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Effect Modification by Levels of Sex Hormones in the ®

Check for

Association between Adiposity and Cancer Incidence in "=

the UK Biobank

LeeAnn Lucas', Yujia Lu', Edward Giovannucci'?, and Mingyang Song"3

The role of sex hormones in the sex difference between
adiposity and cancer risk remains unclear. We examined
body mass index (BMI) and visceral adipose tissue (VAT)
estimated using a validated equation in relation to cancer
incidence according to serum sex hormone-binding glob-
ulin (SHBG), testosterone, and estradiol among 451,500 UK
Biobank participants. For cancers showing a sex-specific
adiposity association, we used Cox regression to calculate
multivariable HRs per increase between the 10th and 90th
percentiles of adiposity according to low versus high sex
hormone levels. We documented 42,949 cancers over a
median follow-up of 13.1 years. BMI and VAT were more
strongly associated with a higher risk of esophageal, liver,
and colorectal cancers in males than in females. In males,
BMI showed a stronger association with esophageal (HR for
high vs. low SHBG = 2.38 vs. 1.62; Piyeraction = 0.04) and
liver cancers (HR = 3.24 vs. 1.96; Piyteraction = 0.03) among
those with high versus low SHBG, whereas an opposite

Introduction

Adiposity is associated with increased risk of 13 cancer
types, with an estimated 4% to 8% of cancer cases globally
attributed to adiposity (1). The effects of adiposity are stronger
in males than in females for some cancer types including
colorectal, esophageal, and liver cancers, although the reasons
for these differences are not fully understood (2). As the
prevalence of obesity continues to increase worldwide in both
sexes, studies to examine how obesity affects cancer incidence
differentially in males and females are warranted (3).

The sex differences found in the adiposity and cancer re-
lationship may stem from several factors, either indepen-
dently or in combination, such as differences in the
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pattern was observed for colorectal cancer (HR = 1.12 vs.
1.47; Pinteraction = 0.03). Among females, BMI was associ-
ated with a higher esophageal cancer risk in those with low
(HR = 1.68) but not high SHBG (HR = 0.64; Piyeraction =
0.025); for liver cancer, results were similar but statistically
nonsignificant. No interaction by estradiol or testosterone
was detected. Similar results were observed for VAT. SHBG
may be an important factor underlying the sex difference in
adiposity-associated risk for colorectal, esophageal, and liver
cancers.

Prevention Relevance: Understanding the interactions
between sex hormones and adiposity can help explain sex
differences in cancer risk associated with body fat. Our
findings suggest that SHBG may be a promising target for
future research on strategies to reduce the risk of colo-
rectal, esophageal, and liver cancers in individuals with
excess adiposity.

distribution of fat deposition in the body, differences in sex
hormone levels, and differences in the role of sex chromo-
somes (4). Distributions of fat differ between males and fe-
males, as males store a higher percentage of their body fat in
the abdomen as visceral adipose tissue (VAT), whereas fe-
males tend to have a higher percentage of subcutaneous fat
located around the arms and legs. Excess VAT surrounding
vital organs increases insulin resistance and inflammation,
creating a protumorigenic environment (5). Alterations in
the metabolism of sex hormones, such as changes in estra-
diol, testosterone, and sex hormone-binding globulin
(SHBG), have been hypothesized as a potential mechanism
linking adiposity and cancer (6). Under this theory, andro-
genic precursors are converted at a higher rate to estradiol
through aromatization when adiposity is present, elevating
cancer risk (6). Additionally, animal studies have shown that
estrogen depletion is associated with increased abdominal
fat, providing a link between sex hormones and fat distri-
butions (7). Although the sex hormone hypothesis has been
primarily examined in sex-specific cancers, prospective data
on effect modification and interaction between adiposity and
sex hormones with multiple cancers in nonreproductive
organs are sparse. In addition, few large-scale cohort studies
have assessed body composition using metrics beyond body
mass index (BMI) and waist circumference.
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Our study sought to characterize how adiposity affects
cancer incidence differently in males and females by leverag-
ing the sex hormone data available in the entire UK Biobank.
We integrate information on BMI, as well as a measure of
VAT estimated from a newly developed model (8). We hy-
pothesized that sex hormones are important modifiers and
may partly explain the sex difference in the obesity—cancer
incidence relationship. Among cancers with a stronger asso-
ciation between obesity and cancer in males than females, we
hypothesized that the association between obesity and inci-
dence will be attenuated in males with higher estradiol, lower
testosterone, or higher SHBG levels (i.e., levels more like those
in females). Confirmation of this hypothesis would suggest
that variations in sex hormone levels may play a role in the
observed sex differences of obesity—cancer associations in
nonreproductive organs and could provide a mechanism to
target for prevention and treatment.

Materials and Methods

Study population and design

The UK Biobank is a prospective cohort study that enrolled
502,336 participants from across the United Kingdom between
2006 and 2010 and has been described in detail previously (9).
Briefly, numerous data elements were collected at participant’s
recruitment visit through blood sampling, physical measure-
ments, and touchscreen self-completed questionnaires. Indi-
viduals were then followed, with cancer diagnosis ascertained
using the 10th Revision of the International Classification of
Diseases (ICD-10) codes from cancer registry linkage.

Our study excluded individuals who had a history of
cancer (except nonmelanoma skin cancer) at enrollment
(N = 23,774); had missing data on all sex hormones, BMI,
or estimators of VAT at baseline (N = 25,290); and had less
than 6 months of follow-up to prevent reverse causation
(N = 1,772; Supplementary Fig. S1). All individuals pro-
vided consent for participation in the UK Biobank. The UK
Biobank has been ethically approved as a Research Tissue
Bank by the North West Multi-centre Research Ethics
Committee.

Anthropometric exposures

Anthropometric measures were collected at baseline visits
using standardized procedures (10). Participant’s BMI was
calculated as weight divided by height squared (kg/m?). VAT
was estimated using baseline measures of height, weight, hip
circumference, waist circumference, and the participant’s age
at the time of assessment (8). This equation was developed in
the UK Biobank and validated externally in the National
Health and Nutrition Examination Survey, with a Spearman
correlation coefficient with measured VAT in the National
Health and Nutrition Examination Survey of 0.81 for males
and 0.86 for females. In joint analyses, BMI and estimated
VAT were classified as high and low using the median value
in each sex as the cutoff point.

736 Cancer Prev Res; 18(12) December 2025

Sex hormone levels

Serum sex hormone levels were measured in the blood
at baseline on a Beckman Coulter Unicel DxI 800 system.
Estradiol was measured using a two-step competitive
immunoassay analysis [coefficient of variation (CV) for
low = 15.3%, for medium = 8.7%, and for high con-
centrations = 6.5%; limit of detection (LOD) = 175
pmol/L], testosterone by a one-step competitive immu-
noassay analysis (CV for low = 8.3%, for medium =
3.7%, and for high concentrations = 4.2%; LOD = 0.35
nmol/L), and SHBG by a two-step sandwich immuno-
assay analysis (CV for low = 5.7%, for medium = 5.3%,
and for high concentrations = 5.2%; LOD = 0.33 nmol/L;
ref. 11). Because of the similarity in distributions of SHBG
between males and females, SHBG levels were classified as
high or low using the median value among all participants of
45 nmol/L as a cutoff point. Testosterone levels were classified
as high and low based on the median value of testosterone for
males (11.64 nmol/L) and females (1.01 nmol/L) separately
(Supplementary Fig. S2). Because many participants (82%)
had estradiol measurements that fell below the detection limit,
we considered estradiol levels below the detection limit as low
whereas detectable measurements were considered high to
match previous analyses (12, 13). Low levels of estradiol were
expected as most of the participants in the UK Biobank are
males or postmenopausal females.

Covariates

We selected covariates a priori that are known to be as-
sociated with adiposity and cancer incidence but are likely
not a consequence of adiposity, in line with the previous
work in the UK Biobank (8). Covariates for our analysis were
assessed at baseline using a touchscreen questionnaire.
Covariates included age, educational attainment (at least a
college degree or less than a college degree), race (White or
non-White), height (m), physical activity (MET hours per
week), smoking status (never, previous, current and less than
15 pack-years, or current and more than 15 pack-years),
alcohol intake (never, previous, or current using frequency),
aspirin use (yes or no), processed meat intake (never, less
than once per week, 2-4 times per week, 5-6 times per week,
or once or more daily), vegetable intake (pieces per day),
fruit intake (pieces per day), serum 25(OH) vitamin D level
(nmol/L), cereal intake (servings per week), family history of
cancer (yes or no), and past bowel cancer screening (yes or
no). Missing continuous covariate data were imputed using
the median value, whereas a missing indicator variable was
used for categorical variables.

Outcome

Cancer incidence was ascertained through cancer registry
linkage using the ICD-10 codes. Cancer case ascertainment
from the English cancer registries has been previously re-
ported as 98% to 99% complete (14). For this analysis, we
examined total cancer, total cancer excluding nonfatal prostate
cancer (prostate cancer defined as ICD = C61 and no primary
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cause of death as prostate cancer), and nonreproductive can-
cers known to be associated with adiposity or with large case
numbers in the UK Biobank. The cancers included in our
analysis were bladder (ICD = Cé67), colorectal (ICD =
C18-20), esophageal (ICD = C15), gallbladder (ICD = C23),
kidney (ICD = C64-65), liver (ICD = C22), lung (ICD =
C34), pancreatic (ICD = C25), stomach (ICD = C16), and
thyroid (ICD = C73) cancers.

Statistical analysis

We calculated Spearman correlation coefficients between
adiposity and sex hormone levels adjusting for age within
each sex. We used multivariable Cox regression to calculate
HRs and 95% confidence intervals (CI) for cancer incidence
per unit increase from the 10th to 90th percentile of adi-
posity (BMI or estimated VAT). Individuals contributed
person-time to our study from the date of enrollment until
the earliest of a diagnosis of cancer, death, lost to follow-up,
or the study end date of June 1, 2022, and age was used as the
timescale in our model. A multiplicative interaction term
between sex and adiposity measurement was included to
assess the sex difference. For cancer types that showed sta-
tistically significant sex differences (P < 0.05) in the
adiposity—cancer relationship, we further assessed interac-
tion by high versus low hormone level in males and females
separately by including a multiplicative interaction term
between adiposity measurement and sex hormone level in
the Cox regression model. To correct for multiple testing,
adjusted P values were calculated using the Benjamini-
Hochberg method to control the FDR. Adjusted P values less
than 0.05 were considered statistically significant. We also
conducted a three-way joint association analysis by classi-
fying individuals according to the combination of sex, sex
hormone level, and adiposity status. In separate sensitivity
analyses, we assessed multiplicative interaction by hormone
level (1) excluding premenopausal females and females be-
low 55 years with unknown menopausal status to assess in-
teraction among postmenopausal females only, the majority
of females in the UK Biobank, due to large differences in
hormone levels based on menopausal status, (2) restricting
our study population to never smokers to limit residual
confounding by smoking status, and (3) starting follow-up at
1 and 5 years from baseline to prevent reverse causation, in
which adiposity or hormone levels may be affected by pre-
clinical cancer. All analyses were conducted using R statis-
tical software version 4.3.0 (RRID: SCR_001905).

Results

A total of 451,500 participants were included in our
analysis (Supplementary Fig. S1). Most individuals were
White (94.2%) with a median age of 57 (IQR = 13) upon
study entry. In general, females tended to have less physical
activity, lower aspirin use, less consumption of meat, and
were less likely to smoke compared with males. Among fe-
males, the median BMI was 26.1 kg/m* (IQR = 6.3), with a
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median estimated VAT of 2.5 L (IQR = 1.8), whereas males
had a slightly higher median BMI of 27.3 kg/m* (IQR = 5.1)
and a median estimated VAT approximately twice that of
females, at 5.0 L (IQR = 2.7; Table 1).

Correlation between adiposity and serum sex hormone
levels

BMI and estimated VAT were negatively correlated with
SHBG levels in both males (BML: r = —0.33; VAT:
r = —0.34) and females (BMI: r = —0.46; VAT: r = —0.50),
adjusting for age. In males, higher BMI (r = —0.31) and
estimated VAT (r = —0.32) were correlated with lower tes-
tosterone levels, whereas in females both adiposity measures
had a weak positive correlation with testosterone (BMI:
r = 0.10; VAT: r = 0.09). Estradiol levels were weakly cor-
related with BMI and estimated VAT in males and exhibited
a slightly stronger negative correlation in females (BMI:
r = —0.06; VAT: r = —0.07). The correlation coefficients
among females were relatively unchanged after restricting to
only postmenopausal females (Table 2).

Sex differences in the association between adiposity
and cancer

During a median follow-up time of 13.1 years, 22,867 in-
cident cancers were documented among 207,436 males and
20,082 incident cancers among 244,064 females. The asso-
ciation between BMI and cancer was stronger in males than
females for colorectal (males: HR = 1.36; 95% CI, 1.25-
1.48 and females: HR = 1.06; 95% CI, 0.96-1.18), esophageal
(males: HR = 1.76; 95% CI, 1.49-2.07 and females:
HR = 0.84; 95% CI, 0.61-1.16), and liver cancers (males:
HR = 2.13; 95% CI, 1.74-2.61 and females: HR = 1.40; 95%
CI, 1.00-1.94; Table 3). Wald tests for interaction between
sex and estimated VAT yielded similar results to the Wald
tests for interaction between sex and BMI, except in liver
cancer, in which the sex difference was more pronounced
using estimated VAT (Pinteraction = 0.02) compared with BMI
(Pinteraction = 0.09). Models comparing the 90th with 10th
percentile of VAT yielded generally stronger associations
with cancer than the models comparing the 90th with 10th
percentile of BMIL. Based on these results, we focused on
colorectal, esophageal, and liver cancers in the subsequent
analysis for the effect modification by sex hormone level.

Effect modification by hormone level

The associations between BMI and cancer differed by
SHBG levels among males for colorectal (P adjusted = 0.027)
and liver cancers (adjusted P value = 0.027) and among both
sexes for esophageal cancer (P adjusted in males = 0.038 and
P adjusted in females = 0.025; Fig. 1). BMI was more
strongly associated with esophageal and liver cancers among
males with high versus low baseline SHBG levels (esopha-
geal: HR = 2.38; 95% CI, 1.77-3.21 vs. HR = 1.62; 95% CI,
1.29-2.03; liver: HR = 3.24; 95% CI, 2.48-4.22 vs. HR = 1.96;
95% CI, 1.40-2.74) but more strongly associated in low
versus high SHBG levels with colorectal cancer (HR = 1.47;
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Table 1. Characteristics of UK Biobank participants at baseline by sex.

Characteristic

Female, N = 244064,
mean (SD) or N (%)

Male, N = 207436,
mean (SD) or N (%)

Age
Weight (kg)
Height (cm)
BMI (kg/m?)
Waist circumference (cm)
Hip circumference (cm)
Estradiol
Below LOD
Above LOD
Missing
SHBG (nmol/L)
Missing
Testosterone (nmol/L)
Missing
Race
White
Non-White
Missing
Education
No college
College
Missing
MET hours per week
Smoking status
Never
Previous
Current
Missing
Alcohol status
Daily or almost daily

Three or four times a week

Once or twice a week

One to three times a month

Special occasions only
Never
Missing
Aspirin use
No
Yes
Missing

Processed meat consumption

Never
Less than once a week
Once a week
2-4 times a week
5-6 times a week
Once or more daily
Missing

Bowel cancer screening
No
Yes
Missing

Family history of cancer
No
Yes
Missing

Vegetable consumption (pieces/day)
Fruit consumption (pieces/day)
Cereal consumption (servings/week)
25(0OH) vitamin D level (nmol/L)

56 (+ 8.0)
71 (£14)
160 (£ 6.3)
27 (£ 5.2)
85 (+ 13)
100 (« 10)

166,578 (68.3%)
56,513 (23.2%)
20,973 (8.6%)
62 (+ 31)
28,878 (11.8%)
11 (+ 0.65)
44,031 (18.0%)

229,922 (94.2%)
13,151 (5.4%)
991 (0.4%)

163,560 (67.0%)
75,809 (31.1%)
4,695 (1.9%)

39 (+ 37)

145,299 (59.5%)
75,749 (31.0%)
21,824 (8.9%)
1,192 (0.5%)

39,211 (16.1%)
50,184 (20.6%)
62,806 (25.7%)
31,857 (13.1%)
36,514 (15.0%)
22,984 (9.4%)
508 (0.2%)

215,583 (88.3%)
23,779 (9.7%)
4,702 (1.9%)

30,720 (12.6%)
92,622 (37.9%)
69,660 (28.5%)
45,770 (18.8%)
3,528 (1.4%)
917 (0.4%)

847 (0.4%)

169,720 (69.5%)
71,234 (29.2%)
3,110 (1.3%)

152,491 (62.5%)
67,456 (27.6%)
2417 (9.9%)
51(+3.2)

2.4 (+1.6)

4.5 (£ 2.8)

49 (+ 20)

57 (+8.2)
86 (+ 14)
180 (+ 6.8)
28 (+ 4.2)
97 (x 1)
100 (+ 7.6)

173,047 (83.4%)
17,661 (8.5%)
16,728 (8.1%)
39 (£17)
19,937 (9.6%)
12 (£ 3.7)

4,678 (2.3%)

195,180 (94.1%)
1,099 (5.4%)
1157 (0.6%)

133,482 (64.3%)
69,777 (33.6%)
4,177 (2.0%)

44 (+ 46)

101,591 (49.0%)
78,778 (38.0%)
26,003 (12.5%)
1,064 (0.5%)

52,437 (25.3%)
54,253 (26.2%)
53,728 (25.9%)
18,448 (8.9%)
15,124 (7.3%)
12,959 (6.2%)
487 (0.2%)

164,457 (79.3%)
38,347 (18.5%)
4,632 (2.2%)

1,215 (5.4%)
44,264 (21.3%)
61,577 (29.7%)
76,106 (36.7%)
10,672 (5.1%)
2,799 (1.3%)
803 (0.4%)

137,807 (66.4%)
64,449 (31.1%)
5,180 (2.5%)

122,970 (59.3%)
56,755 (27.4%)
27,71 (13.4%)
46 (+ 3.5)

2.0 (£ 16)

44 (+29)

48 (£ 21)

Abbreviations: BMI, body mass index; LOD, limit of detection.
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Table 2. Spearman correlation coefficients between adiposity measures and serum sex hormone level adjusted for age, by sex.

Testosterone,
r (P value)

Estradiol,
r (P value)

SHBG,
Adiposity measure r (P value)
BMI
Females (all) —0.46 (< 0.001)
Postmenopause —0.46 (< 0.001)
Males —0.33 (< 0.001)
VAT
Females (all) —0.50 (< 0.001)
Postmenopause —0.50 (< 0.001)
Males —0.34 (< 0.001)

0.10 (< 0.001)
0.10 (< 0.001m)
—0.31 (< 0.001)

—0.06 (< 0.001)
—0.07 (< 0.001)
0.02 (0.016)

0.09 (< 0.001M)
0.09 (< 0.001)
—0.32 (< 0.001)

—0.07 (< 0.001)
—0.07 (< 0.001m)
0.02 (0.006)

r: Spearman correlation coefficient.

95% CI, 1.31-1.64 vs. HR = 1.12; 95% CI, 0.94-1.33). As
with BMI, the associations between VAT and colorectal,
esophageal, and liver cancers among males differed by SHBG
level in the same direction but were less pronounced and
statistically insignificant. Among females, SHBG was a
modifier in the association between VAT and esophageal
cancer (low SHBG: HR = 2.10; 95% CI, 1.16-3.80 and high
SHBG: HR = 0.82; 95% CI, 0.49-1.37). No effect modifica-
tion by estradiol or testosterone was observed.

When conducting a joint association analysis stratifying by
sex, SHBG level, and adiposity, the HR for liver cancer
comparing males with high SHBG levels and high BMI levels
was 14.8 (95% CI, 6.4-34.2) and those with high estimated
VAT levels was 8.9 (95% CI, 4.9-16.3) compared with fe-
males with low SHBG levels and low adiposity (Fig. 2). In
esophageal cancer, no additive effect modification by SHBG
was observed between groups of the same sex and adiposity,
such that among males with high BMI, HRs were similar

among both levels of SHBG (low SHBG: HR = 3.90; 95% CI,
2.36-6.44 and high SHBG: HR = 4.46; 95% CI, 2.65-7.50).
Among males with a high BMI, high SHBG levels were as-
sociated with a lower HR of colorectal cancer (HR = 1.38;
95% CI, 1.14-1.66) than males with low SHBG levels
(HR = 1.51; 95% CI, 1.28-1.79).

Sensitivity analyses

For this sensitivity analysis, 175,338 postmenopausal
females were included to assess sex hormone levels rep-
resenting 72% of the full female cohort. Baseline SHBG,
testosterone, and estradiol levels did not modify the re-
lationship between either BMI or estimated VAT and
cancer incidence among postmenopausal females (Sup-
plementary Table S1). The directionality of the associa-
tions and the interaction patterns remained the same as
the analysis of the full female cohort.

Table 3. Multivariable associations between adiposity and cancer risk by sex, UK Biobank.

BMI Estimated VAT
Female Male Female Male

HR? HR? Adjusted HR? HR? Adjusted
Cancer type (95% CI) P value (95% CI) Pvalue Pigeraction” (95% CI) P value (95% Cl) P value Pigeraction”
Total cancer 1.25 (1.21,1.29) <0.001 108 (1.05,112)  <0.001 <0.001 125 (1.21,1.29)  <0.001 116 (112,1.20)  <0.001 0.007
Total cancer excluding nonfatal prostate - - 1.23 (118, 1.28) <0.001 - - - 135 (1.29,1.41)  <0.001 -
Bladder 1.56 (114, 2.12) 0.005 117 (0.97,1.40) 0.0 0.28 170 (1.22,2.37) 0.002 124 (1.02,1.52) 0.03 0.23
Brain 0.89 (0.67,1.20) 0.46 0.95(0.75,1.21) 0.7 0.88 0.96 (0.71,1.30) 0.80 0.94 (0.72,1.21) 0.62 0.92
Colorectal 1.06 (0.96,118) 0.26 1.36 (1.25,1.48)  <0.001 0.001 110 (0.98,1.22) 0.0 1.49 (1.36,1.65) <0.001 <0.001
Esophageal 0.84 (0.61,116)  0.29 176 (149, 2.07)  <0.001 <0.001 1(0.72,1.38) 0.98 210 (1.72, 256) <0.001 0.001
Gallbladder 178 (1.04, 3.02) 0.03 2.41(1.36,4.27) 0.003 0.80 215(1.2,3.84) 0.01 299 (14,6.38) 0.005 0.89
Kidney 1.87 (154, 2.27) <0.001 172 (1.49,2.00) <0.001 0.83 210 (1.70, 260) <0.001 2.01(1.69, 2.39) <0.001 0.92
Liver 140 (1.00,1.94) 0.05 213 (1.74,2.61)  <0.001 0.09 154 (1.08, 2.20) 0.02 2.75 (213, 3.57) <0.001 0.02
Lung 0.80 (0.71,0.90) <0.001 0.82(0.73,0.92) 0.001 0.88 0.93(0.82,1.05) 0.23 0.91(0.80,1.02) 0.2 0.92
Pancreatic 150 (1.22,1.83)  <0.001 145 (1.21,1.75) <0.001 0.88 157 (1.27,195)  <0.001 159 (1.29,1.97) <0.001 0.92
Stomach 138 (1.00,1.90)  0.05 1.43 (116, 1.78) 0.001 0.88 155 (110, 218)  0.01 169 (1.32,217)  <0.001 0.92
Thyroid 1.52 (1.17,1.98) 0.002 119 (0.75,1.88)  0.46 0.77 157 (118,2.09) 0.002 143 (0.87,2.35) 0.6 0.92

2HRs with 95% Cl of cancer risk per one unit increase from the 10th to 90th percentile in BMI or estimated VAT, adjusted for age, education level, race, height,
MET hours per week, smoking status, alcohol intake, aspirin usage, processed meat consumption, previous bowel cancer screening, family history of cancer,
vegetable intake (pieces/day), fruit intake (pieces/day), vitamin D in blood, and cereal intake (servings/week).

bp values adjusted using the FDR method for multiple testing.
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HRs for the association between adiposity (BMI and estimated VAT) per one unit increase from the 10th to 90th percentile and colorectal, esophageal, and liver
cancer incidences by hormone level and sex, UK Biobank. A-F, Associations between BMI (A) and VAT (B) and colorectal cancer; between BMI (C) and VAT (D)
and esophageal cancer; and between BMI (E) and VAT (F) and liver cancer. Models were adjusted for age, education level, race, height, MET hours per week,
smoking status, alcohol intake, aspirin usage, processed meat consumption, previous bowel cancer screening, family history of cancer, vegetable intake (pieces/
day), fruit intake (pieces/day), vitamin D in blood, and cereal intake (servings/week) P values for interaction were adjusted using the FDR method for multiple

testing. N, number of cancer cases.

When restricting to never smokers only, 145,299 females
and 101,591 males were included. SHBG remained an im-
portant modifier for males in the relationship between adi-
posity and colorectal, esophageal, and liver cancers, in which
the association with adiposity was stronger for esophageal
and liver cancers among high versus low levels of SHBG but
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weaker for colorectal cancer (Supplementary Table S2).
Among never-smoking females, high SHBG levels in-
creased the HR for adiposity and esophageal cancer (BMI:
HR = 1.23; 95% CI, 0.65-2.35; VAT: HR = 1.28; 95% CI,
0.65-2.52), in contrast to the full cohort analysis in which
high SHBG levels were protective (BMI: HR = 0.64; 95%
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cancer screening, family history of cancer, vegetable intake (pieces/day), fruit intake (pieces/day), vitamin D in blood, and cereal intake (servings/week).

CI, 0.38-1.07; VAT: HR = 0.82; 95% CI, 0.49-1.37).
Lastly, the association between estimated VAT and liver
cancer was much stronger among never smokers in males
with a high SHBG level (HR = 7.54; 95% CI, 4.06-14.00)
than in the full cohort (HR = 4.18; 95% CI, 2.96-5.90),
although directionality remained the same.

After excluding individuals with less than 1 year of
follow-up (N = 3,951) and less than 5 years of follow-up
(N = 23,223), the directionality and magnitude of the HRs
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remained unchanged, and interactions were consistent with
the main analysis (Supplementary Table S3).

Discussion

In this prospective cohort study of 451,500 individuals
followed for a median of 13 years, adiposity was more
strongly associated with colorectal, esophageal, and liver
cancers in males compared with females. The association
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between adiposity and risk of these three cancers differed
based on the level of SHBG. In males with high SHBG levels,
adiposity was more strongly associated with esophageal and
liver cancers but more weakly with colorectal cancer com-
pared with those with low SHBG. In females, there was a
stronger association between adiposity and esophageal can-
cer in those with low versus high SHBG levels.

Our study confirms the results of another analysis in the
UK Biobank (2) that found statistically significant sex dif-
ferences in the association of BMI and VAT with risk of
colorectal, esophageal, and liver cancers, as well as other
large cohort studies (15-19). We further examined the sex
hormone level as a potential modifier in the relationship of
adiposity with cancer, adding to the growing literature
documenting the complex role of SHBG in cancer develop-
ment. SHBG binds with estradiol and testosterone, regulat-
ing sex hormone bioavailability to tissues and cells (20).
Recent research has shown that SHBG may reduce chronic
inflammation independent of its regulation of estradiol and
testosterone by inhibiting gene expression of cytokines and
breaking down triacylglycerols of differentiated adipocytes
(21). Levels of SHBG have been inversely associated with
C-reactive protein, a biomarker of inflammation, even after
controlling for other sex hormones (22) and have been in-
versely associated with conditions such as metabolic syn-
drome and type II diabetes (23, 24).

Despite the plausibility of a protective role of SHBG in
inflammation and the hypothesized potential to lower risk
of inflammation-related cancers, epidemiologic evidence
with regard to the role of SHBG in relation to incidence of
colorectal cancer is inconsistent. A prospective cohort
study in the UK Biobank and a nested case-control study
in four cohorts of health professionals found that SHBG
was associated with a decreased risk of colorectal cancer in
men after adjusting for BMI, supporting our finding that
SHBG plays a protective role in colorectal cancer in males
(25, 26). In contrast, a Mendelian randomization study
(2021) found no association between genetically predicted
SHBG and risk of colorectal cancer among males and re-
ported no interaction between circulating SHBG at UK
Biobank enrollment and BMI (<25, >25), although the
differences in estimates were quite large (HR = 1.46 vs.
0.96 for low vs. high SHBG; Pipteraction = 0.05; ref. 27). A
prospective cohort study in the UK Biobank also reported
no association (28). However, both studies adjusted for
C-reactive protein and IGF1, with the Mendelian ran-
domization study additionally adjusted for HbAlc, bio-
markers that may be on the causal path between SHBG
and colorectal cancer. In women, several epidemiologic
studies have found no association between SHBG and
colorectal cancer (25, 26, 29). In a study of postmeno-
pausal women enrolled in the Women’s Health Initiative
clinical trial, no interaction was found between sex hor-
mone level and adiposity, classified as BMI less than
30 compared with greater than 30 (Pijteraction = 0.58),
consistent with the results of our study (Piyteraction = 0.60;
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ref. 29). That study also showed no effect modification by
BMI on the association between estradiol and colorectal
cancer, aligning with our findings.

Our study found that higher SHBG levels increased the
HR between adiposity and both liver and esophageal can-
cers in males. Prior studies have documented an association
between increased SHBG levels and liver cancer (30-32) but
have not found the same increased risk for esophageal
cancer (30, 32-34). The Liver Cancer Pooling Project in US
men found that higher SHBG levels increased the odds of
liver cancer [OR (95% CI) = 1.63 (1.27-2.11); ref. 30]. In
patients with liver cirrhosis, increased SHBG was predictive
of the development of liver cancer (35). A multicancer
study in the UK Biobank found an association between
SHBG and liver cancer among men but not among post-
menopausal women; however, no relationship was found
for esophageal cancer (31). These results were supported in
a recent meta-analysis including 11 prospective cohort
studies, 15 nested case—control studies, and 3 case-cohort
studies (32). The mechanisms by which adiposity and
SHBG interact to increase risk of liver cancer are unclear;
however, liver cirrhosis and liver disease have been asso-
ciated with increased SHBG levels. SHBG is synthesized
and regulated by the liver, and SHBG may be desialylated
from cirrhosis, which makes it more likely to be taken up in
the liver (35).

Our study found consistently increased HRs for the as-
sociations between estimated VAT and cancer compared
with models using BMI, providing evidence for the utility of
VAT over BMI in cancer studies. Additionally, we observed
less modification by sex hormone level in models with VAT
compared with BMI, likely because VAT more effectively
accounts for sex differences in the distribution of adiposity—
another advantage of using VAT over BMI. Although few
large-scale cohort studies have assessed body composition
beyond BMI, measures of BMI fail to differentiate between
fat mass and lean mass and have a reported sensitivity of
only 50% in classifying excess adiposity (36). In contrast,
VAT is a measure of body fat accumulating centrally in the
body around vital organs. Excess VAT can lead to insulin
resistance and inflammation creating a protumorigenic en-
vironment (5). Several studies have demonstrated the role of
central adiposity as a better predictor of cancer compared
with BMI (37).

Strengths and limitations

We examined effect modification by sex hormone levels in
the association between adiposity and cancer in multiple
nonreproductive cancers. We employed a novel and vali-
dated equation to estimate VAT, which has been previously
lacking in large cohort studies. Including both the mea-
surements of BMI and estimated VAT offers a particular
insight into the mechanisms underlying the sex differences,
given the variation in fat distributions based on sex. Addi-
tionally, owing to the UK Biobank’s extensive size, sub-
stantial volume of sex hormone measurements, and over a
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decade of follow-up, our study was adequately powered to
detect effect modification by sex hormone level.

Our study has several limitations. First, the measurement of
adiposity and sex hormone levels were available only at base-
line. Studies examining adiposity throughout the life course are
needed as the timing of exposure may change the association
with cancer risk. Second, estradiol levels in most of our study
participants fell below the detection limit of 73 pmol/L (82%)
using the chemiluminescent immunoassay, forcing our study to
classify estradiol as high and low based on detection, although
variation in estradiol levels below the detection limit may be
important for cancer risk. Future studies are needed in cohorts
with greater analytic sensitivity in estradiol measurements.
Third, hormone levels can vary throughout the day, during a
menstrual cycle, and over the life course and by factors such as
nutrient intake and pulsatile secretion (38). Although variations
in estradiol throughout the menstrual cycle are large, our sen-
sitivity analysis excluding premenopausal women showed
similar results to our main analysis. Additionally, SHBG is
highly correlated between the follicular and luteal phases of the
menstrual cycle, and one measurement of SHBG in premeno-
pausal women is a reliable estimate of the SHBG level over a
3-year period (39). Additionally, we anticipate the mis-
classification of hormone levels to be nondifferential, likely
biasing our results toward the null. Lastly, participants in
the UK Biobank cohort are mostly White, with greater
access to care and tend to be healthier than the general
population. Thus, these results may not be generalizable,
and research on additional populations is warranted.

Conclusion

Our study demonstrates that adiposity may play a stronger
role in promoting colorectal, esophageal, and liver cancers in
males compared with females and provides evidence for effect
modification by SHBG level. Although we considered SHBG,
testosterone, and estradiol separately in our analyses, future
studies are needed to understand how these hormones may
work synergistically or in opposition to the development of
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Total UKB participants
(n = 502336)

2. Missing measurements of BMI, predictors of VAT,
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Total participants in
the estradiol analysis
(n=422626)

Figure S1. Inclusion criteria for study analytic sample from the UK Biobank

Participants in the UK Biobank were excluded from the analysis if they had a history of cancer,
missing measurements of adiposity and sex hormones, and short follow-up (less than 6 months).
UKB: UK Biobank, BMI: body mass index, VAT: visceral adipose tissue

Predictors of VAT included height, weight, hip circumference, waist circumference, and age
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Figure S2. The distribution of SHBG and testosterone in the UK Biobank Cohort by sex.
The dotted line represents classification as high and low as determined by the median
values.




Table S1: The association between adiposity (BMI and estimated VAT) per unit increase
from the 10™ to the 90™ percentile and colorectal, esophageal, and liver cancer incidence by
hormone level among post-menopausal females, UK Biobank

Low Hormone Level High Hormone Level

Cancer Type Hormone HR* (95% CI) P value HR*(95% CI) P value Pinteraction”
Colorectal E2 1.11 (0.97,1.28) 0.126 0.76 (0.42,1.36) 0.353 0.620
SHBG 1.06 (0.85,1.3) 0.614 1(0.83,1.21) 0.978 0.715

T 1.03 (0.84,1.26) 0.771 1.08 (0.88,1.32) 0.461 0.743

Esophageal E2 0.71 (0.47,1.08) 0.109 0.98 (0.11,8.57) 0.987 0.775

% SHBG 1.33(0.72,2.45) 0.364 0.66 (0.38,1.16) 0.151 0.283
T 0.64 (0.34,1.23) 0.180 0.96 (0.55,1.67) 0.878 0.743

Liver E2 1.54 (1,2.39) 0.051 1.92 (0.56,6.6) 0.300 0.775
SHBG 1.84 (0.91,3.7) 0.090 1.37(0.77,2.42) 0.286 0.715

T 1.04 (0.49,2.22) 0.918 1.32(0.76,2.32) 0.326 0.743

Colorectal E2 1.16 (1.01,1.34) 0.041 0.9 (0.5,1.64) 0.732 1.000
SHBG 1.27 (1.01,1.6) 0.041 0.99 (0.81,1.21) 0.931 0.197

[ T 1.16 (0.94,1.43) 0.166 1.11 (0.89,1.38) 0.351 0.766
§ Esophageal E2 0.79 (0.52,1.21) 0.281  1.21(0.13,11.55) 0.869 1.000
é SHBG 1.54 (0.77,3.06) 0.219 0.79 (0.45,1.39) 0.409 0.197
g T 0.62 (0.32,1.21) 0.159 1.23 (0.69,2.2) 0.484 0.353
5] Liver E2 1.66 (1.04,2.65) 0.034 1.66 (0.37,7.4) 0.508 1.000
SHBG 2.39(1.08,5.3) 0.032 1.51(0.83,2.74) 0.178 0.353

T 1.1 (0.5,2.41) 0.816 1.37(0.75,2.52) 0.304 0.766

? Models were adjusted for age, education level, race, height, MET hours per week, smoking
status, alcohol intake, aspirin usage, processed meat consumption, previous bowel cancer
screening, family history of cancer, vegetable intake (pieces/day), fruit intake (pieces/day),
vitamin D in blood, and cereal intake (servings/week)
® P values for interaction were adjusted using FDR method for multiple testing
BMI: body mass index; VAT: visceral adipose tissue; SHBG: sex hormone binding globulin; T:

testosterone; E2: estradiol




Table S3. The association between adiposity (BMI and estimated VAT) per unit
increase from the 10 to the 90™ percentile and colorectal, esophageal, and liver
cancer incidence by hormone level among participants with at least one year of

follow-up (A.) and at least five years of follow-up (B.) in the UK Biobank

Low Hormone Level

High Hormone Level

Cancer Type Hormone HR* (95% CI) Pvalue HR*(95% CI) P value Pinteraction”
A. Analysis with 1-year lag time (N=447,549)
Female
Colorectal E2 1.12(0.98,1.27)  0.096 0.95(0.72,1.27)  0.746 0.886
SHBG 1.12(0.93,1.35)  0.223 1.03(0.87,1.22)  0.698 0.508
T 1.02 (0.85,1.22)  0.818 1.13(0.96,1.34)  0.143 0.912
Esophageal E2 0.96 (0.66,1.4)  0.832 0.88(0.27,2.87)  0.828 0.886
SHBG 1.82(1.08,3.09)  0.025 0.75(0.45,1.27)  0.289 0.050
T 1.02 (0.59,1.76)  0.943 1.04(0.62,1.73)  0.890 0.965
Liver E2 1.72.(1.13,2.6)  0.011 1.87(0.73,4.81)  0.192 0.886
SHBG 2.69(1.49,4.85)  0.001 1.69 (1,2.87)  0.051 0.359
E T 1.45(0.75,2.82) 0.273 1.79(1.1,2.92)  0.020 0.912
Male
Colorectal E2 1.41(1.27,1.56)  0.000 1.29(0.97,1.7)  0.075 0.550
SHBG 1.48 (1.32,1.66)  0.000 1.14(0.95,1.38)  0.149 0.029
T 1.37(1.21,1.54)  0.000 1.34(1.15,1.57)  0.000 0.854
Esophageal E2 1.85(1.52,2.25)  0.000 1.41(0.86,2.3) 0.172 0.462
SHBG 1.65(1.31,2.09)  0.000 2.31(1.69,3.16)  0.000 0.084
T 1.7 (1.35,2.13)  0.000 2(1.48,2.71)  0.000 0.565
Liver E2 2.07 (1.61,2.66)  0.000 1.54(0.96,2.45)  0.072 0.462
SHBG 1.87(1.33,2.64)  0.000 3.23(2.46,4.24)  0.000 0.029
T 2(1.47,2.73)  0.000 2.88(2.1,3.95)  0.000 0.287
Female
Colorectal E2 1.16 (1.01,1.32) ~ 0.036 1.02(0.76,1.38)  0.893 0.934
SHBG 1.36 (1.11,1.67)  0.004 1(0.84,1.2) 0.984 0.043
T 1.12(0.93,1.35)  0.231 1.18(0.98,1.41) 0.078 0.744
Esophageal E2 1.11 (0.75,1.64)  0.602 1(0.29,3.37)  0.995 0.934
SHBG 2.27(1.244.17)  0.008 0.95(0.56,1.6)  0.849 0.043
[ T 1.08 (0.61,1.91)  0.790 1.32(0.77,2.25)  0.316 0.744
§ Liver E2 1.83(1.17,2.88)  0.009 1.92(0.66,5.59)  0.230 0.934
SHBG 3.29(1.62,6.67)  0.001 1.91(1.09,3.34) 0.024 0.226
T 1.54(0.76,3.12) ~ 0.230 1.78(1.03,3.07)  0.040 0.744
Male
Colorectal E2 1.56 (1.39,1.75)  0.000 1.32(0.95,1.84)  0.097 0.514
SHBG 1.62 (1.41,1.87)  0.000 1.34(1.11,1.62)  0.002 0.145
T 1.49(1.29,1.72) ~ 0.000 1.49(1.26,1.75)  0.000 0.983




Table S3. The association between adiposity (BMI and estimated VAT) per unit
increase from the 10 to the 90™ percentile and colorectal, esophageal, and liver
cancer incidence by hormone level among participants with at least one year of

follow-up (A.) and at least five years of follow-up (B.) in the UK Biobank

Low Hormone Level High Hormone Level
Cancer Type Hormone HR* (95% CI) Pvalue HR*(95% CI) P value Pinteraction”
Esophageal E2 2.18(1.72,2.76)  0.000 1.58(0.86,2.91)  0.142 0.514
SHBG 1.89(1.42,2.54)  0.000 2.83(1.98,4.06)  0.000 0.145
T 2(1.5,2.67) 0.000 2.36(1.69,3.29)  0.000 0.977
Liver E2 2.59(1.9,3.54) 0.000 2.08(1.14,3.8) 0.018 0.514
SHBG 3.03(1.97,4.68) 0.000 4.13(2.91,5.87)  0.000 0.260
T 3.04 (2.01,4.59)  0.000 3.44(2.36,5.01)  0.000 0.977
B. Analysis with 5-year lag time (N=428,277)
Female
Colorectal E2 1.05(0.89,1.23)  0.590 1.19(0.85,1.67)  0.307 0.651
SHBG 1.16 (0.93,1.46) 0.195 0.99(0.8,1.23)  0.942 0.307
T 0.93(0.74,1.17)  0.516 1.25(1.02,1.52)  0.033 0.149
Esophageal E2 1.05(0.66,1.66)  0.848 0.72(0.15,3.43)  0.681 0.651
SHBG 2.35(1.23,447) 0.009 0.79(0.42,1.47) 0.457 0.044
T 0.96 (0.49,1.87)  0.909 1.09 (0.59,2)  0.792 0.787
Liver E2 1.59(0.96,2.65)  0.072 2.26(0.73,6.98)  0.158 0.651
SHBG 2.66(1.33,5.31)  0.006 1.31(0.66,2.62)  0.441 0.219
= T 1.08 (0.44,2.62)  0.867 1.98(1.11,3.51)  0.020 0.368
E Male
Colorectal E2 1.4(1.23,1.59)  0.000 1.38(0.98,1.93)  0.064 0.926
SHBG 1.53(1.33,1.77)  0.000 1(0.79,1.27)  0.998 0.007
T 1.47(1.27,1.7)  0.000 1.18(0.96,1.44) 0.115 0.225
Esophageal E2 1.75 (1.36,2.25)  0.000 0.94(0.47,1.9) 0.871 0.258
SHBG 1.43 (1.06,1.94)  0.021 2.36(1.61,3.47)  0.000 0.041
T 1.57(1.18,2.1)  0.002 1.82(1.24,2.67)  0.002 0.759
Liver E2 2.38(1.79,3.17)  0.000 1.57(0.92,2.68)  0.095 0.258
SHBG 2.13(1.45,3.12)  0.000 3.55(2.57,4.89)  0.000 0.041
T 2.51(1.8,3.49)  0.000 2.71(1.85,3.97)  0.000 0.759
Female
Colorectal E2 1.06 (0.89,1.25)  0.541 1.26(0.88,1.8)  0.210 0.606
SHBG 1.35(1.05,1.74)  0.020 0.95(0.76,1.19)  0.644 0.076
T 0.99 (0.78,1.25) 0935 1.3(1.04,1.61) 0.020 0.263
T: Esophageal E2 1.22 (0.75,1.97)  0.426 0.79(0.16,3.88)  0.769 0.606
~ SHBG 2.81(1.3,6.07)  0.009 1.08 (0.58,2)  0.817 0.076
T 1.06 (0.53,2.12)  0.862 1.34(0.7,2.55) 0.371 0.617
Liver E2 1.62 (0.93,2.81) 0.088 2.4(0.65,8.84) 0.187 0.606
SHBG 2.85(1.22,6.62)  0.015 1.36(0.66,2.81)  0.404 0.182




Table S3. The association between adiposity (BMI and estimated VAT) per unit
increase from the 10 to the 90™ percentile and colorectal, esophageal, and liver
cancer incidence by hormone level among participants with at least one year of

follow-up (A.) and at least five years of follow-up (B.) in the UK Biobank

Low Hormone Level High Hormone Level

Cancer Type Hormone HR* (95% CI) Pvalue HR*(95% CI) P value Pinteraction”
T 1.17(0.47,293)  0.733  1.9(0.99,3.64)  0.053 0.575

Male

Colorectal E2 1.5(1.3,1.74)  0.000 1.37(0.91,2.06) 0.132 0.675
SHBG 1.66 (1.4,1.98)  0.000 1.15(0.91,1.46)  0.251 0.036
T 1.59(1.33,1.9)  0.000 1.27(1.04,1.57)  0.022 0.300

Esophageal E2 2.07 (1.54,2.77)  0.000 0.99(0.45,2.19)  0.982 0.253
SHBG 1.64 (1.14,2.36)  0.008 2.86(1.83,447) 0.000 0.077
T 1.91(1.34,2.73)  0.000 2.11(1.39,3.2)  0.000 0.721

Liver E2 3(2.08,434) 0.000 1.97(0.98,3.96)  0.055 0.429
SHBG 3.52(2.14,5.8)  0.000 4.33(2.84,6.6)  0.000 0.520
T 4.2 (2.63,6.71)  0.000 3(1.91,4.71)  0.000 0.444

? Models were adjusted for age, education level, race, height, MET hours per week,
alcohol intake, aspirin usage, processed meat consumption, previous bowel cancer

screening, family history of cancer, vegetable intake (pieces/day), fruit intake

(pieces/day), vitamin D in blood, and cereal intake (servings/week)

® P values for interaction were adjusted using FDR method for multiple testing

BMI: body mass index; VAT: visceral adipose tissue; SHBG: sex hormone binding
globulin; T: testosterone; E2: estradiol




Table S2: The association between adiposity (BMI and estimated VAT) per unit increase
from the 10 to the 90™ percentile and colorectal, esophageal, and liver cancer incidence
by hormone level among never smokers, UK Biobank

Low Hormone Level High Hormone Level
Cancer Type Hormone HR?* (95% CI) P value HR? (95% CI) P value  Pineraction”
Female
Colorectal E2 1.06 (0.89,1.26) 0.495 0.97 (0.68,1.39)  0.880 0.797
SHBG 1.11 (0.86,1.44) 0.407 1.03 (0.83,1.28) 0.754 0.968
T 1.02 (0.81,1.30) 0.853 1.09 (0.87,1.36)  0.445 0.767
Esophageal E2 1.15 (0.68,1.92) 0.604 0.87(0.11,6.77)  0.894 0.797
SHBG 1.70 (0.75,3.88) 0.206 1.23 (0.65,2.35) 0.526 0.968
T 1.16 (0.54,2.52) 0.701 0.99 (0.47,2.10) 0.989 0.767
Liver E2 1.46 (0.80,2.66) 0.212 2.94 (0.97,8.93) 0.057 0.797
SHBG 1.65 (0.64,4.22) 0.299 1.69 (0.81,3.52) 0.164 0.968
— T 0.89 (0.30,2.65) 0.834 1.31 (0.65,2.65) 0.453 0.767
E Male
Colorectal E2 1.38 (1.19,1.61) 0.000 1.19(0.79,1.80)  0.404 0.702
SHBG 1.40 (1.18,1.66) 0.000 1.07 (0.81,1.42)  0.621 0.105
T 1.42 (1.19,1.70) 0.000 1.23 (0.98,1.54)  0.080 0.445
Esophageal E2 1.96 (1.39,2.76) 0.000 1.66 (0.76,3.63)  0.208 0.702
SHBG 1.73 (1.15,2.61) 0.009 3.01(1.86,4.85) 0.000 0.105
T 2.15(1.49,3.11) 0.000 1.86 (1.10,3.13)  0.020 0.644
Liver E2 2.00 (1.30,3.08) 0.002 1.71 (0.83,3.50) 0.143 0.702
SHBG 1.47 (0.79,2.77) 0.227 3.98 (2.60,6.11)  0.000 0.025
T 1.60 (0.89,2.89) 0.118 3.85(2.38,6.24)  0.000 0.059
Female
Colorectal E2 1.10 (0.92,1.31) 0.315 1.08 (0.75,1.56)  0.675 0.946
SHBG 1.33(1.00,1.76) 0.050 1.05(0.84,1.32) 0.644 0.599
T 1.15(0.90,1.47) 0.271 1.12(0.89,1.42) 0.324 0.904
Esophageal E2 1.07 (0.61,1.86) 0.812 0.78 (0.09,7.04)  0.825 0.946
SHBG 1.70 (0.64,4.49) 0.284 1.28 (0.65,2.52)  0.477 0.840
T 0.99 (0.43,2.29) 0.984 1.14(0.52,2.49) 0.751 0.904
Liver E2 1.50 (0.78,2.85) 0.221 3.05(0.82,11.4) 0.098 0.946
) SHBG 2.09 (0.71,6.15) 0.180 1.83(0.84,4.01) 0.131 0.840
§ T 1.02 (0.34,3.11) 0.967 1.2 (0.55,2.61) 0.649 0.904
Male
Colorectal E2 1.55(1.31,1.84) 0.000 1.31(0.82,2.10) 0.264 0.926
SHBG 1.67 (1.36,2.04) 0.000 1.2.0 (0.91,1.58)  0.205 0.080
T 1.63 (1.32,2.02) 0.000 1.39(1.10,1.76)  0.005 0.476
Esophageal E2 2.26 (1.48,3.45) 0.000 2.14(0.78,5.92)  0.142 0.926
SHBG 2.06 (1.23,3.45) 0.006 3.67(1.98,6.80)  0.000 0.145
T 2.70 (1.62,4.50) 0.000 2.26 (1.27,4.00)  0.005 0.637
Liver E2 3.13(1.82,5.38) 0.000 2.72 (1.01,7.31)  0.047 0.926




Table S2: The association between adiposity (BMI and estimated VAT) per unit increase
from the 10 to the 90™ percentile and colorectal, esophageal, and liver cancer incidence
by hormone level among never smokers, UK Biobank

Low Hormone Level

High Hormone Level

Cancer Type Hormone

HR® (95% CI) P value

HR® (95% CI) P value

P. . b
interaction

SHBG
T

2.86(1.33,6.12)  0.007
3.00(1.41,6.36)  0.004

7.54 (4.06,14.00)
5.82 (3.14,10.78)

0.000
0.000

0.080
0.476

? Models were adjusted for age, education level, race, height, MET hours per week, alcohol
intake, aspirin usage, processed meat consumption, previous bowel cancer screening, family
history of cancer, vegetable intake (pieces/day), fruit intake (pieces/day), vitamin D in blood,

and cereal intake (servings/week)

®P values for interaction were adjusted using FDR method for multiple testing
BMI: body mass index; VAT: visceral adipose tissue; SHBG: sex hormone binding globulin; T:

testosterone; E2: estradiol
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