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Abstract

Background: Body mass index (BMI), waist and hip circumference are strongly correlated and do not reflect body
composition. A Body Shape Index (ABSI) and Hip Index (HI) define waist and hip size among individuals with the
same weight and height and would thus reflect body density. We examined differences in body composition
between body-shape phenotypes defined with ABSI and HI and used this information to propose explanations for
associations between body-shape phenotypes and colon cancer risk.

Methods: We used data from the UK Biobank Resource for 15,520 men, 16,548 women with dual-emission X-ray
absorptiometry (DXA) measurements; 3997 men, 4402 women with magnetic resonance imaging (MRI)
measurements; 200,289 men, 230,326 women followed-up for colon cancer. We defined body-shape phenotypes as:
large-ABSI-small-HI (“apple”), small-ABSI-large-HI (“pear”), small-ABSI-small-HI (“slim”), large-ABSI-large-HI (“wide”). We
evaluated differences in body composition in linear models and associations with colon cancer risk in Cox
proportional hazards models adjusted for confounders and explored heterogeneity by BMI.

Results: Among individuals with the same height and weight, visceral adipose tissue (VAT) was lowest for “pear”
and highest for “apple”, while abdominal subcutaneous adipose tissue (ASAT) was lowest for “slim” and highest for
“wide” phenotype. In the gynoid region, differences between “apple” and “pear” phenotypes were accounted for
mainly by fat mass in women but by lean mass in men. In men, lean mass was inversely associated with waist size,
while the pattern of gynoid fat resembled ASAT in women. Lean and fat mass were higher for higher BMI, but not
hand grip strength. Compared to normal weight “pear”, the risk of colon cancer in men (1029 cases) was higher for
“apple” phenotype for normal weight (hazard ratio HR = 1.77; 95% confidence interval: 1.16-2.69) and comparably
for overweight and obese, higher for “wide” phenotype for overweight (HR = 1.60; 1.14-2.24) and comparably for
obese, but higher for “slim” phenotype only for obese (HR=1.98; 1.35-2.88). Associations with colon cancer risk in
women (889 cases) were weaker.
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Conclusions: ABSI-by-HI body-shape phenotypes provide information for body composition. Colon cancer risk in
men appears related to ASAT quantity for “slim” and “wide” but to factors determining VAT accumulation for

“apple” phenotype.

Background

Excess body weight, as reflected in body mass index
(BMI), is accepted as a risk factor for cardiovascular
diseases and several cancers [1], but BMI cannot
distinguish the contribution of fat and lean mass. Ab-
dominal size is associated positively with the meta-
bolic complications of obesity, while gluteofemoral
size is associated inversely [2], but waist (WC) and
hip circumference (HC) are correlated strongly with
each other and with BMI and cannot distinguish sub-
cutaneous from visceral fat or lean from fat mass [3].
Although A Body Shape Index (ABSI) and Hip Index
(HI) are also anthropometric indices, they are inde-
pendent of weight and height by design and thus
complement BMI [4, 5]. In analogy to BMI, which
compares body mass among individuals with the same
height, ABSI and HI, which are related to body vol-
ume, compare the transversal body dimensions, waist
and hip circumference, among individuals with the
same weight and height. Positive associations with
ABSI and inverse with HI have been reported for
mortality, cardio-metabolic risk factors and various
cancers, including several cancers which are not con-
sidered obesity related [3, 4, 6, 7].

We hypothesised that body-shape phenotypes defined
with ABSI and HI would provide information for body
composition as follows. Individuals with small-ABSI-
small-HI (“slim”) would have the smallest volume for a
given weight and height and would thus comprise body
components with higher density, i.e. a larger proportion
of lean mass. Individuals with large-ABSI-large-HI
(“wide”) would have the largest volume for a given
weight and height and would thus comprise body com-
ponents with lower density, i.e. a larger proportion of fat
mass. Hence, there would be a density gradient between
individuals with concordant ABSI and HI (“wide” vs
“slim”). As the opposing metabolic effects of waist and
hip size are mainly related to visceral fat [2], individuals
with large-ABSI-small-HI (“apple”) would have the lar-
gest visceral fat depot for a given weight and height,
while individuals with small-ABSI-large-HI (“pear”)
would have the smallest visceral fat depot. Hence, there
would be a visceral fat gradient between individuals with
discordant ABSI and HI (“apple” vs “pear”).

Using high-quality body-composition measurements
from dual-emission X-ray absorptiometry (DXA) and
magnetic resonance imaging (MRI) scans available for a

subset of UK Biobank participants, we examined the
body-composition profile of body-shape phenotypes de-
fined with ABSI and HI and explored heterogeneity by
BMI To illustrate the relevance of this information to
cancer epidemiology, we examined in the complete co-
hort the association between body-shape phenotypes
and the risk of development of colon cancer, as the most
common obesity-related cancer relevant to both men
and women, for which we have already reported for UK
Biobank positive associations with ABSI and BMI and,
in men, an inverse association with HI [7].

Methods

Study population

UK Biobank comprises half a million participants from
the general population in the United Kingdom (UK),
with age at enrolment 40 to 70 years, who were recruited
between 2006 and 2010 and have been followed-up pro-
spectively [8, 9]. In accordance with our previous studies
in UK Biobank [7, 10], we restricted the study dataset to
participants with self-reported white ancestry. To exam-
ine associations with body composition, we retained
32,068 participants with DXA measurement and 8399
with MRI measurements, excluding participants with
missing imaging measurements, with anthropometric
measurements which were extreme or missing at the im-
aging visit, with a mismatch between genetically deter-
mined and self-reported sex, younger than 45 or older
than 75 at the imaging visit (to match the 30 years age
window at enrolment and to minimise the influence of
sarcopenia in the elderly), with prevalent cancer at the
imaging visit, or with incident cancer or death within
the first two years after the imaging visit (to minimise
the influence of cancer cachexia). To examine associa-
tions with cancer risk, we excluded 71,873 participants
with anthropometric measurements which were extreme
or missing at enrolment, with a mismatch between
genetically-determined and self-reported sex, younger
than 40 or older than 70years at enrolment, or with
prevalent cancer at enrolment and pregnant women
(Supplementary Fig. S1).

Cancer ascertainment

Cancer cases in UK Biobank are ascertained based on
cancer registry linkage. The outcome of interest was first
primary colon cancer diagnosed after enrolment, defined
as in our previous publication with code C18 from the
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10th version of the International Classification of Dis-
eases, and with behavioural code 3 or 5, excluding rare
morphologies (histological codes 8240, 8241, 8243, 8245,
8246, 8472, 8743, 8936, 9680, 9699) [7]. We censored at
the date of diagnosis participants with first colon cancer
with behavioural codes 6, 9, or missing, or with colon
cancer with rare morphology (as stated above), or with
first primary cancer with other location. We censored
follow-up at 31st March 2016 (up to which date the can-
cer registry information was complete) for all partici-
pants who had remained cancer-free, or censored
follow-up at the date of death, if this was earlier.

Anthropometric indices

Anthropometric measurements in UK biobank have
been obtained by specifically trained technicians, at the
natural indent or the umbilicus for waist circumference,
and at the widest point for hip circumference [8]. To
calculate ABSI for both sexes and HI for women, we
used coefficients from the National Health and Nutrition
Examination Survey (NHANES) [4, 5]. To calculate HI
for men, we used simple-fraction coefficients based on
UK Biobank data. HI calculated with coefficients from
NHANES was uncorrelated with BMI in women but was
inversely correlated with BMI in men from the UK Bio-
bank cohort [7] and, similarly, in men from the
European Prospective Investigation into Cancer and Nu-
trition (EPIC) cohort [3]. This suggests ethnic differ-
ences in HI, as 28% of NHANES participants had black
ethnic background [5]. We have previously noted that
the over-adjustment of hip circumference for weight and
height observed in HI calculated with coefficients from
NHANES can be corrected when ABSI, HI, BMI and
height are examined in an additive model [7]. It was,
however, important to avoid correlations with BMI when
using HI as a free-standing index for cross-classification,
as otherwise body-shape phenotypes would not be inde-
pendent of body size. Calculating HI in men with coeffi-
cients from NHANES would have resulted in up to 40%
differential misclassification with respect to BMI and HI,
with normal weight men with small HI (“slim and
“apple” phenotypes) being misclassified as large HI and
obese men with large HI (“pear” and “wide” phenotypes)
being misclassified as small HI (Supplementary Table
S1). To calculate the waist-to-hip index (WHI), we used
the waist-to-hip ratio (WHR) and simple-fraction coeffi-
cients based on UK Biobank data [10]:

ABSI = WC(mm)+Weight(kg) */*+Height(m)*/®
Hlyomen = HC(cm)+Weight(kg) ***+Height(cm)**'*

Hlpen = HC(cm)«Weight(kg) ?®«Height(cm)"/®
WHI = WHR*Weight(kg)'/*+Height(cm)'/?
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BMI = Weight(kg)*Height(m)>

We dichotomised ABSI and HI using as cut-offs
rounded numbers close to the sex-specific medians in
the complete study dataset at enrolment: >73 for women
and > 80 for men for ABSI, >64 for women and > 49 for
men for HI. We categorised WHI in sex-specific quar-
tiles and BMI in three groups according to the World
Health Organisation cut-offs: normal weight (BMI = 18.5
and < 25 kg/m?), overweight (BMI=>25 and < 30 kg/m?)
and obese (BMI>30 and < 45 kg/m?). Individuals with
BMI < 18.5 and BMI > 45 kg/m? were excluded from the
study, as they represented very small groups, which
could have large leverage but could not be examined
individually.

Body-composition measurements

Body-composition measurements were obtained on
average 8.7 years after enrolment for DXA and 6.7 years
for MRI. We used DXA measurements for regional lean
and fat mass and compared these with bioelectrical im-
pedance analysis (BIA) measurements obtained at the
imaging visit. For visceral (VAT) and abdominal sub-
cutaneous adipose tissue (ASAT), we compared DXA
mass and MRI volume measurements. As an indicator of
muscle functionality, we used hand grip strength [11].

Whole-body DXA images were acquired with GE-
Lunar iDXA scanner (GE Healthcare, Madison, Wiscon-
sin, USA) and were analysed with GE enCORE software
[12]. Regional fat and lean mass and VAT were available
for a limited number of participants (2030 men and
2201 women). We used total regional mass and regional
tissue fat percentage to calculate regional lean and fat
mass for the complete DXA dataset (see details in Sup-
plementary Methods). DXA regions were defined as fol-
lows: “arms” included the arms and shoulders areas;
“trunk” included the neck, chest, abdominal and pelvic
areas; “legs” included all remaining areas below the
trunk; “android” overlapped the trunk region between
the ribs and the pelvis; “gynoid” overlapped the legs and
trunk regions, including the hips and upper thighs [13].
MRI images were acquired with a Siemens Aera 1.5T
scanner (Syngo MR D13) (Siemens, Erlangen, Germany),
with a dual-echo Dixon Vibe protocol, and were ana-
lysed with AMRA profiler (Advanced MR Analytics, Lin-
koping, Sweden) [14]. Measurements flagged with error
codes by UK Biobank were considered missing. BIA
measurements were obtained with Tanita BC-418MA
Body Fat Analyser (Tanita Corp, Tokyo, Japan).

In analogy to allometric body-shape indices, we de-
fined allometric body-composition indices. We scaled
each body composition measurement with weight and
height in a log-linear regression model:
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log(Measurement)~px* log(Weight) + y* log(Height)

and then calculated an allometric index according to
the formula:

Index = Measurement>c<\)(/ei{.;ht'[5>(<Height'Y

To explore heterogeneity by BMI, we calculated allo-
metric body-composition indices with scaling only for
height. The scaling regression coefficients are listed in
Supplementary Table S2.

Statistical analysis

We performed all analyses separately in men and
women, because body shape and several cancers show
substantial differences between sexes [15, 16].

To examine the association of body-shape phenotypes
with body composition, we used body-composition indi-
ces as continuous variables, on the standardised scale of
sex-specific z-scores (value minus mean, divided by
standard deviation, SD; see means and SD per index in
Supplementary Table S2). We calculated pairwise partial
Pearson correlation coefficients between body-shape and
body-composition indices with adjustment for the main
factors potentially influencing body size, body shape and
body composition listed below. We further used multi-
variable linear regression models to calculate SD differ-
ences in body-composition indices between body-shape
phenotypes (“pear”-reference,” slim”,” wide”, “apple”) de-
fined according to an ABSI-by-HI cross-classification,
adjusting for self-reported weight change within the last
year preceding the imaging visit, smoking status, alcohol
consumption, physical activity and age at the imaging
visit, as well as Townsend deprivation index (available
only at enrolment), region of the imaging assessment
centre (for the DXA dataset) and in women also a com-
bined variable including menopausal status and, for
post-menopausal women, use of hormonal replacement
therapy evaluated at the imaging visit (the definition of
covariates is described in detail in Supplementary
Methods). For comparison, we additionally examined
the body-composition profile of WHI quartiles. To
examine heterogeneity by body size, we examined the
body-composition profile of an BMI-by-ABSI-by-HI
cross-classification, using body-composition indices
scaled only for height. We tested heterogeneity by BMI
with a likelihood ratio test, comparing a model including
ABSI-by-HI and BMI as separate categorical variables
with a model including a BMI-by-ABSI-by-HI cross-
classification variable.

To examine the association of body-shape phenotypes
with colon cancer risk, we estimated hazard ratios (HR)
and 95% confidence intervals (CI) with delayed-entry
Cox proportional hazards models, stratified by age at
enrolment and region of the initial assessment centre.
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We used age as the underlying time scale, with the date
of birth as origin, the date of attending an assessment
centre at enrolment as the entry time, and the earliest
of the date of diagnosis of the first incident colon can-
cer, or death, or date of censoring, as the exit time. All
models were adjusted for height and potential con-
founders, as in the models examining body-
composition indices as outcomes but evaluated at en-
rolment, and additionally for components of diet (con-
sumption of vegetables and fresh fruit, fibre calculated
according to [17], red meat, and processed meat), use
of non-steroidal anti-inflammatory drugs, family history
of cancer and, in women, age at the last live birth and
use of oral contraceptives. Models for ABSI-by-HI were
additionally adjusted for BMI. To explore possible re-
verse causality for cancer risk, we performed sensitivity
analyses excluding participants with less than two years
of follow-up. We additionally derived minimally ad-
justed HR estimates, with stratification by age and re-
gion and adjustment only for height and, for models
with ABSI-by-HI, also for BMI, in order to explore the
influence of covariates.

We used two-sided tests of statistical significance and
considered p <0.05 as a weaker evidence and p <0.001
as a stronger evidence. Missing information for covari-
ates was limited (Supplementary Table S3). To maximise
sample size, we replaced missing values with the median
category per sex. We used R version 4.0.5 for the linear
regression models and STATA-13 for the Cox propor-
tional hazards models [18, 19].

Results

Cohort characteristics

In total, 200,289 men and 230,326 women were included
in the cancer risk dataset, 15,520 men and 16,548
women in the DXA body-composition dataset, and 3997
men and 4402 women in the MRI dataset. Mean BMI
differed little between ABSI-by-HI body-shape pheno-
types (up to 1.3 kg/m?) (Table 1), compared to a differ-
ence of up to 8.1kg/m?> for body-shape phenotypes
defined using WC-by-HC, which classified most partici-
pants with normal weight BMI as “slim” and most with
obese BMI as “wide” phenotype (Supplementary Table
S4). WHI was incremented between phenotypes in the
order “pear”-“slim”-“wide”-“apple” (Table 1), with the
first and fourth WHI quartiles overlapping substantially
with “pear” and “apple” phenotypes but with all WHI
quartiles contributing to “slim” and “wide” phenotypes
(Supplementary Table S5).

Participants with “apple” phenotype were more likely
to be current or former regular smokers, with higher
Townsend deprivation index, using non-steroidal anti-
inflammatory drugs, consuming more red and processed
meat but less fruit, vegetables and fibre, and less likely to
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Fig. 1 Correlation between anthropometry and body composition. ABSI — a body shape index; ASAT — abdominal subcutaneous adipose tissue;
BMI — body mass index; HC — hip circumference; HI — hip index; VAT — visceral adipose tissue; WC — waist circumference; WHI — waist-to-hip
index; WHR — waist-to-hip ratio. Men — bottom-left half of each panel. Women - top-right half of each panel. Cells — show partial Pearson
correlation coefficients, with adjustment for age, weight change during the last year preceding the visit, smoking status, alcohol consumption,
physical activity, Townsend deprivation index, region (except for VAT and ASAT) and, for women, menopausal status and use of hormonal
replacement therapy (see definition of covariates in Supplementary Methods). Lean and fat mass correspond to dual-emission X-ray
absorptiometry (DXA) measurements. VAT and ASAT correspond to magnetic resonance imaging (MRI) measurements. Anthropometry, hand grip
strength and DXA measurements were obtained from the DXA dataset and MRI measurements from the overlap of the DXA and MRI datasets
(see Supplementary Fig. S1 for the definition of datasets). Body-composition measurements were converted to allometric indices with scaling for
height (left panel) or height and weight (right panel) (see scaling coefficients and formulas in Supplementary Table S2) and then to sex-specific z-
scores (value minus mean, divided by the standard deviation). Complete correlation heatmaps, including all body-composition measurements, are

shown in Supplementary Fig. S2 (for scaling with height) and Supplementary Fig. S3 (for scaling with height and weight)

be physically active, with women also being more likely
to have children at an earlier age, compared to partici-
pants with “pear” phenotype (Supplementary Table S3).
Participants with “wide” phenotype were the oldest and
least physically active, with women also being less likely
ever users of oral contraceptives or current HRT users.
Participants with “apple” and “wide” phenotypes were
also more likely to have a family history of cancer and to
consume alcohol daily. Participants with “slim” pheno-
type were the most physically active.

In the imaging datasets, BMI, ABSI and HI were lower
compared to the cancer risk dataset and participants
were less likely to have gained weight during the last
year preceding the visit, to be smokers, daily alcohol
consumers, physically inactive or, in women, ever HRT
users, compared to the cancer risk dataset (Table 1, Sup-
plementary Table S3).

Correlation between anthropometry and body
composition

Among participants with the same height, all body-
shape and body-composition indices were positively cor-
related with each other and with BMI (Fig. 1, Supple-
mentary Fig. S2). This included positive correlations

between lean and fat mass in all regions and between
VAT and gynoid fat mass, which are expected to be
functionally different. Both WC and HC were positively
correlated with lean and fat mass in the android and the
gynoid regions.

The correlation patterns, however, differed consider-
ably when participants were aligned by weight, in
addition to height (Fig. 1, Supplementary Fig. S3). Lean
mass was inversely correlated with fat mass in all re-
gions. The correlations between VAT and gynoid fat
mass were weak. In women, ABSI was correlated posi-
tively with android fat mass but not with android lean
mass and was correlated inversely with gynoid lean and
fat mass. In men, ABSI was correlated positively with fat
mass (more strongly with android than with gynoid fat
mass) and inversely with lean mass (more strongly with
gynoid than with android lean mass). In both sexes,
ABSI was correlated positively with VAT and ASAT, HI
was correlated positively with gynoid fat mass and not
with android fat mass overall, or with gynoid or android
lean mass, but HI was correlated weakly positively with
ASAT and inversely with VAT. Hand grip strength was
weakly positively correlated with lean mass, most
strongly for the arms.
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Fig. 2 Body composition profiles of body-shape phenotypes. ABSI - a body shape index (cut-offs: 280 in men; 273 in women); Apple — large-
ABSI-small-HI; ASAT — abdominal subcutaneous adipose tissue; BIA — bioelectrical impedance analysis measurements; Cl — confidence interval;
DXA - dual-emission X-ray absorptiometry measurements; HI — hip index (cut-offs: 249 in men; 264 in women); MRl — magnetic resonance
imaging measurements; Pear — small-ABSI-large-HI; SD - standard deviation; Slim — small-ABSI-small-HI; VAT — visceral adipose tissue; Wide —
large-ABSI-large-HI; SD difference (95% Cl) — derived from linear regression models with adjustment for age, self-reported weight change within
the year preceding the visit, smoking status, alcohol consumption, physical activity, Townsend deprivation index, region (except for VAT, ASAT
and MRI) and, in women, menopausal status and use of hormonal replacement therapy (see definition of covariates in Supplementary Methods
and numerical values in Supplementary Table S6). Body-composition measurements were converted to allometric indices with scaling for height
and weight (see scaling coefficients in Supplementary Table S2) and then to sex-specific z-scores (value minus mean, divided by the standard
deviation). Note that DXA lean mass does not include bone mass, which is included in BIA fat-free mass. See Supplementary Methods for the
calculation of DXA lean and fat mass. The patterns in the total DXA dataset were consistent with the patterns in the restricted DXA VAT subset,
which contained measurements for regional DXA lean and fat mass provided by UK Biobank (Supplementary Fig. $4, see Supplementary Fig. S1
for the definition of datasets). The adjustment for co-variates contributed only to a minor reduction in the SD differences (see Supplementary Fig.
S5 for models adjusted only for age and region, except for a single region for VAT, ASAT and MRI)

Body-composition profile of body-shape phenotypes

In the text below, we describe the patterns of lean and
fat mass based on DXA and the patterns of VAT and
ASAT based on MRI.

As hypothesised, total lean and fat mass differed be-
tween phenotypes with concordant waist and hip size in
both sexes (Fig. 2). In women, differences in total fat and
lean mass were maximised between “slim” and “wide”
phenotypes, with the highest total lean mass for “slim”
and the highest total fat mass for “wide” phenotype, but
arms and android lean mass were inversely associated

with hip size (highest for “slim” and “apple” phenotypes).
In men, total and regional lean mass were inversely asso-
ciated with waist size (lowest for “wide” and “apple” phe-
notypes), while total fat mass was associated positively
with waist size (highest for “wide” and “apple” pheno-
types). In both sexes, android fat mass overall was asso-
ciated positively with waist size, but VAT was lowest for
“pear” and highest for “apple” phenotype, while ASAT
was lowest for “slim” and highest for “wide” phenotype,
as hypothesised. The pattern of gynoid fat mass, how-
ever, differed substantially between men and women. In
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Fig. 3 Body composition profiles of categories by body-shape phenotype and BMI. ABSI - a body shape index (cut-offs: 280 in men; 273 in
women); Apple — large-ABSI-small-HI; ASAT — abdominal subcutaneous adipose tissue; BMI —
hip index (cut-offs: 249 in men; 264 in women); MRI -
measurements; NW — normal weight BMI > 185 to < 25.0 kg/m?; OB — obese BMI = 30.0 to < 45.0 kg/m?% OW - overweight BMI = 250 to < 30.0
kg/mz; Pear — small-ABSI-large-HI; SD — standard deviation; Slim — small-ABSI-small-HI; VAT — visceral adipose tissue; Wide — large-ABSI-large-HI. SD
— derived from linear regression models with adjustment for age, self-reported weight change within the year preceding the
visit, smoking status, alcohol consumption, physical activity, Townsend deprivation index, region (except for VAT, ASAT and MRI) and, in women,
menopausal status and use of hormonal replacement therapy (see definition of covariates in Supplementary Methods and numerical values in
Supplementary Table S7). Body-composition measurements were converted to allometric indices with scaling for height (see scaling coefficients
in Supplementary Table S2) and then to sex-specific z-scores (value minus mean, divided by the standard deviation).
values from a likelihood ratio test comparing a model with separate ABSI-by-HI and BMI categorical variables with a model with BMI-by-ABSI-by-
HI cross-classification. Plots for legs, trunk and android lean and fat mass are shown in Supplementary Fig. S7
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women, gynoid fat mass was lowest for “apple” and high-
est for “pear” phenotype while, in men, was lowest for
“slim” and highest for “wide” phenotype. Consequently,
the gynoid regions of “apple” and “pear” phenotypes dif-
fered mainly with respect to fat mass in women but with
respect to lean mass in men. Associations of hand grip
strength with body-shape phenotypes resembled the pat-
tern of arms lean mass in men but of gynoid lean mass
in women.

The patterns of VAT and ASAT based on DXA and
MRI were in agreement (Fig. 2). Associations of body-
shape phenotypes with BIA indices, however, resembled
DXA indices only for total lean and fat mass but differed
substantially for individual regions, especially for fat

mass (Fig. 2). For WHI quartiles, the VAT, ASAT, lean
and fat mass gradients were overlapping, with the largest
differences for all body-composition indices being be-
tween the lowest and the highest WHI quartile (Supple-
mentary Fig. S6).

Combining BMI categories and body-shape pheno-
types showed that lean as well as fat mass in all regions
were higher for higher BMI, but higher lean mass was
not paralleled by higher hand grip strength (Fig. 3). The
patterns of gynoid lean mass and VAT were comparable
among BMI categories. In women, gynoid fat mass was
consistently lowest for “apple” and highest for “pear”
phenotype in all BMI categories. In men, gynoid fat mass
resembled the pattern of ASAT in women, with a
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Fig. 4 Body-shape phenotypes in relation to colon cancer risk. ABSI — a body shape index (cut-offs: 280 in men; 273 in women); Apple - large-
hip index (cut-offs: 249 in men; 264 in women); HR — hazard ratio; NW —
normal weight BMI > 185 to < 25.0 kg/m?; OB - obese BMI = 300 to < 45.0 kg/m? OW — overweight BMI = 250 to < 30.0 kg/m? Pear — small-
ABSI-large-HI; Slim — small-ABSI-small-HI; Wide — large-ABSI-large-HI; HR (95% Cl)
and region and adjusted for BMI (for overall), height, self-reported weight change within the year preceding the visit, smoking status, alcohol
consumption, physical activity, Townsend deprivation index, diet (consumption of fresh fruit and vegetables, red meat, processed meat, fibre), use
of non-steroidal anti-inflammatory drugs, family history of cancer and, in women, menopausal status, use of oral contraceptives and hormonal
replacement therapy and age at the last live birth (see definition of covariates in Supplementary Methods). Pairwise comparisons between “apple”
and “pear” and between “wide” and “slim” phenotypes for each BMI category are included in Supplementary Table S8
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- derived from cox proportional hazards models, stratified by age

positive association with hip size in the obese BMI cat-
egory (highest for “pear” and “wide” phenotypes). ASAT
in men, however, showed a different pattern, with the
lowest levels for “slim” and highest for “wide” phenotype
in the obese BMI category.

Associations of body-shape phenotypes with colon cancer
risk

During a mean follow up of seven years, 1029 colon can-
cers were ascertained in men and 889 in women.

In men, compared to “pear” phenotype, the risk was
highest for “apple” (HR =1.48, 1.21 to 1.80) and inter-
mediate for “slim” (HR=1.21, 099 to 1.47) and
“wide” phenotypes (HR=1.27, 1.06 to 1.53) (Fig. 4).
Compared to normal weight BMI, the risk was incre-
mentally higher for overweight (HR=1.18, 1.00 to
1.40) and obese BMI (HR=143, 1.19 to 1.73) (Sup-
plementary Table S8). In subsets by BMI and body-
shape phenotype, however, the risk was incrementally
higher according to BMI only for “slim” and “wide”
phenotypes. Using the normal weight “pear” pheno-
type as reference, the risk was higher in men with

normal weight BMI only for “apple” phenotype (HR =
1.77, 1.16 to 2.69), additionally higher for “wide”
phenotype in men with overweight BMI (HR =1.60,
1.14 to 2.24), and further additionally higher for
“slim” phenotype in men with obese BMI (HR =1.98,
1.35 to 2.88) (Fig. 4). The risk for “apple” phenotype
remained higher compared to “pear” phenotype for all
BMI categories but without a marked increment for
higher BMI categories (Supplementary Table S8).

In women, associations were weaker compared to
men. The risk was higher for “apple” compared to “pear”
phenotype overall (HR=1.24, 1.02 to 1.51), and most
clearly in women with overweight BMI (HR =1.49, 1.08
to 2.05) but not in women with obese BMI, while for
“slim” and “wide” phenotypes, there was a suggestion for
a positive association only in women with obese BMI
(Fig. 4, Supplementary Table S8).

In sensitivity analyses, associations with colon cancer
were stronger when omitting the adjustment with covari-
ates but the patterns remained consistent after removing
participants with less than two years of follow-up, albeit
with a major loss of power (Supplementary Fig. S8).
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Discussion
Our study has shown that, among individuals with the
same height and weight, VAT differences were maxi-
mised between body-shape phenotypes with discordant
waist and hip size (lowest for “pear” and highest for
“apple” phenotype), while ASAT differences were maxi-
mised between body-shape phenotypes with concordant
waist and hip size (lowest for “slim” and highest for
“wide” phenotype). In the gynoid region, “apple” and
“pear” phenotypes differed mainly by fat mass in women
but by lean mass in men, with fat mass contributing in
men only at obese BMI. Lean similarly to fat mass was
higher for higher BMI but was not paralleled by higher
hand grip strength. In men, lean mass was inversely as-
sociated with waist size. Compared to normal weight
“pear” phenotype, the risk of colon cancer in men was
comparably higher for “apple” phenotype in all BMI cat-
egories, for “wide” phenotype only for overweight and
obese BMI and for “slim” phenotype only for obese BML
Associations with colon cancer in women were weaker.
Our study is the first to define body-shape phenotypes
combining ABSI and HI, to examine their association
with body composition using high-quality imaging mea-
surements and to explore heterogeneity by BMI. Several
small-scale studies have previously reported, in agree-
ment with our findings, a positive association of ABSI
with VAT assessed with BIA [20] or computer tomog-
raphy [21] and inverse associations of ABSI with hand
grip strength [22] and with total fat-free mass assessed
with BIA [23, 24] or DXA [21, 25]. Our study, however,
has shown that ABSI-by-HI body-shape phenotypes are
more informative for body composition than ABSI and
HI used individually. Using ABSI alone would not dis-
criminate VAT from ASAT, as ABSI was correlated
positively with both, but combining ABSI with HI would
enable a discrimination between VAT and ASAT, as
VAT and ASAT differences were maximised between
non-overlapping pairs of body-shape phenotypes. Fur-
ther, our study indicates that the higher lean mass corre-
sponding to higher BMI reflects mainly the energy
storage capacity of the muscles, as higher lean mass was
not matched by correspondingly higher functionality
measured with hand grip strength. In agreement, mus-
cles represent the main glycogen storage depot [26] and
intervention studies have reported an increase of both
lean and fat mass after overfeeding [27]. In our study,
we have also compared DXA and BIA measurements of
regional fat and lean mass and DXA with MRI measure-
ments of VAT and ASAT with respect to their associa-
tions with body-shape phenotypes. DXA has previously
shown good agreement with MRI and computer tomog-
raphy, including for VAT measurement [28], although
DXA lean mass is quantified indirectly and could be in-
fluenced by body hydration and overestimated in obesity
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[29, 30]. BIA, however, additionally overestimates fat-
free mass in obesity compared to DXA and, most im-
portantly, is disproportionately sensitive to limb and
trunk water content [31-33]. Accordingly, our study has
demonstrated that BIA does not agree with DXA for re-
gional body composition, which is more relevant to the
detrimental consequences of obesity.

Positive associations of the traditional indices of ab-
dominal obesity WC and WHR, as well as BMI, with
colon cancer risk, stronger in men than in women, have
previously been reported [34], but hip size has not been
considered. Large prospective studies examining associa-
tions between regional body composition and colon can-
cer risk are also lacking, although small-scale studies,
mainly with case-control design, have reported positive
associations with VAT [35]. Recent studies in UK Bio-
bank have also reported for men positive associations
with BIA total fat and BIA fat-free mass [36, 37], when
examined individually, but only with BIA fat mass when
mutually adjusted [36]. The opposition of lean and fat
mass and their mutual adjustment, however, do not ac-
count for their relatedness as excess energy depots and
we have previously demonstrated that combining corre-
lated obesity indices results in biased risk estimates [3,
7]. When we examined BMI, waist and hip circumfer-
ence were individually, all three were associated posi-
tively with colon cancer risk in men [7]. Mutually
adjusting all three in the same model converted the posi-
tive association with hip circumference to inverse, in
agreement with the inverse association with HI, but also
abolished the positive association with BMI, which
remained independent of adjustment for ABSI and HI
[7]. We have also previously demonstrated that using a
waist circumference index strongly correlated with BMI
does not permit risk stratification by waist size inde-
pendent of body size, as this classifies as high risk only a
very small group of individuals with low BMI and most
individuals with high BMI [3]. In the current study, we
have similarly shown that it is not possible to use waist
and hip circumference to define body-shape phenotypes
independent of body size. We would, therefore, advocate
replacing waist and hip circumference with ABSI and HI
in studies examining associations with body shape.

The body-composition profiles of body-shape pheno-
types would likely be explained, to a great extent, by glu-
cocorticoids and sex-steroids, which are interrelated [15,
38-40]. Cortisol contributes to lean mass reduction by
reducing insulin sensitivity and inhibition of glycogen
accumulation in skeletal muscles [41, 42]. Correspond-
ingly, high cortisol in patients with Cushing’s syndrome
leads to muscle mass reduction and VAT increase,
which are ameliorated after adrenalectomy [43, 44]. In
men, testosterone has opposite effects to cortisol and
glucocorticoid excess suppresses testosterone production
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[45, 46]. Low testosterone levels in men are associated
with higher waist circumference and sarcopenia [47, 48],
while testosterone supplementation in hypogonadal men
increases muscle mass and reduces VAT [49, 50] and
ABSI [21]. VAT reduction, however, requires aromatisa-
tion of testosterone to oestradiol [51]. In women, andro-
gens have a different relationship with obesity and VAT.
Serum levels of free testosterone are higher in women
with abdominal obesity [52] and testosterone adminis-
tration in female-to-male transsexual conversion in-
creases VAT [53]. In both sexes, morbid obesity
contributes to a dysfunction of the hypothalamus-
pituitary-gonadal axis, which is alleviated by bariatric
surgery, with a resulting increase of testosterone in men
and a decrease in women [54].

Oestrogen effects on body composition are also sexu-
ally dimorphic and related to glucocorticoids. Thus in
women, abdominal obesity and liver steatosis develop
after the menopause following a decrease of blood
oestrogen levels and oestrogen receptor (ERa) expres-
sion in adipose tissue [55-57]. Mouse models have
shown that VAT mass gain after ERa reduction in adi-
pocytes is female-specific [58] and the development of
liver steatosis after oestrogen reduction is dependent on
hypersensitisation of the glucocorticoid receptor [59].
Further, administration of oestrogens combined with the
antiandrogen cyproterone acetate in post-menopausal
women increases subcutaneous fat specifically in the legs
[60], while in male-to-female transsexual conversion the
same combination increases subcutaneous fat in both
the abdominal and hip areas [53].

Associations of body-shape phenotypes with a given
outcome may either be mediated via body composition
or may be determined directly by the mechanistic path-
ways regulating regional body size and composition. If
regional fat depots are involved, the outcome would be
associated positively with BMI, as fat mass in all regions
is higher for higher BML In our study, colon cancer risk
was positively associated with BMI mainly in men with
concordant waist and hip size (“slim” and “wide”). There
was also an apparent dependence on critical mass accu-
mulation and a saturation, as compared to normal
weight “pear” phenotype, the risk for “wide” phenotype
was similarly higher for overweight and obese BMI. This
would be compatible with a receptor-mediated mechan-
ism, dependent on higher ligand supply with depot ex-
pansion but limited by receptor saturation. Although
ASAT was higher for higher BMI, ASAT was consist-
ently lowest for “slim” and highest for “wide” phenotype
at any BMIL. ASAT would thus reach the critical mass at
lower BMI for “wide” phenotype but at higher BMI for
“slim” phenotype, thus explaining the higher risk for
“slim” phenotype only for obese BMI. A critical mass ef-
fect, requiring lowering of BMI below a critical point,
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may also explain why weight reduction examined on a
continuous scale was not associated with a reduction in
colon cancer risk [61]. Oestrogens derived from andro-
gen aromatisation in ASAT would be one potential can-
didate for a ligand, as colon cancer cells appear to
favour oestradiol, synthesising it locally via their own
aromatase activity [62] and expressing higher levels of
ERa, which promotes cell proliferation [63]. Other li-
gands originating from ASAT such as adipokines, how-
ever, may also contribute to the observed associations.

In men with discordant waist and hip size, colon can-
cer risk appeared related more to the factors determin-
ing body shape and less to mass quantity, as the risk was
similarly higher for “apple” compared to “pear” pheno-
type in all BMI categories. Given that “apple” and “pear”
phenotypes differed mainly with respect to VAT, we
propose that in men with discordant waist and hip size
colon cancer is associated primarily with factors deter-
mining VAT quantity. Cortisol could be one such factor,
as colon cancer cells can synthesise it locally and use it
to mediate tumour immune escape via suppression of T-
cell activation [64]. Cortisol also stimulates colon cancer
cell growth in vitro [65]. The mechanism, however, is
likely to be more complicated, involving other interre-
lated factors such as sex-steroids, insulin resistance, and
chronic inflammation and this would need to be clarified
in future studies. In any case, our study suggests that a
weight reduction without body-shape alteration is un-
likely to achieve colon cancer risk reduction for “apple”
phenotype in men. Although at present there is no sim-
ple answer how to modify body shape, it would be im-
portant to ensure that men with “apple” phenotype
adhere rigorously to colon cancer screening programs. It
would also be important to clarify in future studies how
interventions such as modification of diet, hormonal re-
placement therapy, or physical activity can alter benefi-
cially body shape, although in the case of hormonal
therapy, any benefits would have to be balanced against
potential risks of hormone-related cancers.

A strength of our study is the sizeable number of partic-
ipants with body composition measurements and incident
colon cancers, which provided statistical power and per-
mitted examining men and women separately. Body com-
position measurements were obtained with high-quality
imaging techniques. Anthropometric measurements were
obtained by trained personnel, avoiding bias from self-
reported values. Models were adjusted for major lifestyle
factors, minimising confounding. However, due to lack of
adequate data, we could not examine directly associations
between body composition and cancer risk, or ethnic vari-
ations in body composition, which are known to be large
[13, 66], or heterogeneity by menopausal status (there
were no younger pre-menopausal women in the imaging
datasets), or heterogeneity by obesity grade, or extreme
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obesity, or longitudinal changes in time. Furthermore, UK
Biobank participants are not representative of the overall
population [67]. This discrepancy was even more promin-
ent for participants in the imaging datasets, which were
less obese and with healthier lifestyles than the cohort at
enrolment.

Conclusion

While BMI provides information for the quantity of fat
and lean mass overall, ABSI-by-HI body-shape pheno-
types provide information for body composition, reflect-
ing differences between VAT and ASAT and between
gynoid lean and fat mass among individuals with the
same weight and height. Our results are compatible with
a leading contribution of gynoid fat to differences in hip
size in women but suggest a different role and regulation
of gynoid fat in men, possibly similar to ASAT in
women. Body-shape phenotypes show differences in
body composition at all BMI levels and convey informa-
tion for a separate aspect of obesity, independent from
energy balance. Colon cancer risk in men is lowest in
“pear” phenotype and appears related to ASAT quantity
for “slim” and “wide” phenotypes but to factors deter-
mining VAT accumulation for “apple” phenotype. Exam-
ining associations with body-shape phenotypes in
addition to associations with BMI would enhance studies
of obesity related outcomes. We would recommend
using the ABSI-by-HI body-shape phenotypes and the
BMI-by-ABSI-by-HI cross-classification in studies exam-
ining obesity and cancer risk to obtain risk stratification
by body shape independent of body size, as well as to
provide insights for associations with body composition
and hypotheses for future investigation.
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