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1 | INTRODUCTION

The prevalence of obesity has nearly tripled over the last three
decades.! Obesity is one of the most critical public health concerns

of the 21st century.! It is associated with an increased risk of
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Abstract

Objective: *8F-Fluorodeoxyglucose positron emission tomography/computed
tomography (PET/CT) allows noninvasive assessment of glucose metabolism and
radiodensity in visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT).
We aimed to address the effects of ageing and metabolic factors on abdominal
adipose tissue.

Design, Patients and Measurements: We retrospectively analyzed data from 435
healthy men (mean 42.8 years) who underwent a health check-up programme twice,
at baseline and the 5-year follow-up. The mean standardized uptake value (SUV) was
measured using SAT and VAT and divided by the liver SUV. The mean Hounsfield
units (HU) of the SAT and VAT were measured from the CT scans. The effects of
clinical variable clusters on SUVR were investigated using Bayesian hierarchical
modelling; metabolic cluster (BMI, waist-to-hip ratio, fat percentage, muscle
percentage*-1, HOMA-IR), blood pressure (systolic, diastolic), glucose (fasting
plasma glucose level, HbA1c) and C-reactive protein.

Results: All the clinical variables changed during the 5-year follow-up period. The
SUVR and HU of the VAT increased during follow-up; however, those of the SAT did
not change. SUVR and HU were positively correlated with both VAT and SAT. SAT
and VAT SUVR were negatively associated with metabolic clusters.

Conclusions: Ageing led to increased glucose metabolism and radiodensity in VAT,
but not in SAT. VAT may reflect the ageing process more directly than SAT. Glucose
metabolism was higher and radiodensity was lower in VAT than in SAT, probably
owing to differences in gene expression and lipid density. Both glucose metabolism
and radiodensity of VAT and SAT reflect metabolic status.
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chronic metabolic diseases such as cardiovascular disease, diabetes,
dyslipidemia, hypertension and nonalcoholic fatty liver.?3

Adipose tissue has no specific anatomy.* It consists of multiple
depots situated in two primary compartments of the body: visceral
adipose tissue (VAT) and subcutaneous adipose tissue (SAT). The VAT
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is located within the intra-abdominal cavity and is linked to digestive
organs, including the omental, mesenteric, and epiploic adipose tissue
depots.*> The SAT is located beneath the skin, separated by the
abdominal wall, and represents over 80% of the total body fat.”
However, adipose depots are structured to form large organs with a
distinct anatomy, specific vascular and nerve supplies, complex
cytology and high physiological plasticity.® Furthermore, numerous
studies have demonstrated the differences between VAT and SAT in
terms of gene expression profiles, cell morphology and association
with cardiometabolic diseases.® Therefore, inflammation within the
VAT and SAT could have varying implications for the risk of
cardiometabolic diseases.”

18F_Fluorodeoxyglucose (FDG) positron emission tomography (PET)
allows the noninvasive assessment of glucose metabolic activity and
inflammation in the adipose tissue.® Moreover, computed tomography
(CT) enables the noninvasive evaluation of adipose tissue quality in
Hounsfield units (HU). Thus, *F-FDG PET/CT is a reliable tool for the
simultaneous evaluation of VAT and SAT. Glucose metabolism in VAT is
lower in obese participants than in lean participants’® and lower
attenuation of VAT is associated with risk factors for cardiometabolic
diseases.!* However, there has been no investigation of the interaction
between glucose metabolism and abdominal adipose tissue radiodensity,
the distinctive features of VAT and SAT in terms of glucose metabolism
and radiodensity, or the longitudinal changes in VAT and SAT over time.
Therefore, to address the effects of ageing and metabolic factors on
abdominal adipose tissue, we analyzed a large cohort (n = 435) of healthy
middle-aged adults (mean 42.8 years) who underwent F-FDG PET/CT
scans and a health check-up program twice: at baseline and the 5-year
follow-up. We used Bayesian hierarchical modelling to estimate the
effects of clinical variables on glucose metabolism and radiodensity of
VAT and SAT.

2 | PATIENTS AND METHODS
2.1 | Participants

We retrospectively analyzed data from 473 healthy male participants
who underwent a health checkup programme at Samsung Changwon
Hospital Health Promotion Centre between 2013 (baseline) and 2018
(follow-up). After excluding participants with neuropsychiatric dis-
orders (n = 5) or malignancies (n = 3), those with missing anthropomet-
ric and body composition measurements (n=24), or CT (n=6), 435
healthy men were included in both the baseline (mean 42.8, range
38-50 years) and follow-up (mean 48.0, range 43-55 years) studies.
The health checkup program included (1) ®F-FDG PET/CT, (2)
anthropometric and body composition measurements and (3) blood
samples. The participants in this study were included in a previous
study on the effects of ageing on brain glucose metabolism.2? The
study protocol was approved by the Institutional Review Board
(Samsung Changwon Medical Centre 2019-06-005-004) and the
requirement for informed consent from the participants was waived

owing to the retrospective study design.

2.2 | %F-FDG PET/CT

The participants were asked to avoid strenuous exercise for 24 h and
fast for at least 6 h before the PET study. PET/CT was performed
60 min after 8F-FDG (3.7 MBq/kg) using a Discovery 710 PET/CT
scanner (GE Healthcare). Continuous spiral CT was performed with a
tube voltage of 120 kVp and tube current of 30-180 mAs. PET scans
were obtained in a 3-dimensional mode with a full width at half
maximum of 5.6 mm and reconstructed using an ordered subset
expectation maximization algorithm. From the PET scans, the mean
standardized uptake value (SUV) was measured using a circular region
of interest (ROI) from the right lobe of the liver parenchyma, SAT, and
VAT at the umbilical level. The standardized uptake value ratio
(SUVR) was calculated by dividing the SUV of each ROI by the liver
SUV. Using the same ROIs as for the SUV measurement, the mean
Hounsfield units (HU) of the SAT and VAT were measured from the
CT scans. A representative PET/CT scan with an ROI is shown in
Supporting Information S1: Figure 1.

2.3 | Body measurement

For anthropometric measurements, height (cm) and weight (kg) were
measured and body mass index (BMI) was calculated as weight/ height2
(kg/m?). Waist and hip circumferences (cm) were measured, and the wait-
to-hip ratio was calculated. Commercially available bioelectrical imped-
ance analysis (InBody S10, Biospace) was used to calculate fat percentage
(%) and muscle percentage (%) after dividing fat mass (kg) and skeletal
muscle mass (kg) by weight (kg). Systolic and diastolic blood pressures
(mmHg) and heart rate were measured using an automatic sphygmo-
manometer (EASY X 800; Jawon Medical Co., Ltd.) after at least 10 min
of rest.

2.4 | Blood samples

Blood samples were collected from the antecubital vein of each
participant. Fasting plasma glucose (mg/dL) and insulin (ulU/mL) were
measured and homoeostatic model assessment for insulin resistance
(HOMA-IR) was calculated as follows: fasting insulin (uWlU/mL)*fasting
plasma glucose (mg/dL)/405.2* Haemoglobin Alc (HbAlc, %)
levels were analyzed using high-performance liquid chromatogra-
phy (HPLC).

2.5 | Statistical analysis

Normality was tested with the Shapiro-Wilk test and SUVR and HU
were log-transformed after adding 130 to HU as the minimum HU
was -129 (baseline VAT). Comparisons of clinical variables and
SUVRs between baseline and follow-up were performed using paired
t-tests. Pearson's correlation coefficient was used to determine the

association between SUVR and HU.
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TABLE 1 Participant characteristics.
Baseline study 5-year follow-up p
Age 428+3.6 48.0+3.6 <.0001
Metabolic cluster Body mass index (kg/m?) 247+29 24.9+28 .0002
Waist-hip ratio 0.89 +0.03 0.89 £0.04 <.0001
Fat percentage (%) 23.1+5.2 23.5+5.2 .0022
Muscle percentage (%)*-1 -43.3+3.0 -43.1+3.0 .0002
HOMA-IR 1.2+0.8 1.8+1.2 <.0001
Blood pressure Systolic (mmHg) 120.3+11.0 122.6 +£11.0 <.0001
Diastolic (mmHg) 72.8+9.5 76.6+9.1 <.0001
Glucose Fasting plasma glucose (mg/dL) 93.0+16.6 101.8+23.6 <.0001
HbA1c (%) 5.6+0.6 5.7+0.7 <.0001
C-reactive protein (mg/dL) 1.1+1.8 1.3+3.0 .2450
Abbreviation: HOMA-IR, homeostatic model assessment for insulin resistance.
“mean + standard deviation.
*
-1 4.0 %
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FIGURE 1 Comparison between baseline and follow-up studies: VAT SUVR (p <.0001) and VAT HU (p =.0094) increased during the 5-year
follow-up; however, SAT SUVR (p =.2181) and SAT HU (p =.2697) did not change significantly. HU, Hounsfield units; SAT, subcutaneous
adipose tissue; SUVR, standardized uptake value ratio; VAT, visceral adipose tissue. [Color figure can be viewed at wileyonlinelibrary.com]

2.5.1 | Cluster analysis for predictor variables

Because the clinical variables contained missing values (baseline
study: HOMA-IR 35/435), we used a nonparametric imputation
algorithm, missForest, with default parameters for the imputation of
the missing values.** As some clinical variables were correlated, we
used hierarchical clustering analysis before Bayesian hierarchical
modelling.!? Before clustering, the muscle percentage was multi-
plied by -1 to simplify the solution, as it was the only variable that
showed negative correlations with the other predictors. Clustering
yielded stable cluster hierarchy across the six tested algorithms
(complete-linkage, single-linkage, UPGMA, WPGMA, WPGMC and
Ward) and the following clusters were defined (1) metabolic cluster

(BMI, waist-to-hip ratio, fat percentage, muscle percentage*-1,
HOMA-IR), (2) blood pressure (systolic, diastolic), (3) glucose (fasting
plasma glucose, HbA1c) and (4) C-reactive protein (CRP). In each
cluster, the values were calculated after averaging the standardized

clinical variables (Supporting Information S1: Figure 2).

2.5.2 | Bayesian hierarchical modeling

The effects of clinical clusters on SUVR and HU were investigated

using Bayesian hierarchical modelling with brms*>~*7

that applies
the Markov chain Monte Carlo sampling tools of RStan.'® We set

up a separate model with SUVR or HU as the dependent variable
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FIGURE 2 Correlation between SUVR and HU of SAT and VAT in baseline and follow-up studies: SUVR and HU were positively
correlated in baseline (SAT, r=.5258, p <.0001; VAT, r=.4693, p <.0001) and follow-up (SAT, r=.5664, p <.0001; VAT, r=.4102,
p <.0001) studies. HU, Hounsfield units; SAT, subcutaneous adipose tissue; SUVR, standardized uptake value ratio; VAT, visceral

adipose tissue.

and the four clusters (metabolic, blood pressure, glucose and
CRP) as predictors. These fixed effects were calculated individu-
ally and as interactions over time. We added participants and ROI
as random intercepts to allow SUVR or HU to vary between
participants and ROIs and calculated the fixed effects, including
the interactions with time, separately for each ROl as a random
slope. The Bayesian models were estimated using four Markov
chains, each of which had 4000 iterations, including 1000 warm-
ups, totalling 12,000 post-warm-up samples. The sampling
parameters were modified slightly to facilitate convergence
(maximum tree depth =20). Statistical analyses were performed
using R Statistical Software (The R Foundation for Statistical
Computing).

3 | RESULTS

The participant characteristics are summarized in Table 1. Except for
CRP (p =.2450), all the clinical variables were increased during the
5-year follow-up; BMI (p=.0002), waist-hip ratio (p <.0001), fat
percentage (p =.0022), muscle percentage*-1 (p =.0002), HOMA-IR
(p <.0001), systolic blood pressure (p<.0001), diastolic blood
pressure (p <.0001), fasting plasma glucose (p <.0001) and HbA1lc
(p <.0001) (Supporting Information S1: Figure 3). The VAT SUVR
(p<.0001) and VAT HU (p=.0094) increased during the 5-year
follow-up; however, the SAT SUVR (p=.2181) and SAT HU
(p=.2697) did not change significantly (Figure 1). SUVR and HU
were positively correlated at baseline (SAT, r=.5258, p <.0001; VAT,
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FIGURE 3 Posterior intervals of the regression coefficients for each cluster predicting SUVR. Thick lines represent the 80% posterior
intervals, thin lines represent the 95% posterior intervals, and the circles represent posterior median. CRP, C-reactive protein; SUVR,
standardized uptake value ratio. [Color figure can be viewed at wileyonlinelibrary.com]

r=.4693, p<.0001) and follow-up (SAT, r=.5664, p <.0001; VAT,
r=.4102, p <.0001) (Figure 2). The VAT SUVR was higher than the
SAT SUVR, while the VAT HU was lower than the SAT HU in both
baseline and follow-up studies (all p <.0001). The effects of clinical
variables on SUV and HUs were generally similar between baseline
and follow-up studies. SAT and VAT SUVR were negatively
associated with metabolic clusters. The SAT SUVR was positively
associated with blood pressure and glucose levels. The effects of CRP
markedly overlapped with zero in both the SAT and VAT analyses
(Figure 3). Both SAT and VAT HU were negatively associated with
metabolic clusters. However, the effects of blood pressure, glu-
cose and CRP markedly overlapped with zero for both SAT and VAT
(Figure 4).

4 | DISCUSSION

Our main finding was that ageing led to increased glucose
metabolism and radiodensity in VAT, but not in SAT. In both VAT
and SAT, glucose metabolism and radiodensity were positively

correlated. Glucose metabolism was higher and radiodensity was
lower in VAT than in SAT. Both glucose metabolism and the
radiodensity of VAT and SAT were negatively associated with the
metabolic cluster. Both glucose metabolism and SAT radiodensity
were positively associated with glucose levels. The effects of the
clinical variables on glucose metabolism and radiodensity were

generally similar in the baseline and follow-up studies.

4.1 | VAT and SAT

VAT and SAT constitute the two primary fat compartments linked to
several cardiometabolic diseases.’® However, they exhibit distinct
functions and characteristics.® The VAT is located within the intra-
abdominal cavity and can engage in dynamic communication with
neighbouring internal organs.” In turn, the SAT is located beneath the
skin, separated by the abdominal wall and provides protection against
physical damage.® VAT tends to exhibit proinflammatory character-
istics. A certain portion of visceral adipogenic progenitor (APs) cells
lose their adipogenic potential and are transformed into
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FIGURE 4 Posterior intervals of the regression coefficients for each cluster predicting HU. Thick lines represent the 80% posterior intervals,
thin lines represent the 95% posterior intervals, and the circles represent posterior median. CRP, C-reactive protein; HU, Hounsfield units. [Color

figure can be viewed at wileyonlinelibrary.com]

proinflammatory fibrocytes, which exacerbate adipose tissue inflam-
mation by inducing fibrosis and secreting proinflammatory cytokines
such as tumour necrosis factor-alpha, interleukin-6 and monocyte
chemotactic protein-1.2° In contrast, the SAT is less susceptible to
inflammatory responses during obesity. Subcutaneous adipogenic
progenitors inhibit the infiltration of proinflammatory macrophages
into the SAT in response to gamma-aminobutyric acid, which plays a
crucial role in suppressing SAT in obesity.?!

BE.FDG PET allows the noninvasive assessment of glucose
metabolic activity and inflammation in adipose tissues.f Further, CT
enables the noninvasive assessment of fat quality in HU. Thus, *®F-FDG
PET/CT is a reliable tool for the evaluation of VAT and SAT with these
two modalities at once. VAT SUVR is lower in obese participants than in
lean participants© and lower VAT HU is associated with an increased risk
of hypertension, insulin resistance and metabolic syndrome. In contrast,
SAT SUVR is not different between obese and lean participants’® and a
lower SAT HU is associated with a decreased risk of diabetes and
cardiometabolic risk factors.?* In the present study, VAT SUVR was
higher than SAT SUVR, whereas VAT HU was lower than SAT HU. As
FDG is an analogue of glucose, the significantly higher expression of the
hexokinase-1 gene in VAT might be the underlying mechanism for this

difference in glucose metabolism between VAT and SAT.2 A lower HU
value in the VAT represents more lipid-dense fat tissue.2? Adipose tissue
with higher HU values has been associated with smaller adipocytes,
probably because of the extracellular matrix of the adipose tissue.>® A
larger adipocyte size may indicate an inability to generate new adipocytes
and is linked to insulin resistance.?* Moreover, a lower VAT HU may
indicate a relative lack of vascularity, as blood has a higher HU than
adipose tissue on CT.2°> Therefore, VAT might have higher glucose
metabolism, higher lipid density and less vascularity than SAT.

4.2 | Ageing effect

Physiological changes occur with ageing in the brain and body organs.
Adiposity develops between the third and seventh decades of life and
increased VAT accumulation is strongly linked to ectopic fat deposition in
the skeletal muscle, heart, liver, pancreas and blood arteries.?®
Additionally, the heart and blood vessels become stiffer, causing the
blood pressure to be increased.?” Impaired insulin sensitivity and an
increased risk of insulin resistance lead to increased fasting plasma

glucose and HbA1c.?® In this study, all clinical variables except CRP
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increased during the 5-year follow-up period: BMI, waist-hip ratio, fat
percentage, muscle percentage*-1, HOMA-IR, blood pressure, fasting
plasma glucose and HbA1c, similar to previous longitudinal studies.?? This
shows that the ageing process is a transition towards the loss of
metabolic homoeostasis and plasticity in middle adulthood. Ageing also
led to an increase in VAT SUVR and VAT HU without a change in SAT
SUVR or SAT HU. Therefore, VAT may reflect the ageing process more
directly than SAT because SAT did not show significant changes in the

ageing process in this study.

4.3 | Glucose metabolism, radiodensity and clinical
variables

Inflammatory cells demonstrate elevated affinity of glucose transporters
for deoxyglucose, as well as elevated expression of glucose transport-
ers° Therefore, ®F-FDG PET is used to diagnose infection and
inflammation in clinical setting.30 However, contrary to our expectations,
both VAT SUVR and SAT SUVR were negatively associated with the
metabolic cluster. Insulin-resistant adipocytes may overweigh FDG
uptake from the inflammation of VAT and SAT® In addition, a lower
SUVR may indicate abnormal perfusion, vascular function and capillary
density of the VAT and SAT in the higher metabolic cluster.3* SUVR and
HU were positively correlated with each other, and the effects of the
clinical variables were generally similar for both SUVR and HU. Therefore,
both the SUVR and HU of VAT and SAT strongly reflect the metabolic
status of the body. In addition to the metabolic cluster, the glucose cluster
was positively associated with the SUVR and HU of SAT, but not with
those of VAT. This was unexpected because the effect of the glucose
cluster was opposite to that of the metabolic cluster. Until now, the
impact of glucose levels on FDG uptake has been investigated in body
organs such as the lungs, bone marrow, spleen, bowel and stomach,®? not
in abdominal adipose tissue. FDG uptake in adipose tissue from the upper
back showed a positive correlation with the glucose level,*® however, a
study by Biising et al.>* showed a negligible change in FDG uptake in
adipose tissue (area not specified) that was not influenced by the glucose

level.

4.4 | Limitations

Only men were included in this study; therefore, the results may not
be directly generalizable to women. Furthermore, this retrospective
study was based on a health checkup program. However, the

mechanisms underlying these findings are not fully understood.

5 | CONCLUSIONS

Ageing led to increased glucose metabolism and radiodensity in VAT,
but not in SAT. VAT may reflect the ageing process more directly
than SAT. Glucose metabolism was higher and radiodensity was
lower in VAT than in SAT, probably because of differences in gene

expression and lipid density. Both glucose metabolism and radio-
density of VAT and SAT reflect the metabolic status of the body.
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