range of =35 kg/m? which may partly
explain the similar association in men and women. Early
adulthood (18-44 years), middle-aged (45-64 years), and old
age (=65 years) populations showed generally similar associations,
which were in line with the findings of a large-scale UK study [30].

For the BMI range of <25kg/m? BMI increment was not
associated with a higher HCC risk, especially in men. These results
are in accordance with those of previous studies with >1000 HCC/
PLC cases [4, 10, 25, 30, 32]. Overall, our study suggests that in
individuals with normal weight and underweight, a lower BMI may
not guarantee a lower risk of HCC.

A higher BMI was associated with higher levels of fasting
glucose, TC, and ALT. These potential mediators of the effect of
high BMIs were adjusted for in the sensitivity analyses (Supple-
mentary Figs. S7 and S8). Adjustment for diabetes status modestly
weakened the association between higher BMI and HCC risk. After
additional adjustments for TC, similar associations were found in
the main analysis. However, after further adjustment for log-
transformed ALT levels, the impact of high BMI on HCC was found
to be substantially weakened, especially in men and particularly in
youngest adults. The hypothesis that the potential mechanisms by
which higher BMI causes HCC to involve the increment of ALT is
not new because obesity could cause HCC through obesity-
induced liver damage such as non-alcoholic fatty liver disease
(NAFLD). However, the finding that the impact of high BMI was
mediated by ALT levels to a lesser extent in women and older
adults than in men and younger adults, despite a similar
magnitude of effect on HCC between sexes and age groups, is
novel. This may partly explain the ALT levels observed in NAFLD
patients according to sex and age. In NAFLD patients, a higher
number of women had normal ALT values than men [33], and ALT
values progressively declined with advancing age for both with
and without advanced fibrosis [34]. These results suggest that
although progressive liver damage may be a key component of
the causal pathway linking a high BMI to HCC, liver damage
associated with high BMI may not entirely result in high ALT levels,
especially in women and older adults. High BMI-induced liver
damage can progress to HCC. However, our results imply that ALT
levels, especially when measured only once, may not accurately
predict such damage, particularly in women and older adults.

To the best of our knowledge, this study included the largest
number of HCC cases in the studies on the association of adiposity
with HCC in the general population, which enabled high statistical
power, the use of detailed BMI categories, and analyses of various
subgroups, which is a strength of the study. Careful consideration
of the most important risk factors and mediators, including
diabetes, alcohol use, lipids, and ALT level, is another strength. As
a prospective cohort study, recall and selection biases related to
the retrospective design were minimised. Nearly complete follow-
up through record linkage to a national database was another
strength of this study.

However, our study had several limitations. As BMI was the only
measure of obesity in our study, the role of abdominal obesity or
fat distribution, which may further provide mechanistic insight
into the association between obesity and HCC, was not examined.
The study population was homogeneous and comprised only
Koreans. Because of the very low proportion of individuals with a
BMI of =35 kg/m? in the Korean population, obesity in the current
study mainly represents grade | obesity [18], and the estimated
risks associated with obesity probably underestimate the effect of
obesity in other populations that have substantially more
individuals with grade Il obesity or above. Despite the exclusion
of individuals with prevalent liver diseases, individuals with liver
diseases, including chronic HBV infection, who were not
diagnosed within 1 year before, and 2 months after the health

examination date were included in the study. This may have
induced further underestimation of the impact of higher BMI.
Thus, the exact effect size in the association between BMI and HCC
may differ by region and ethnicity owing to the varying
distribution of HCC aetiology. However, the effect size associated
with high BMI on HCC risk was consistent across sexes and age
groups, which can confer varying levels of HCC risk and aetiology.
These results enhance the generalisability of our findings.

In conclusion, our findings showed that overweight and obesity
increased the risk of HCC in the Korean population. In the BMI
range of =25kg/m? a higher BMI increased the risk of HCC,
regardless of sex and age, but not in the BMI range of <25 kg/m?.
The impact of high BMI on HCC was consistent between men and
women and between young, middle-aged, and older adults. The
impact of high BMI on HCC development was substantially
mediated by high ALT levels, especially in men and younger
adults, but to a lesser extent in women and older adults.
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