International Journal of Obesity

ARTICLE

Epidemiology and Population Health

www.nature.com/ijo

W) Check for updates

Associations of body composition measures with circulating
insulin-like growth factor-l, testosterone, and sex hormone-
binding globulin concentrations in 16,000 men

Matthew C. Hynes 125 Cody Z. Watling

© The Author(s) 2024

2, Yashvee Dunneram’, Timothy J. Key' and Aurora Perez-Cornago

1

BACKGROUND: Adiposity is positively associated with risk of some cancer sites and other health conditions in men; however, it is
unclear if endogenous hormones play a role in these associations. We examined how body composition, measured from magnetic
resonance imaging (MRI) and common measures of adiposity (e.g., body mass index (BMI)), are related to hormone concentrations
in men from the UK Biobank study.

METHODS: Up to 16,237 men with available body composition data (including visceral, subcutaneous, and liver fat, muscle fat
infiltration (MFI), lean tissue, and common adiposity measures) and serum hormone measurements (insulin-like growth factor-I (IGF-),
total testosterone, sex hormone-binding globulin (SHBG), and calculated free testosterone) were included. Multivariable-adjusted linear
regression models were used to determine the geometric mean hormone and SHBG concentrations across categories of each exposure.
RESULTS: Common measurements of adiposity were highly correlated with MRI measures of central and total adiposity (r = 0.76-0.91),
although correlations with ectopic fat (liver fat and MFI) were lower (r = 0.43-0.54). Most adiposity measurements showed an inverse U-
or J-shaped association with circulating IGF-l and free testosterone; however, MFI was linearly inversely associated, and lean tissue
volume was positively associated with both IGF-l and free testosterone concentrations. All body composition measures were inversely
associated with total testosterone and SHBG concentrations (relative geometric mean difference between Q5 vs. Q1: 20-30%).
CONCLUSION: Our results show that common adiposity and most MRl measures of adiposity relate similarly to serum hormone

concentrations; however, associations with ectopic fat (particularly MFI) and lean tissue were different.
International Journal of Obesity (2024) 48:1809-1817; https://doi.org/10.1038/s41366-024-01633-0

INTRODUCTION
Excess body weight and obesity have been linked to a number of
diseases in men, including hormone-related aggressive prostate
cancer, colorectal cancer [1-3], and cardiovascular disease [4]. The
potential mechanisms underlying these associations remain
unclear, and may be related to the endocrine, paracrine, and
inflammatory effects of adipose tissue [5-7]. Endogenous hor-
mones, such as insulin-like growth factor-l (IGF-I) and free
testosterone (unbound testosterone that is biologically active),
have been associated with a higher risk of metabolic syndrome,
cardiovascular disease, and some obesity-related cancers [8-12]
and may play a role in these associations. Sex hormone-binding
globulin (SHBG) is not a hormone, but it transports sex steroids in
the blood by binding to these hormones, therefore regulating
their bioavailability.

Previous cross-sectional studies have shown that IGF-I concen-
trations have an inverse U-shaped relationship with common
adiposity measures, such as BMI, while SHBG, total testosterone,

and free testosterone concentrations have shown inverse
relationships with BMI [13, 14]. However, the use of common
adiposity measures may limit previous investigations of the
relationships between obesity and hormone concentrations due
to their inability to measure fat in different body locations, and
the limited ability to differentiate between lean and fat tissue
[15]. Magnetic resonance imaging (MRI) may offer greater insight
into the associations between adiposity and hormone concentra-
tions due to its ability to differentiate fat and lean tissue in
differing regions of the body (e.g., whole-body, central, site-
specific) [16]. Moreover, MRl is able to measure fat stored in tissue
other than the adipose tissue, such as organs and muscle, which
is known as ectopic fat [17]. However, due to the high cost of
using MRI to measure body composition, previous studies have
been limited by small sample sizes and to the best of our
knowledge, no large-scale study has assessed the associations of
MRI measurements of body composition with these endogenous
hormones and SHBG.
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Our aim was therefore to investigate the associations of MRI
measures of body composition with serum concentrations of IGF-I,
testosterone, free testosterone, and SHBG in a cohort of 16,237
men. We also describe the associations of classic anthropometric
measures with these hormones for comparison with the MRI
measures.

METHODS

Data sources and study setting

The UK Biobank is a prospective cohort study involving over 500,000
participants aged 40-70 years living in the UK. Between 2006 and 2010,
9.2 million residents living within a radius of 40 km of the 22 UK Biobank
assessment centres across England, Wales and Scotland were contacted
via National Health Service records, and 5.5% opted to participate [18].
At recruitment, participants’ blood samples were collected for biomar-
ker estimation, and detailed baseline characteristics regarding anthro-
pometry, demographic, social factors, and health information were
recorded.

After the recruitment visit, two subsamples of the UK Biobank
participants attended follow-up assessments, one for biomarker re-
measurement ~5 years after the baseline assessment (n =~20,000), and
another for MRl imaging a median of 8 years after baseline (data available
for n=60,000 as of January 2022). Further details about the UK Biobank
can be found elsewhere [19].

Anthropometric measurements

MRI data collection (primary exposure). In 2014, the UK Biobank began the
largest multi-modal imaging study in the world, aiming to collect MRI data
on 100,000 (20%) UK Biobank participants [16]. Approximately 40,000
participants (~17,000 men) had abdominal MRI imaging data available for
analysis in January 2023. MRI imaging was performed following a detailed
protocol using a Siemens 1.5T Tesla MAGNETOM Aera scanner (Siemens
Healthineers, Erlangen, Germany) [16, 20]. Further details regarding
recruitment to the imaging portion of the UK Biobank can be found in
the Supplementary Methods.

Eight measures of body composition were collected via MRI and used in
these analyses: visceral adipose tissue (VAT), abdominal subcutaneous
adipose tissue (ASAT), total trunk adipose tissue, total adipose tissue, total
abdominal adipose tissue index, liver proton density fat fraction (PDFF),
total lean tissue volume (non-fat metabolically active tissue—e.g., muscle),
and muscle fat infiltration (MFI). Further details regarding the definition of
each MRl body composition measurement are described in the
Supplementary Methods.

Classic anthropometric measurements. Classic anthropometric measures
were collected in all UK Biobank assessments (recruitment, follow-up, and
MRI imaging). These include the common adiposity measures of BMI, body
fat % measured via bioimpedance (Tanita BC418MA body composition
analyser), and waist circumference (WC). Waist-to-hip ratio (WHR) was
calculated by dividing WC by the hip circumference measured using a tape
by a trained member of staff. To compare classic anthropometric measures
with those from MRI imaging data, classic anthropometric measures
collected during the imaging assessment were used to evaluate their
associations with the biomarkers of interest.

Serum biomarker measurement (outcome)
At recruitment, 99.7% of participants provided a non-fasted blood sample.
Samples were collected and maintained at 4 °C prior to transportation to a
central laboratory in which they were processed and then stored at —80 °C
for later assay measurement [21]. Serum concentrations of IGF-I were
measured via chemiluminescent immunoassay (DiaSorin Liaison XL); SHBG
and total testosterone concentrations were also measured using chemi-
luminescent immunoassays (Beckman Coulter DXI 800) [22] and serum
concentrations of albumin (used to calculate free testosterone) were
measured using a colourimetric assay (Beckman Coulter AU5800). An
estimate of free testosterone, unbound to SHBG or albumin, was calculated
using the law of mass action and participant measurements of SHBG, total
testosterone, and albumin [23, 24].

Those attending the first follow-up visit between 2012-2013 provided
an additional non-fasted blood sample and hormone biomarkers were re-
measured [22]; these re-measurements were used in sensitivity analyses.
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Exclusion criteria

For the main analysis, participants were excluded if they reported their sex
was female (n=273,310) and did not have MRI imaging data
(n =209,700). Participants were further excluded for having no hormonal
biomarker data at recruitment (n = 1230), no BMI data from the imaging
visit (n=532), prevalent malignant cancer (any cancer except non-
melanoma skin cancer diagnosed before the imaging visit, n = 1207),
taking medications at recruitment that may impact hormone levels
(n=161; see Supplementary Table 1), or reported sex not matching their
genetic sex (n =9). After applying these exclusions, a total of 16,237 men
from the UK Biobank were included. A flowchart of exclusions may be
found in Supplementary Fig. 1, and additional details of the exclusion
criteria are included in the Supplementary Methods.

In sensitivity analyses, we used a subset of men with a second biomarker
measurement from blood taken at a follow-up visit (n = 2681), and men
with a BMI changing less than 5% between recruitment and imaging visits
(n=10,408).

The number of participants included in each analysis varied across the
various MRI measures and biomarker combinations due to delays in
assessing the MRI data for the various body compartments, resulting in
missing data for some participants. As such, analyses between adiposity
measures and hormone concentrations varied from 3370 to 16,237 in the
number of participants included, with analyses assessing lean tissue and
total adipose tissue in relation to hormone concentrations often including
the lowest number of participants.

Statistical analysis

Participant’s baseline characteristics and adiposity measures were sum-
marised across three categories of BMI (<25.0, 25.0-29.9, =30.0 kg/mz).
Hormone concentrations and liver PDFF were log-transformed to
approximate a normal distribution. Pearson’s correlation coefficients (r)
between all body composition measures and hormonal biomarkers were
calculated and assessed for strong correlations (|r] = =0.80) or moderate
correlations (|r| ==0.60) [25]. Histograms of the outcome and exposure
variable distributions are available in Supplementary Fig. 2.

Linear regression models were used to estimate the association between
measures of body composition and hormonal biomarker concentrations.
Measures of body composition were categorised into quintiles to compare
results with previously published studies [8, 13, 14]. Covariates were
determined a priori and were included in the multivariable models if they
were deemed to be a plausible confounder between adiposity and
hormonal biomarker concentrations. For covariates in which responses
were unknown or missing, participants were categorised into an unknown/
missing category.

Minimally-adjusted linear regression models were adjusted for age at
recruitment (<45, 45-49.9, 50-54.9, 55-59.9, 60-64.9, =65 years) and
ethnicity (White, Mixed Race, Asian or Asian British, Black or Black British,
other, or missing/unknown (0.3%)). Multivariable linear regression models
were further adjusted for education (no educational qualifications,
completion of national exam at 17, attendance of university or college,
or missing/unknown (0.3%)), Townsend Deprivation Index (quintiles (most
deprived to most affluent), or missing/unknown (0.1%)), region of
recruitment (London, North-West England, North-Eastern England, York-
shire & the Humber, West Midlands, East Midlands, South-East England,
South-West England, Wales, or Scotland), employment status (not in paid/
self-employment, in paid/self-employment), cohabitation status (not living
with a partner, living with a partner), height (<170, 170-174.9, 175-179.9,
180-184.9, =185 cm, or missing (0.1%)), diabetes (no history of diabetes,
history of diabetes, or missing/unknown (0.2%)), cigarette smoking status
(never, previous smoker, current smoker, or missing/unknown (0.3%)),
alcohol consumption status (non-drinker, <1, 1-9, 10-19, =20 g/day, or
missing/unknown (0.1%)), and physical activity status (low, moderate, high,
or missing/unknown (1.7%)).

Geometric mean hormonal biomarker and SHBG concentrations were
estimated using predictive values from the multivariable linear regression
models using the margins, fixing covariates at their means for each
category. These values were then exponentiated and the ratio of the
geometric mean values relative to the first quintile represent the relative
geometric mean biomarker concentrations. Likelihood ratio tests (LRTs)
were used to compare the x> from each model to a model without the
exposure (body composition measure) to assess if the exposure of interest
significantly added to the model. LRTs were also used to assess for non-
linearity by comparing models built using categorical quintiles of the
exposure to models with the quintiles modelled continuously. If LRTs were
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statistically significant when assessing for non-linearity then associations
were deemed to be non-linear.

Sensitivity analyses. To account for the years between hormonal
biomarker measurement at recruitment (2006-2010) and MRI imaging
data (2014-2020), sensitivity analyses were performed on participants that
had a repeat hormonal biomarker measurement at follow-up (2012-2013;
n=2681). For participants with two biomarker measurements, the mean of
these two measures was taken and log-transformed to approximate a
normal distribution. Moreover, to assess for long-term changes in BMI
measures, and control for fluctuations in BMI which may in turn
correspond to changes in MRI measures between assessments, another
analysis was restricted to participants with a BMI at the imaging visit
(2014-2020) within +5% their BMI at recruitment (2006-2010; n = 10,408).
Quintiles for each exposure were re-defined for each sensitivity analysis.

A p value of <0.0001 was considered statistically significant to account
for the numerous comparisons. All statistical analyses were performed
using STATA version 17.0.

RESULTS

Participants’ characteristics

Men included in this study had a mean age of 55.3 (SD 7.6) years
at recruitment, a mean BMI of 27.0 (SD 3.9) kg/m? at the imaging
visit and were predominately of White ethnicity (96.5%; Table 1).
Men in the highest category of BMI (=30 kg/m?) were more likely
to have self-reported diabetes and be physically inactive. All MRI
measures of adiposity (e.g. visceral adipose tissue) increased
across the three BMI categories, and men with a BMI of >30 kg/m?
had lower levels of IGF-l, free testosterone, and SHBG, in
comparison to those with a BMI < 25 kg/m2 (Table 1).

Correlations between body composition measurements
Supplementary Table 2 presents the correlations between MRI
measurements, classic anthropometric measurements, and hor-
monal biomarkers and SHBG. Most MRI adiposity measures were
highly correlated with each other (r=0.85-0.98), although the
correlation between visceral and abdominal subcutaneous adi-
pose tissues was smaller (r = 0.69). However, MRI measures of lean
tissue, MFI, and liver PDFF were not strongly correlated with any
other MRI measure (r=—0.10-0.55) or any common adiposity
measure (r=0.11-0.54). BMI, body fat %, and WC were highly
correlated with each other (r=0.77-0.86), but generally less
correlated with WHR (r=0.58-0.78), and highly correlated with
the MRI measures of adipose tissue (r =0.76-0.91).

Associations of body composition measures with geometric
mean hormonal biomarker and SHBG concentrations

The geometric mean concentrations of IGF-l, SHBG, total
testosterone, and free testosterone by quintiles of body composi-
tion measures from fully adjusted linear regression models are
presented in Figs. 1 and 2 (see minimally-adjusted models in
Supplementary Figs. 3 and 4). The addition of covariates in
multivariable models generally did not change the associations
between body composition measures and IGF-l, SHBG, total
testosterone, and free testosterone (Figs. 1 and 2 and Supple-
mentary Figs. 3 and 4).

Most MRI adiposity measurements, and all common adiposity
measurements, showed a significant inverse U- or J-shaped
association with the geometric mean concentrations of IGF-l and
free testosterone (Figs. 1A and 2B). Lean tissue had a positive
linear association with free testosterone and IGF-I concentrations,
with a 1.2 nmol/L (~5%) higher geometric mean IGF-I concentra-
tion in the highest quintile in comparison to the lowest quintile
(Fig. 1A). MFI had an inverse linear association with IGF-l and free
testosterone concentrations, respectively (Figs. 1A and 2B).

All measures of body composition showed a significant inverse
relationship with the geometric mean concentration of SHBG and
total testosterone (Figs. 1B and 2A). For most body composition
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associations with SHBG, the relative geometric mean changed
more between the lowest and second-lowest quintiles (e.g.,
10-15% lower concentrations for MRl measures of adiposity) than
between subsequent quintiles (Fig. 1B). Liver PDFF and SHBG
showed the strongest overall association, with a 31% lower
geometric mean SHBG in the highest quintile in comparison to the
lowest quintile (Fig. 1B).

Sensitivity analysis

Sensitivity analyses restricted to 2681 men with repeat biomarker
measures and 10,408 men with stable BMI can be found in
Supplementary Figs. 5-8, respectively. Free testosterone broadly
showed weaker associations with measures of body composition
in men with repeat biomarker measurements (Supplementary
Fig. 6B). The remaining associations were very similar to those
observed in the main analyses, although larger confidence
intervals were observed due to the smaller number of men
included.

DISCUSSION

This observational analysis used gold-standard MRI measurements
of body composition to assess the relationship with serum
hormonal biomarker and SHBG concentrations and showed that
MRI and classic anthropometric measures of adiposity each had
similar associations with serum concentrations of IGF-I, SHBG, total
testosterone and free testosterone, although associations with
ectopic fat were weaker. Specifically, MRI measures of adiposity
had inverse U- or J-shaped associations with IGF-I and free
testosterone concentrations—with the exception of MFI, which
was linearly inversely associated with IGF-I and free testosterone
concentrations—and inverse associations with SHBG and total
testosterone concentrations. Lean tissue was positively associated
with IGF-I and free testosterone concentrations. To our knowl-
edge, this is the largest study to date assessing the associations of
MRI measurements of body composition with hormonal biomar-
kers and SHBG in men.

Our results showed that common adiposity measures (i.e., BMI,
body fat % and WC) were highly correlated with MRI measures of
central and total adiposity (e.g., VAT, ASAT) which has been shown
in other observational studies of ~40-200 male participants from
the UK [26-28]. MRI measures of lean tissue volume and ectopic
fat (i.e, MFI and liver PDFF) had weaker correlations with the
common adiposity measures. The latter may be particularly
important as common measures of adiposity do not adequately
capture the proportion of ectopic fat in the body, which may have
independent associations with disease outcomes.

In our study, common and MRI measurements of adiposity were
associated with concentrations of IGF-l in an inverse U- or
J-shaped manner, which has been previously reported for BMI and
WC in cross-sectional studies of 400-16,000 men [13, 29, 30]. To
the best of our knowledge limited research has explored MRI
adiposity measures with IGF-I concentrations in adult men. One
study of 14 men with acromegaly, a condition where individuals
have markedly high IGF-I concentrations, suggested lower ASAT
and VAT measured by MRI among these men in comparison to
controls [31]. However, in contrast to our study, a small
observational study of 267 men found no association between
IGF-1 and adiposity (VAT, ASAT, total fat mass) as assessed through
computed tomography [32]. Two further small studies of 17 and
33 men observed no significant changes in IGF-I concentrations
following bariatric surgery and subsequent weight loss [33]. IGF-I
stimulates cell differentiation and proliferation in numerous
tissues, and existing research has suggested that growth hormone
therapy, which stimulates IGF-I production, reduces VAT [34];
however, it is not clear the direction of effect and the magnitude is
not large. Further research into other growth factors, IGF-Il, and
IGF-binding proteins—which may be influenced by body
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Table 1. Participant characteristics in up to 16,237 men from the UK Biobank stratified by total cohort and subcategories of BMI.
Total BMI (kg/m?)
<25.0 25.0-29.9 >30.0
Total number of participants, n 16,237 5189 7870 3178
Age at recruitment (years), mean (SD) 55.3 (7.6) 55.5 (7.6) 55.4 (7.5) 54.6 (7.5)
Sociodemographic, n (%)
Higher educational qualifications 12,570 (77.4) 4302 (82.9) 6002 (76.3) 2266 (71.3)
Most deprived category 2130 (13.1) 648 (12.5) 987 (12.5) 495 (15.6)
Living with partner 13,259 (81.7) 4242 (81.7) 6539 (83.1) 2478 (78.0)
Not in paid/self-employment 4666 (28.7) 1549 (29.9) 2247 (28.6) 870 (27.4)
Current cigarette smokers 1222 (7.5) 329 (6.3) 592 (7.5) 301 (9.5)
Drinking alcohol >20 g/day 7202 (44.4) 1974 (38.0) 3719 (47.3) 1509 (47.5)
Physically inactive 4314 (26.6) 1230 (23.7) 2053 (26.1) 1031 (32.4)
White ethnicity 15,662 (96.5) 4987 (96.1) 7583 (96.4) 3092 (97.3)
Self-reported diabetes 562 (3.5) 106 (2.0) 243 (3.1) 213 (6.7)
Region of imaging (Central England) 10,332 (63.6) 3223 (62.1) 4989 (63.4) 2120 (66.7)
Biomarker, mean (SD)
IGF-I (nmol/L) 22.5 (5.2) 22.5 (5.0) 22.8 (5.1) 21.8 (5.5)
SHBG (nmol/L) 38.9 (15.6) 44.6 (16.5) 374 (144) 33.1 (13.9)
Total testosterone (nmol/L) 12.2 (3.5) 13.1 (3.6) 12.1 (3.4) 11.0 (3.3)
Free testosterone (pmol/L) 214.4 (56.8) 2129 (53.9) 217.3 (57.7) 209.7 (58.5)
Anthropometric measures, mean (SD)
Height (cm) 176.7 (6.6) 177.1 (6.7) 176.6 (6.5) 176.2 (6.6)
BMI (kg/mz) 27.0 (3.9) 23.1 (1.4) 27.2 (1.4) 33.0 (3.0)
Body fat (%) 25.5 (5.6) 20.7 (4.4) 26.0 (3.7) 31.8 (4.0)
Waist circumference (cm) 94.3 (10.7) 84.9 (6.3) 94.8 (6.3) 108.2 (9.1)
Waist to hip ratio 0.93 (0.06) 0.89 (0.05) 0.94 (0.05) 0.99 (0.06)
MRI measure of body composition, mean (SD)
Visceral adipose tissue volume (L) 4.9 (2.3) 29 (1.4) 5.1 (1.6) 7.7 (2.0)
Abdominal subcutaneous adipose tissue volume (L) 5.8 (2.5) 3.8 (1.1) 5.8 (1.4) 9.1 (2.8)
Total abdominal adipose tissue index (L/m?) 3.5 (1.4) 2.2 (0.7) 3.5 (0.8) 54 (1.2)
Total trunk adipose tissue volume (L) 10.7 (4.4) 6.7 (2.2) 10.9 (2.4) 16.8 (3.9)
Total adipose tissue volume (L) 19.6 (6.4) 13.7 (3.3) 20.0 (3.7) 28.6 (5.3)
Total lean tissue volume (L) 28.2 (3.4) 26.4 (3.0) 28.5 (3.0) 30.7 (3.4)
Muscle fat infiltration (%) 6.7 (1.7) 5.9 (1.3) 6.8 (1.5) 7.9 (1.9)
Liver PDFF (%) 4.7 (4.8) 2.5 (2.2) 4.7 (4.4) 8.3 (6.2)

Age, sociodemographic, and biomarker data were collected at recruitment from 2006-2010. Anthropometric measures and MRI measures were collected at MRI

imaging from 2014-2020.

BMI body mass index, IGF-I insulin-like growth factor-I, n number of participants, PDFF proton density fat fraction, SD standard deviation, SHBG sex hormone-

binding globulin.

composition—is needed to clarify these associations as well as
their potential mechanisms of action [13, 29, 30, 35].

Both MRI and common measures of adiposity were inversely
associated with free testosterone concentrations in a J-shaped
manner. We also observed differences in the association
patterns between total testosterone and free testosterone with
body composition measurements. Having greater adipose
tissue will lead to higher aromatase activity [36], which may
lead to androgens being converted to oestrogens, thus
resulting in less circulating testosterone. As well, as observed
in this study and others, SHBG is greatly reduced with greater
adiposity [14, 37], which will influence free testosterone
concentrations.

Similar to this study, a cross-sectional study of 406 healthy
young men found MRI measures of VAT and ASAT were inversely
associated with total testosterone and free testosterone [37]. In a
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randomised controlled trial of 60 men, transdermal testosterone
patches were found to decrease VAT and ASAT measured by MRI
[38], and in a study of 45 men with type 2 diabetes, bariatric
surgery caused a decrease in MRI-measured VAT that was
inversely associated with total testosterone levels [39]. Moreover,
in a study of 1453 men from Korea, ASAT, but not VAT, measured
by computed tomography was inversely associated with testos-
terone [40]. Both free and circulating testosterone has been
previously inversely associated with common adiposity measures
in numerous studies of upwards of 12,000 men [14, 41].
Testosterone is responsible for secondary sex-related character-
istics—stimulating muscle growth, erythropoiesis, and cell growth
in the prostate—and has been implicated in prostate cancer risk
[42]. It remains unclear why weaker associations were observed in
sensitivity analyses for men with repeat biomarker measurements.
This may be due to the smaller sample size in the sensitivity
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Visceral adipose tissue volume
32

Q1 22 22.1(21.9-22.2) . Heterogeneity <0.0001
Q2 3234 22.4 (22.2-22.6) = Non-linearity <0.0001
Q3 3229 222 (22.1-22.4) |
Q4 3217 21.8 (21.6-22.0) =
Q5 3221 21.1 (20.9-21.2) -

Abdominal subcutaneous adipose tissue volume
Q1 227 219 (21 1) . Heterogeneity <0.0001
Q2 3224  22.4 (22.2-22.5) - Non-linearity <0.0001
Q3 3227 22.1 (21.9-22.3) 3
Q4 3222 22.1(21.9-22.3) -
Q5 3219 21.0 (20.9-21.2) -

Total abdominal adipose tissue index
Qi 022 .0 (21.8-22.2) - Heterogeneity <0.0001
Q2 2022 22.4 (22.2-22.7) - Non-linearity <0.0001
Q3 2024 222 (22.0-22.4) -
Q4 2012 2.2 (22.0-22.4) =
Q5 2014 20.9 (20.7-21.1) -

Total trunk adipose tissue volume
Qi .0 (21.8-22.2) . Heterogeneity <0.0001
Q2 3221 225 (22.3-22.7) - Non-linearity <0.0001
Q3 3203  222(22.0-22.4) e
Q4 3214 21.9 (21.7-22.0) L
Q5 3211 21.0 (20.8-21.1) -

Total adipose tissue volume
Q1 67 221 (21.7-22.5) e Heterogeneity <0.0001
Q2 673 22.4 (22.0-22.8) o Non-linearity <0.0001
Q3 669 225 (22.2-22.9) e
Q4 671 22.1(21.7-22.4) -
Q5 669 20.9 (20.5-21.3) -

Total lean tissue volume
Q1 668 21.3(20.9-21.7) - Heterogeneity 0.0009
Q2 673 21.7 (21.4-22.1) e Non-linearity 0.80
Q3 672 22.0 (21.6-22.4) -
Q4 671 22.4 (22.0-22.8) -
Q5 669 225 (22.1-22.9) -

Muscle fat infiltration
Qt 1927 22.7 (22.5-22.9) - Heterogeneity <0.0001
Q2 1925 22.2(21.9-22.4) - Non-linearity 0.0002
Q3 1926 222 (22.0-22.4) -
Q4 1924 21.8 (21.5-22.0) -
Q5 1917 20.8 (20.6-21.0) -

Liver PDFF
Q1 818 21.8 (21.4-22.1) E Heterogeneity <0.0001
Q2 819 22.3 (22.0-22.7) - Non-linearity <0.0001
Q3 822 225 (22.1-22.8) -
Q4 822 22.1 (21.8-22.5) =
Q5 811 21.1 (20.8-21.4) -

Classic anthropometric

Body mass index
Qi 3256 21.8 (21.6-21.9) . Heterogeneity <0.0001
Q2 3218 22.1(22.0-22.3) - Non-linearity <0.0001
Q3 3251 22.3 (22.1-22.5) -
Q4 3261 22.2(22.0-22.4) -
Q5 3159 21.1(20.9-21.3) -

Body fat %
Q1 3216 22.1(22.0-22.3) . Heterogeneity <0.0001
Q2 3204 22.5 (22.3-22.6) = Non-linearity <0.0001
Q3 3152 22.2 (22.0-22.4) 3
Q4 3093 21.9 (21.7-22.1) =
Q5 3149 20.9 (20.7-21.0) -

Waist circumference
Q1 372 21.9 (21.7-22.1) Heterogeneity <0.0001
Q2 3111 22.2 (22.0-22.4) = Non-linearity <0.0001
Q3 3181 22.3 (22.1-22.5) -
Q4 2959 22.0 (21.9-22.2) -
Q5 3173 21.1 (20.9-21.3) -

Waist to hip ratio
Q1 3255 22.0 (21.8-22.1) . Heterogeneity <0.0001
Q2 3210 22.1(22.0-22.3) 3 Non-linearity <0.0001
Q3 3236 222 (22.0-22.4) |
Q4 3221 21.8 (21.6-22.0) L
Q5 3222 21.4 (21.2-21.5) -

07 08 09 10 1.1

IGF-I relative geometric mean

Fig. 1

B) Geometric mean

SHBG concentration
N [nmol/L] (95% CI) P-values
2958 44.7 (44.1-45.3) -+ Heterogeneity <0.0001
2965 38.0 (37.5-38.5) - Non-linearity <0.0001
2952 34.9 (34.4-35.3) -
2997 32.4 (32.0-32.8) -
2981 31.1(30.7-31.5) -
2955 42.7 (42.1-43.3) - Heterogeneity <0.0001
2965 36.8 (36.4-37.3) - Non-linearity <0.0001
2984 35.0 (34.6-35.5) -
2977 33.5(33.1-34.0) -
2967 32.3 (31.9-32.8) -
1866 44.6 (43.9-45.4) E S Heterogeneity <0.0001
1846 37.2 (36.6-37.9) - Non-linearity <0.0001
1866 34.7 (34.1-35.2) -
1854 33.1(32.6-33.7) -
1878 31.6 (31.0-32.1) -
2957 44.4 (43.8-45.0) - Heterogeneity <0.0001
2956 37.5 (37.0-38.0) - Non-linearity <0.0001
2950 34.9 (34.4-35.3) -
2981  32.8(32.4-33.2) -
2973 31.4 (31.0-31.8) -
604 44.6 (43.3-45.9) —— Heterogeneity <0.0001
616 37.8 (36.8-39.0) —_-— Non-linearity <0.0001
611 35.8 (34.8-36.8) —a—
623 34.5 (33.5-35.5) -
619 32.8 (31.9-33.8) -
611 41.1 (39.8-42.5) —— Heterogeneity <0.0001
632 38.1 (37.0-39.3) —a— Non-linearity 0.051
614 37.0 (35.9-38.1) —-—
607 36.0 (35.0-37.2) -
609 32.5 (31.4-33.6) —-—
1766 39.4 (38.6-40.1) e Heterogeneity <0.0001
1781 36.8 (36.2-37.5) = Non-linearity 0.0001
1773 35.1(34.5-35.7) -
1776 34.9 (34.2-35.5) -
1783 34.5(33.9-35.1) o
735 44.2 (43.0-45.4) —— Heterogeneity <0.0001
750 39.6 (38.6-40.6) —— Non-linearity 0.67
750 36.3 (35.3-37.2) -
758 33.4 (32.6-34.3) o=
753 30.6 (29.8-31.4) =
2986 43.0 (42.5-43.6) E 3 Heterogeneity <0.0001
2983 37.9 (37.4-38.4) - Non-linearity <0.0001
2993 35.6 (35.1-36.0) -
2989 33.3(32.8-33.7) -
2920 30.9 (30.4-31.3) -
2946 42.1 (41.5-42.7) - Heterogeneity <0.0001
2956 36.6 (36.1-37.1) - Non-linearity <0.0001
2892 34.9 (34.4-35.3) -
2849 33.9 (33.4-34.3) -
2919 32.6 (32.2-33.1) -
3407 42.4 (41.9-42.9) - Heterogeneity <0.0001
2866 37.6 (37.1-38.1) - Non-linearity <0.0001
2944 35.0 (34.6-35.5) -
2726 33.2(32.8-33.7) -
2927 31.2(30.7-31.6) -
2981 41.9 (41.4-42.5) E 3 Heterogeneity <0.0001
2944 37.3(36.8-37.8) - Non-linearity <0.0001
2998 35.0 (34.5-35.5) -
2958 34.1(33.7-34.6) -
2989 32.0 (31.6-32.4) -

07 08 09 10 1.1
SHBG relative geometric mean

Multivariable adjusted model of body composition measures in relation to the geometric mean concentrations of IGF-l and SHBG.

A IGF-I relative geometric mean concentrations, B SHBG relative geometric mean concentrations. MRl measures are found in the top portion
of the figure, with classic anthropometric in the lower portion. The relative geometric mean is the ratio of log-transformed values relative to
the first quintile. P value for heterogeneity assesses evidence of an overall association; p value for non-linearity assesses departure from
linearity per incremental increase of exposure (significance indicates non-linearity). Cl confidence interval, MRI magnetic resonance imaging, N
number of participants, PDFF proton density fat fraction, Q quintile, SD standard deviation.

analysis, an effect of temporality, or overall weaker associations, as
free testosterone had the fewest significant associations of the
assessed hormonal biomarkers.

We also observed both MRI and classic anthropometric
measures were inversely associated with SHBG, which is in line
with previous studies [14, 37]. Specifically, in one cross-sectional
study of 406 Danish men, MRI measured VAT and ASAT were
inversely associated with SHBG concentrations [37]. We also
observed that liver PDFF was linearly inversely associated with
SHBG and was the strongest association observed in this study.

International Journal of Obesity (2024) 48:1809 - 1817

SHBG is produced by the liver and some evidence suggests that
high liver fat results in a reduction in circulating SHBG [43].
Furthermore, low SHBG levels have been observed in patients with
non-alcoholic fatty liver disease [44], and it is possible that higher
ectopic fat in the liver inhibits liver function and reduces SHBG
production.

Our findings also showed that MFI had an inverse association
with all hormonal biomarkers and SHBG concentrations. To our
knowledge, limited research has explored MFI's association with
hormones, with one cross-sectional analysis of 1453 Korean men
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A) Geometric mean total
testosterone concentration
MRI measure N [nmol/L] (95% CI) P-values
Visceral adipose tissue volume
Q1 3215 13.0 (12.9-13.2) +* Heterogeneity <0.0001
Q2 3209 12.3 (12.2-12.4) - Non-linearity 0.0059
Q3 3219 11.6 (11.5-11.7) -
Q4 3215 11.1(11.0-11.2) -
Q5 3212 10.7 (10.6-10.8) -
Abd: | sub 1eous adi tissue vol
Q1 3218 13.1 (13.0-13.2) - Heterogeneity <0.0001
Q2 3208 12.2 (12.0-12.3) - Non-linearity 0.0029
Q3 3222 11.7 (11.6-11.8) -
Q4 3205 11.2(11.1-11.3) -
Q5 3213 10.6 (10.5-10.7) -
Total abdominal adipose tissue index
2017 13.2(13.0-13.4) - Heterogeneity <0.0001
Q2 2006 12.3 (12.1-12.5) - Non-linearity 0.053
Q3 2017 11.6 (11.4-11.7) -
Q4 2013 11.2(11.0-11.3) -
Q5 2009 10.5 (10.4-10.7) -
Total trunk adipose tissue volume
Q1 3207 13.1 (13.0-13.3) » Heterogeneity <0.0001
Q2 3206 12.3 (12.2-12.4) - Non-linearity 0.33
Q3 3212 11.7 (11.6-11.8) -
Q4 3201 11.1 (11.0-11.2) -
Q5 3207 10.6 (10.5-10.7) -
Total adipose tissue volume
1 668 13.1 (12.8-13.4) - Heterogeneity <0.0001
Q2 664 12.4 (12.1-12.7) - Non-linearity 0.30
Q3 672 11.6 (11.4-11.9) -
Q4 666 11.4 (11.1-11.6) -
Q5 669 10.5(10.3-10.8) -
Total lean tissue volume
663 12.4 (12.1-12.7) —— Heterogeneity 0.0001
Q2 670 11.8 (11.6-12.1) —a Non-linearity 0.42
Q3 664 11.7 (11.5-12.0) -
Q4 669 11.6 (11.4-11.9) -
Q5 673 11.3(11.0-11.6) -
Muscle fat infiltration
1918 12.7 (12.5-12.8) 3 Heterogeneity <0.0001
Q2 1918 12.1 (11.9-12.2) - Non-linearity 0.58
Q3 1917 11.7 (11.6-11.9) -
Q4 1920 11.3 (11.2-11.5) -
Q5 1918 11.0 (10.8-11.1) -
Liver PDFF
Q1 815 12.8 (12.5-13.0) e Heterogeneity <0.0001
Q2 811 12.4 (12.1-12.6) = Non-linearity 0.75
Q3 813 11.8 (11.5-12.0) -
Q4 815 11.2(11.0-11.4) -
Q5 817 10.7 (10.4-10.9) =
Classic anthropometric
Body mass index
Qi 3242 12.9 (12.8-13.0) » Heterogeneity <0.0001
Q2 3211 12.2 (12.0-12.3) - Non-linearity 0.0002
Q3 3236 11.8 (11.7-12.0) -
Q4 3252 11.3 (11.2-11.4) -
Q5 3151 10.5(10.4-10.6) -
Body fat %
Qi 3204 12.9 (12.8-13.0) - Heterogeneity <0.0001
Q2 3195 12.1 (12.0-12.3) - Non-linearity 0.012
Q3 3130 11.7 (11.6-11.8) -
Q4 3085 11.3(11.2-11.4) -
Q5 3146 10.7 (10.6-10.8) -
Waist circumference
370 12.9 (12.8-13.0) - Heterogeneity <0.0001
Q2 3094 12.1 (12.0-12.2) - Non-linearity 0.0013
Q3 3180 11.7 (11.6-11.8) -
Q4 2949 11.3(11.2-11.4) -
Q5 3162 10.5 (10.4-10.6) -
Waist to hip ratio
3244 12.7 (12.5-12.8) - Heterogeneity <0.0001
Q2 3198 12.0 (11.9-12.1) - Non-linearity 0.0059
Q3 3228 11.7 (11.5-11.8) -
Q4 3205 11.4 (11.3-11.6) -
Q5 3216 10.9 (10.8-11.0) -
07 08 09 10 11 1.2
Total one i ic mean

B) Geometric mean free

testosterone concentration
N [pmol/L] (95% CI) P-values
2943 204.2 (202.3-206.1) * Heterogeneity <0.0001
2946 211.8 (209.9-213.8) - Non-linearity <0.0001
2930 209.3 (207.4-211.2) -
2975 207.0 (205.1-208.8) =
2957 204.3 (202.4-206.2) -
2938 210.9 (209.0-212.8) - Heterogeneity <0.0001
2940 213.4 (211.5-215.3) | Non-linearity <0.0001
2972 210.3 (208.5-212.2) s
2952 205.6 (203.8-207.5) -
2944 196.8 (195.0-198.6) -
1857  208.2 (205.8-210.6) -+ Heterogeneity <0.0001
1834 214.5 (212.1-217.0) - Non-linearity <0.0001
1856 209.1 (206.7-211.5) 3
1842 205.8 (203.4-208.1) =
1859 198.8 (196.5-201.1) -
2941 206.8 (204.9-208.7) - Heterogeneity <0.0001
2934 214.2 (212.2-216.1) - Non-linearity <0.0001
2933 210.1 (208.2-212.0) o
2959 205.8 (204.0-207.7) -
2948 199.9 (198.1-201.8) -
601 206.6 (202.5-210.9) e Heterogeneity <0.0001
609 215.2 (211.0-219.5) - Non-linearity 0.0004
608 207.1 (203.0-211.2) 4+
618 203.8 (199.9-207.9) |
612 196.6 (192.7-200.5) -
604 202.0 (197.6-206.4) - Heterogeneity 0.018
627 203.2 (199.2-207.3) - Non-linearity 0.52
607 204.4 (200.4-208.6) |
603 206.5 (202.4-210.8) e
607 212.9 (208.2-217.6) -
1760 213.5(210.8-216.1) - Heterogeneity <0.0001
1763 212.0 (209.6-214.5) - Non-linearity 0.064
1763 209.1 (206.7-211.5) -
1768 204.2 (201.8-206.6) -
1768 197.8 (195.4-200.2) -
729 201.2 (197.6-204.9) - Heterogeneity 0.0057
742 210.2 (206.5-214.0) - Non-linearity 0.0023
742 208.7 (205.0-212.5) -
752 205.6 (201.9-209.2) |-
748 204.2 (200.6-207.9) S
2970 206.1 (204.2-208.0) - Heterogeneity <0.0001
2956 209.5 (207.6-211.4) = Non-linearity <0.0001
2975 211.6 (209.7-213.5) -
2977 208.3 (206.4-210.1)
2891  200.8 (199.0-202.7) -
2927 208.9 (207.0-210.8) - Heterogeneity <0.0001
2938 213.2 (211.3-215.1) - Non-linearity <0.0001
2871 210.3 (208.4-212.2) L
2833  206.1 (204.3-208.0) -
2893 198.0 (196.1-199.8) -
3390 208.1 (206.3-209.9) - Heterogeneity <0.0001
2844 209.8 (207.9-211.7) L Non-linearity <0.0001
2934  209.5 (207.7-211.5) o
2700 208.7 (206.7-210.6) o
2900 200.4 (198.5-202.2) -
2969 206.0 (204.1-207.8) - Heterogeneity 0.018
2927 208.8 (206.9-210.7) | Non-linearity 0.011
2973 208.7 (206.8-210.6) 3
2931 207.7 (205.8-209.6) 3
2968 205.1 (203.3-207.0) -

07 08 09 10 11 12
Free testosterone relative geometric mean

Fig. 2 Multivariable adjusted model of body composition measures in relation to the geometric mean concentrations of total
testosterone and free testosterone. A Total testosterone relative geometric mean concentrations, B free testosterone relative geometric
mean concentrations. MRI measures are found in the top portion of the figure, with classic anthropometric in the lower portion. The relative
geometric mean is the ratio of log-transformed values relative to the first quintile. P value for heterogeneity assesses evidence of an overall
association; p value for non-linearity assesses departure from linearity per incremental increase of exposure (significance indicates non-
linearity). Cl confidence interval, MRI magnetic resonance imaging, N number of participants, PDFF proton density fat fraction, Q quintile, SD

standard deviation.

finding no association between testosterone concentrations and
intermuscular fat [40]. Further work should potentially explore
these associations.

In this study, the associations of lean tissue with hormonal
biomarkers were different to those observed for adiposity measure-
ments, as it showed a positive linear association between lean tissue
volume and serum concentrations of IGF-l and free testosterone. This
aligns with observational findings showing a positive association
between IGF-l and lean tissue in 776 Danish men aged 20-29 years

SPRINGER NATURE

[45], and free testosterone concentrations and muscle mass measured
with dual-energy x-ray absorptiometry (DXA) [46, 47]. Testosterone
and IGF-l are known to increase muscle mass [34, 47-51], and the
positive linear relationships we observed are likely a result of these
hormones supporting/stimulating lean tissue growth.

Strengths of our analyses include the large cohort size and
detailed phenotyping data available. The UK Biobank is the largest
prospective cohort study to contain biomarker measurements for
practically the entire cohort, and secondary biomarker and MRI

International Journal of Obesity (2024) 48:1809- 1817



measurements on a sub-cohort. Moreover, the UK Biobank has
collected detailed sociodemographic and lifestyle factors on all
participants, thus we were able to adjust analyses for potential
confounders.

Limitations of this analysis include the unclear directions of
causal relationships underlying the associations observed
between body-composition and hormonal biomarkers, as body
composition and hormones are related in a reciprocal manner.
Although BMI was used as a common index of adiposity because it
is strongly correlated with both body fat percentage and adiposity
in general population studies, it does not differentiate between fat
and lean mass. The reliance upon biomarker measurements taken
several years earlier than the MRI imaging is also a limitation as
the median time between recruitment and imaging was eight
years (range 3.8-12.6 years). However, our sensitivity analyses
restricted to participants with repeat biomarker measurements
(median of 3.5 years between measurement and imaging, range of
1.0-6.9 years) and participants with stable BMI showed that the
results were largely unchanged. The UK Biobank used chemilu-
minescent immunoassays to measure circulating androgens,
which has analytical limitations in comparison to gold standard
methods [52], however, for large epidemiological purposes, this
method accurately ranks participants and therefore can be used to
compare between participants. Moreover, the calculation of free
testosterone using the law of mass action may deviate from the
true concentration, however, it has been found to correlate
strongly with direct laboratory measures [53]. Additionally, results
may not be generalisable, including to other racial and ethnic
groups; the UK Biobank is not fully representative of the
contemporary UK population as participants are predominately
White, and are also comparatively healthier and from a higher
socioeconomic status [18], with imaging done in a subsample who
are likely to be more health-conscious. However, the direction of
relationships is likely to remain the same [54]. While ~30,000 men
in UK Biobank have undergone MRI imaging, the processing delay
in quantifying their body composition means that only around
half (17,614 men) were available for analysis (before further
exclusion criteria). Due to numerous comparisons, chance findings
are still possible, however, we used a conservative p value of
0.0001 to signify statistical significance which reduces the chance
of a type | error. As well, using body fat percentage may be a
potentially flawed measure [55] and these results should be
interpreted cautiously. Only details of covariates collected at
recruitment were used for model adjustment, aiming to adjust for
any association they may have had on the initial biomarker
measurements. There is also potential for residual confounding by
imperfect measurement of confounders or not adjusting for
unmeasured covariates, therefore causality cannot be determined.
Future research exploring the interplay between genetic factors,
body composition, and hormonal biomarkers may provide
additional insights into the complex association between obesity
and health outcomes. Finally, additional research is needed to
examine these associations in women. However, such analyses
would require careful consideration of factors such as changes in
menopausal status between blood collection and the time of
imaging data collection, which are likely to affect hormonal
concentrations during this period.

CONCLUSION

Our results indicate that both common (e.g., BMI) and MRI
measures of total and central adiposity (e.g. VAT, ASAT) were
highly correlated and showed similar inverse associations with
concentrations of hormonal biomarkers and SHBG, with associa-
tions for ectopic fat being weaker. We also found novel
associations of MFI and lean tissue volume with some of these
hormonal biomarkers and further research should explore this in
relation to the risk of cancer and other health conditions.
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