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Abstract

Objective: We analyzed quantitative computed tomography (CT) and chemical
shift—-encoded magnetic resonance imaging (MRI) data from a Chinese cohort to
investigate the effects of BMI and aging on different adipose tissue (AT) depots.
Methods: In 400 healthy, community-dwelling individuals aged 22 to 83 years, we
used MRI to quantify proton density fat fraction (PDFF) of the lumbar spine (L2-L4)
bone marrow AT (BMAT), the psoas major and erector spinae (ES) muscles, and the
liver. Abdominal total AT, visceral AT (VAT), and subcutaneous AT (SAT) areas were
measured at the L2-L3 level using quantitative CT. Partial correlation analysis was
used to evaluate the relationship of each AT variable with age and BMI. Multiple lin-
ear regression analysis was performed in which each AT variable was evaluated in
turn as a function of age and the other five independent AT measurements.

Results: Of the 168 men, 29% had normal BMI (<24.0 kg/m?), 47% had overweight
(24.0-27.9 kg/m?), and 24% had obesity (= 28.0 kg/m?). In the 232 women, the per-
centages were 46%, 32%, and 22%, respectively. Strong or very strong correlations
with BMI were found for total AT, VAT, and SAT in both sexes. BMAT and ES PDFF
was strongly correlated with age in women and moderately correlated in men. In
both sexes, BMAT PDFF correlated only with age and not with any of the other AT
depots. Psoas PDFF correlated only with ES PDFF and not with age or the other AT
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depots. Liver PDFF correlated with BMI and VAT and weakly with SAT in men. VAT

and SAT correlated with age and each other in both sexes.

Conclusions: Age and BMI are both associated with adiposity, but their effects differ

depending on the type of AT.

INTRODUCTION

Populations are aging, and obesity rates are rising in both developed
and developing countries [1]. Obesity is defined by the World Health
Organization (WHO) as abnormal or excessive fat accumulation that
presents a risk to health, which is commonly translated in clinical
practice into a classification dependent on body mass index (BMI)
with different cutoffs depending on ethnic background [2]. Aging is
also associated with an increase in fat mass, and both aging and
increased BMI are associated with an increased prevalence of insulin
resistance, diabetes, metabolic dysfunction, cardiovascular disease,
and cancer [3].

Adipose tissue (AT), primarily composed of adipocytes or fat cells
containing lipid droplets, is distributed throughout the body in several
depots such as subcutaneous and visceral adipose tissue (SAT, VAT).
However, adipocytes and liquid droplets also accumulate in non-adi-
pose tissues, including muscle, bone marrow (BM), and liver [4]. This
excess storage of adipocytes and lipids in different organs contributes
to the pathogenesis of many diseases [5]. Several studies have shown
that the inflammatory profile, adipokine expression, and type of adi-
pocyte differ among the fat depots [6], which could also alter the
effect on disease development [7].

Although the common definition of obesity is based on BMI, the
risk of disease seems to be more dependent on AT distribution and
body composition than BMI [8]. Body composition, or the distinction
between fat mass and lean mass, is often determined using dual-
energy x-ray absorptiometry or bioelectrical impedance analysis.
However, more advanced imaging methods such as quantitative mag-
netic resonance imaging (MRI) allow for further distinction between
SAT and VAT and measurement of other AT depots such as muscle
and bone marrow AT (BMAT) [9].

Several studies have investigated the relationship between
either age or BMI and mostly one or two AT depots [3, 10-12],
but no studies to date, to our knowledge, have studied the rela-
tionship between both age and BMI in one population for multi-
ple AT depots using state-of-the-art imaging techniques.
Therefore, the aim of this study was to use state-of-the-art
three-dimensional quantitative imaging technology, including com-
puted tomography (CT) and proton density fat fraction (PDFF)
MRI, to better characterize the comparative effects of BMI and
aging on different AT depots and their interactions in cross-sec-
tional CT and MRI through the abdomen. A large cohort of
community-dwelling Chinese men and women with ages ranging
over six decades who were already enrolled in a study of age-
related degeneration of the spine [13] was used for the purpose
of this study.

Study Importance
What is already known?

e Throughout the world, populations are aging, and obesity
rates are rising, causing significant changes in body
composition.

e The increase in fat mass affects energy metabolism and is a
major factor in the development of insulin resistance, diabetes,

metabolic dysfunction, cardiovascular disease, and cancer.

What does this study add?

e This is the first study, to our knowledge, to measure mul-
tiple adipose tissue (AT) depots in the same individuals
across a wide range of ages and BMI values, and it gives
new insights into the relative effects of aging and obesity
on different types of fat depots.

o We show, for the first time, to our knowledge, that age
and BMI are independently associated with adiposity and
that, depending on anatomical location, the magnitude of
the effect differs for aging and obesity.

e Visceral and subcutaneous AT areas are more strongly
correlated with obesity, whereas bone marrow and mus-
cle proton density fat fraction is more strongly correlated
with age.

How might these results change the direction of
research or the focus of clinical practice?

e A better understanding of the relationship between the
different fat depots with aging and obesity might facili-
tate the development of new pharmacological
approaches that may ultimately delay or reverse the neg-
ative consequences of adiposity-related dysfunction such
as diabetes, cardiovascular disease, hepatosteatosis, oste-

oporosis, and sarcopenia.

METHODS
Study participants
A total of 400 adults without serious health problems (232 women,

168 men; age range, 22-83 years; mean age, 52.7 years), a subset of

previously enrolled participants of a longitudinal study, were included
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in the current study. The earlier study commenced in June 2014 and
was conducted in the Department of Spine Surgery at Beijing Jishui-
tan Hospital (Beijing, China). Its aim was the investigation of the
development of spinal degenerative disease and its related risk fac-
tors [14]. All participants in the substudy were recruited from commu-
nities close to the hospital and volunteered to also participate in the
study presented here. As part of the earlier study, routine lumbar
spine quantitative CT (QCT) scans had been performed, which were
reanalyzed for the present study. In addition, the subcohort of 400
adults had also undergone an additional chemical shift-encoded
(CSE)-MRI scan [13, 14].

The inclusion criteria were independent community-dwelling
adults aged 20 years or older who were able to give informed con-
sent. Pregnant women, individuals with metal implants in the thoraci-
columbar spine, and people intolerant of MRI examinations were
excluded. The exclusion criteria also included stroke, neurologic disor-
ders, metabolic diseases (not including diabetes), rheumatic diseases,
severe spinal degenerative disease, spine tumors, heart failure, severe
cardiovascular complications, severe chronic obstructive pulmonary
disease, coagulation disorders, and other diseases that limited func-
tion. Furthermore, the subset did not include individuals with cachexia
or anorexia nervosa. The study was approved by the institutional
review board of Beijing Jishuitan Hospital (no. 201210-08), and writ-
ten informed consent was obtained from all study participants.

QCT scan protocol and measurements of AT

QCT scans of the lumbar spine (L1-L5) were performed using a
Toshiba CT scanner (Aquilion PRIME ESX-302A; Toshiba Medical Sys-
tems Corp., Otawara, Japan) with a Mindways calibration phantom
(Mindways Software Inc., Austin, Texas) placed beneath the partici-
pants. Scan parameters were 120 kilovolts (peak) (kV[p]); 187 mAs
(milliampere-seconds); 40-cm collimation; 120-cm table height; scan field
of view (FOV) of 500 mm; and section thickness of 1 mm. Reconstruction
parameters were a medium reconstruction kernel (FC08), a reconstructed
section thickness and a reconstruction interval of 1 mm each, and a
400-mm reconstruction FOV.

QCT measurements of total AT (TAT) and VAT area were per-
formed at the L2-L3 level using the Mindways QCT-Pro Tissue Compo-
sition Module (Mindways Software; Figure 1A). The L2-L3 section
typically intersects the umbilicus. This location is consistent with other
CT protocols for abdominal AT assessments. SAT, defined as the area of
AT between the skin and the rectus muscles of the abdomen, the exter-
nal oblique muscles, i.e., the broadest muscle of the back, and the erec-
tor muscles of the spine, was measured as SAT = TAT — VAT. VAT was
defined as the entire intra-abdominal AT area within the abdominal cav-
ity of the rectus, external oblique, lumbar quadrate, and psoas
(PS) muscles. All of the measurements were carried out by an experi-
enced radiologist (Zhe Guo) trained in QCT techniques.

The lateral CT scout view image of T7 to L4 was used to assess
vertebral fracture according to Genant’s semiquantitative method, as

previously described [15]; each vertebral body was graded as normal
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(grade 0, normal and <20% height reduction), mild (grade 1, 20%-25%
height reduction and 10%-20% in area), moderate (grade 2, 25%-
40% height reduction and 20%-40% in area), or severe (grade
3, >40% in height and area) fracture. The reading was done by an
expert musculoskeletal radiologist (Xiaoguang Cheng) with more than
30 years of experience in vertebral fracture assessment.

CSE-MRI protocol and MRI measurements of PDFF

On the same day as the QCT examination, the participants underwent
an mDIXON-Quant study on a 3-T MR scanner (Ingenia, Philips
Healthcare, Best, the Netherlands) with a 32-channel Torso body coil
(Figure 1B). The mDIXON-Quant sequence is a 6-point Dixon
sequence. The scan parameters were as follows: repetition time (TR)
= 6.2 ms; first echo time (TE1) = 0.95 ms; 6 echoes with TE shift
(ATE) = 0.8 ms; FOV = 360 x 330 x 120 mm?; flip angle (FA) = 3°;
voxel size = 2.5 x 2.5 x 3.0 mm?; sensitivity encoding = 2; and num-
ber of signal averages = 2.

The CSE-MRI data were processed with the ISP software (version
7; Philips Healthcare). PDFF maps were generated for the measure-
ment of tissue fat fraction. Measurements included BMAT PDFF, liver
PDFF, and PDFF of the PS and erector spinae (ES) muscles. BMAT
PDFF was measured by manually drawing regions of interest (ROls)
encompassing the largest region of cancellous bone in the vertebral
bodies on the central L2-L3-L4 axial single section images (Figure 1C).
PDFF of PS and ES muscles was measured on the same central L2-L4
axial images as BMAT PDFF (Figure 1C).

Liver PDFF was measured by placing three ROls, each with an
area of 300 mm?, in the peripheral areas of the left lobe, the right
anterior lobe, and the right posterior lobe, respectively, in the
section in which the right branch of the portal vein enters the liver
(Figure 1D). The ROIs were selected to avoid major blood vessels and
bile ducts, intrahepatic calcification, liver cysts, artifacts caused by the
ribs, and gas in the lung or gastrointestinal tract visible on MRI. The
average of the ROIs was used for the MRI measurements of BMAT,
paraspinal muscle, and liver PDFF. All of the measurements were car-
ried out by an experienced radiologist (Zhe Guo) trained in MRI tech-
niques. The precision results of the CSE-MRI measurements have

been reported in previous studies [13, 16].

Statistical analysis

Statistics Kingdom statistical software (Melbourne, Australia) was
used for data analysis. The demographic characteristics of the study
participants were expressed as mean and standard deviation, sepa-
rately for men and women and for different categories of age and
BMI. BMI was calculated as weight in kilograms divided by height in
meters squared. Based on the Chinese population cutoffs, BMI results
were classified as normal (BMI < 24), overweight (24-27.9), or obesity
(>28). Using the thresholds proposed by Xu et al., visceral obesity was
defined as a VAT area at the L2-L3 level of >142cm? in men
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FIGURE 1 (A) Computed tomography image of the plane through L2 and L3. Green dots show the region of interest (ROIl) demarcating
visceral and subcutaneous adipose tissue (VAT, SAT). (B) MRI of the lower thoracic spine, lumbar spine, and sacrum. Horizontal dashed lines
through L2, L3, and L4 show the planes for bone marrow adipose tissue (BMAT) proton density fat fraction (PDFF) measurements, and the
average of the three vertebrae was chosen for the BMAT PDFF. (C) MRI of the plane through L3 showing the ROls delineating the vertebral body
(VB) for the measurement of BMAT PDFF, the psoas muscles (PS), and the erector spinae muscles (ES). (D) MRI through the liver showing the
three ROIs in the left lobe, right anterior lobe, and right posterior lobe used to measure liver PDFF. [Color figure can be viewed at

wileyonlinelibrary.com]

and >115 cm? in women [17]. Normal liver fat content was defined as
PDFF <5.0%, mild steatosis as PDFF between 5.0% and 14.9%, mod-
erate steatosis as PDFF between 15.0% and 24.9%, and severe stea-
tosis as PDFF > 25% [13]. Sexual dimorphism was expressed as the
mean difference between men and women expressed as a percentage
of female values.

Scatterplots were drawn of BMI against age for men and women,
respectively, and the relationships were evaluated using the Pearson
correlation coefficient. Similar scatterplots were drawn of TAT, VAT,
SAT, and PS muscle, ES muscle, liver, and BMAT PDFF against age
and BMI for men and women, and the partial correlation coefficients

were evaluated. A square of a partial correlation coefficient of

r? > 0.640 was considered very strong, r? = 0.360 to 0.639 was con-
sidered strong, r?=0.160 to 0.359 was considered moderate,
r? = 0.040 to 0.159 was considered weak, and r? < 0.040 was consid-
ered very weak. Multiple linear regression (MLR) analysis was used to
investigate the dependence of each AT measurement on BMI and
age. In the absence of any appreciable correlation between BMI and
age in either sex, the squares of the standardized coefficients were
interpreted as the fraction of the total variance of each AT variable
accounted for by BMI and age, respectively. A second MLR analysis
was performed in which each PDFF or area variable was evaluated as
a linear function of age and the other five independent AT measure-

ments. TAT was excluded from this latter analysis because it is
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calculated as the sum of VAT and SAT and is not an independent mea-
surement. Because there were significant correlations between some
pairs of independent variables in the MLR analysis, the results were
assessed using the squares of the partial correlation coefficients and
their p values. A p value < 0.05 was considered to be statistically
significant.

RESULTS
Participant characteristics

Table 1 lists the demographic characteristics of the 400 individuals
who participated in the study. Of the 168 men, 29% had normal BMI
(<24.0), 47% had overweight (24.0-27.9), and 24% had obesity
(228.0). For the 232 women, the percentages were 46%, 32%, and
22%, respectively. Tables S1 and S2 show participant characteristics
broken down by BMI (Table S1) and age (Table S2). A total of 74% of
the men had a VAT measurement greater than the male upper limit
of normal of 142 cm? compared with 59% of women with a VAT
greater than the female upper limit of 115 cm?. When assessed for
liver PDFF, 50% of men had normal liver fat (PDFF < 5.0%), whereas
41% had mild (5.0%-14.9%), 8% had moderate (15.0%-24.9%), and
1% had severe steatosis (2 25%). For women, these percentages were
65%, 30%, 5%, and 0%, respectively. Table S3 shows results of the
sexual dimorphism analysis expressed as the percentage difference
between mean male and female measurements normalized to female
values. In general, men had lower muscle adiposity (—18% and —34%,;
p < 0.001) but higher liver fat (23%; p < 0.01) compared with women.

TABLE 1 Demographic characteristics of the 400 participants.

Men (n = 168)
Age (22-83y) 51.5+15.0
Height (cm) 170.6 + 6.2
Weight (kg) 76.3+12.6
BMI (kg/m?) 26.1+3.6
Waist circumference (cm) 914 +93
Hip circumference (cm) 100.0 £ 7.0
Waist-hip ratio 0.913 £ 0.060
Average vVBMD (mg/cm?®) 1348 +41.4
Asymptomatic vertebral fracture 30(19.1)

prevalence, n (%)

Mild vertebral fracture, n (%) 24 (15.3)
BMAT PDFF (%) 428 +8.5
SAT (L2-L3) area (cm?) 120.0 + 60.9
VAT (L2-L3) area (cm?) 199.1 £ 78.9
PS PDFF (%) 5.6 +32
ES PDFF (%) 6.7+48
Liver PDFF (%) 71+55

Obesity [o ERRVY 18 AVl B

There was no significant difference in L2-L4 BM fat between men
and women generally, but women had lower BMAT in the young age
group (—23%; p < 0.001) and higher BMAT in the old age group (9%;
p < 0.001) compared with men.

Correlation of AT with aging and BMI

In men, BMI and age were not significantly correlated (r? = 0.002;
p = 0.59; Figure 2). In women, there was a weak correlation
(r? = 0.083; p < 0.001). On average, women aged 50 years and older
had a significantly higher BMI than those aged less than 50 years
(25.8 vs. 23.6; p < 0.001), most likely due to menopausal hormonal
changes.

Figures S1 through S7 show the correlations of the TAT, VAT,
and SAT areas and PS muscle, ES muscle, L2-L4 BMAT, and liver
PDFF values with age and BMIL. In each plot, the r? value and its asso-
ciated p value relate to the partial correlation analysis with age and
BMI as the independent variables. Strong or very strong correlations
with BMI were found for TAT, VAT, and SAT areas in both sexes.
BMAT PDFF and ES PDFF were both strongly correlated with age in
women and moderately correlated with age in men. Most other corre-
lations were weak or very weak (Table S4).

Figure 3 presents bar charts for men and women showing the
squares of the standardized coefficients for BMI and age found in
the MLR analysis. The error bars are the 95% confidence intervals
(Cl). The p values are the same as those in the online Supporting Infor-
mation figures. Given the weak or very weak correlations between

BMI and age, the standardized coefficients represent the fraction of

Women (n = 232) p value
535+1538 NS
1583+ 6.1 <0.001
62.6 £9.3 <0.001
250+38 <0.01
83.5+98 <0.001
97.6 £8.7 <0.01
0.856 £ 0.074 <0.001
125.5 £ 55.8 NS
30(13.9) NS
20(9.3) NA
438 +11.5 NS
149.3 £ 64.9 <0.001
141.8 £ 65.9 <0.001
68+4.1 <0.001
10.0 £ 6.6 <0.001
57+42 <0.01

Abbreviations: BMAT, bone marrow adipose tissue; ES, erector spinae; NS, not statistically significant; PDFF, proton density fat fraction; PS, psoas muscle;
SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; vBMD, volumetric bone mineral density.
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FIGURE 2 Scatterplots of BMI versus age in (A) men (n = 168) and (B) women (n = 232). r2 is the square of Pearson correlation coefficient.
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Bar charts comparing the squares of the standardized coefficients for BMI and age derived by multiple linear regression (MLR)
analysis of the MRI proton density fat fraction (PDFF) and computed tomography area measurements at seven different sites of adipose tissue:
(A) men and (B) women. BMAT, bone marrow adipose tissue PDFF; ES, erector spinae muscle PDFF; Liver, liver PDFF; NS, not statistically
significant; PS, psoas muscle PDFF; SAT, subcutaneous adipose tissue area; TAT, total adipose tissue area (TAT = VAT + SAT); VAT, visceral
adipose tissue area. Error bars show the 95% Cl. In the absence of any significant collinearity between the two independent variables (Figure 2),
the squares of the standardized coefficients plotted in the figure represent the fraction of the total variance of each of the adipose tissue
measurements attributable to BMI and age, respectively. [Color figure can be viewed at wileyonlinelibrary.com]

the total variance of the PDFF and area AT measurements accounted earlier, TAT was not included in this analysis. Because of issues with
for by BMI and age, respectively, allowing a comparison of the relative significant multicollinearity between some of the variables, the results
importance of these two factors. are shown as the squares of the partial correlation coefficients with

Tables 2 and 3 present the results of the further MLR analysis, in age and each of the other five AT measurements. As with Figure 3,
which each AT variable was evaluated as a function of age and each the results for men and women were similar. Notably, in both sexes,

of the other five independent AT variables. For the reasons explained BMAT PDFF correlated only with age. PS PDFF correlated only with
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TABLE 2 Men (n=168): results of partial correlation analysis between each AT variable and age and the five independent fat variables.

AT variable Age BMAT PDFF  ES PDFF
BMAT PDFF r2=0280 - NS
p < 0.001
ES PDFF r2=0219 NS -
p < 0.001
PS PDFF NS NS r? =0.333
p < 0.001
Liver PDFF r2=0.104 NS NS
p < 0.001
SAT (L2-L3) area r2=0063 NS NS
p <001
VAT (L2-L3)area  r?=0.241 NS NS
p < 0.001

PS PDFF Liver PDFF SAT area VAT area Adjusted r?

NS NS NS NS 0.280

r? =0.248 NS NS r? = 0.046 0.510

p < 0.001 p<0.01

- NS NS NS 0.333

NS - r? = 0.043 r? =0.163 0.333

p < 0.05 p < 0.001

NS r2 =0.038 - r2=0.358  0.381
p < 0.05 p < 0.001

r2=0047 r>=0.108 r?=0.298 - 0.536

p < 0.001 p < 0.001 p < 0.001

Note: r? is the square of the partial correlation coefficient. Adjusted r?: fraction of total variance explained by age and the five independent PDFF/area

variables.

Abbreviations: AT, adipose tissue; BMAT, bone marrow AT; ES, erector spinae; NS, not statistically significant; PDFF, proton density fat fraction; PS, psoas

muscle; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

TABLE 3 Women (n=232): results of partial correlation analysis between each AT variable and age and the five independent fat

variables.
AT variable Age BMAT PDFF  ES PDFF
BMAT PDFF r2=0583 - NS
p < 0.001
ES PDFF r? =0.281 NS -
p < 0.001
PS PDFF NS NS r2=0.180
p < 0.001
Liver PDFF NS NS NS
SAT (L2-L3) area r? = 0.097 NS NS
p < 0.001
VAT (L2-L3) area r? =0.251 NS r? = 0.065
p < 0.001 p < 0.01

PS PDFF Liver PDFF SAT area VAT area Adjusted r?

NS NS NS NS 0.583

r? = 0.093 NS NS r? =0.130 0.521

p < 0.001 p < 0.001

- NS NS NS 0.180

NS - NS r2=0.201 0.201
p < 0.001

NS NS - r2=0.557 0480
p < 0.001

NS r? = 0.087 r? = 0.406 - 0.672

p < 0.001 p < 0.001

Note: r? is the square of the partial correlation coefficient. Adjusted r?: fraction of total variance explained by age and the five independent PDFF/area

variables.

Abbreviations: AT, adipose tissue; BMAT, bone marrow AT; ES, erector spinae; NS, not statistically significant; PDFF, proton density fat fraction; PS, psoas

muscle; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

ES PDFF and not with age or the other PDFF measurements. Liver
PDFF correlated with age and VAT and weakly with SAT in men. VAT

and SAT correlated with age and with each other in both sexes.

DISCUSSION

In this study of a large group of community-dwelling Chinese men and
women with a broad age and BMI range, we showed, with advanced

imaging methods, that aging and BMI affect the diverse AT depots in

the abdominal region of the body differently; VAT and SAT were
mostly associated with BMI, whereas BM and muscle AT were mostly
associated with age. In addition, we showed that subcutaneous vis-
ceral and liver AT depots clustered in their response to age and BMI,
whereas muscle and BMAT behave independently of other AT
depots.

Body composition changes reflect increases in weight due to
caloric excess. Many studies have shown that, initially, these calories
are stored as lipids in the SAT without important disruptions in sys-

temic energy metabolism [8, 18]. However, with increasing calorie
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excess, an inflammatory response is induced in SAT, and lipids start to
accumulate in the VAT and the liver, leading to further inflammation,
insulin resistance, lipid toxicity, and hepatosteatosis and ultimately
resulting in diabetes and cardiovascular disease [19-23].

BM fat, the AT present in BM, has been the subject of intense
study over the past two decades due to its association with osteopo-
rosis, skeletal metastases, and hematological diseases [24]. One of the
most studied conditions in relationship to BM adiposity is anorexia
nervosa, in which the paradoxical increase in BMAT coincides with
vanishing subcutaneous and visceral fat due to severe caloric restric-
tion [25]. On the contrary, the response of BMAT to obesity is less
clear, and some studies have reported no change or some increase in
BMAT [26] depending on the diabetic status.

Interestingly, the inflammatory response to obesity seems to dif-
fer among the different AT depots. Tencerova et al. [27] compared
the expression of inflammatory, insulin-signaling, and adipogenic
genes in mice in lean versus high-fat diet-induced obesity conditions
and showed that, whereas there was a strong inflammatory response
in VAT, this was not present in BMAT. In addition, a study by Attane
et al. [28] showed that, whereas the lipid metabolism in white adipo-
cytes present in SAT and VAT is focused on lipolysis, BMAT
adipocytes show a cholesterol-oriented metabolism and are relatively
deficient in lipolysis.

Aging also affects body composition, with an increase in fat mass
and a decrease in lean and muscle mass, and is associated with
increased inflammation and a higher prevalence of diabetes and car-
diovascular diseases [19, 20]. Some researchers even consider obesity
as “accelerated aging” due to the shared underlying inflammatory
mechanisms [8, 29]. Nowadays, for many people, aging and obesity
are both present, resulting in even higher risks of disease and prema-
ture death. Also, BM and muscle adiposity increase with aging and
possibly negatively influence the integrity and function of the
bone [30] and muscle tissue [10].

It is known that osteoporosis and vertebral fracture risk are associ-
ated with increased BM fat and that hip fracture risk is associated with
increased muscle fat infiltration [23, 31-33]. A recent analysis of the
Age Gene/Environment Susceptibility (AGES)-Reykjavik study con-
cluded that increased amount of saturated lipids in BM were associated
with increased vertebral fracture risk, whereas unsaturated lipids were
associated with decreased vertebral fracture risk [34]. In our study, we
could not differentiate the associations of the unsaturated and saturated
lipids, which requires the use of MR spectroscopy.

Although SAT accounts for about 85% of all body fat in peo-
ple [35], our study indicates that, in men, the abdominal SAT had no
association with ectopic fats except for liver fat, and, in women,
SAT is not associated with any ectopic fat. Previous studies have
shown a stronger association between liver fat and obesity than
with age [11, 36], and liver fat accumulation may also be due to
age-related changes in subcutaneous fat. Accordingly, liver fat is
generally reported to be more strongly associated with visceral adi-
posity [4]. Unlike other ectopic fat depots, BMAT is generally not
related to obesity in humans [37]. Our observations also confirm
this finding.

The PS muscle plays a key role in maintaining posture and core
strength [38]; therefore, it might be considered a suitable biomarker
of sarcopenia. However, our results showed that PS PDFF correlated
only with ES PDFF and not with age or the other PDFF measurement,
suggesting that PS muscle assessment may not be a good indicator of
sarcopenia after all. In line with this, a recent study found that the PS
muscle index has poor performance for predicting liver transplant
waitlist mortality in patients with cirrhosis [39].

Hormones such as estrogen, insulin, cortisol, and many others
profoundly influence adipocytes and regulate many processes related
to energy metabolism. This is exemplified in the differences in body
composition and energy metabolism between men and women, and,
more specifically, between pre- and postmenopausal women. Also in
our cohort, we did not find a relationship between age and BMI
in men. However, in women, there was a clear increase in BMI with
aging. Therefore, we have presented the results for men and women
separately.

The present study has several limitations. Although we per-
formed our study in a large cohort, the number of participants was
restricted by the limited resources for these expensive and time-
consuming imaging methods. Nonetheless, this is the first study, to
our knowledge, to measure all of the AT depots present in the
abdominal region across wide age and BMI ranges. Therefore, it rep-
resents a unique opportunity to compare the effects of aging and
obesity. It is a limitation that only a very limited number of CT and
MRI sections were used; therefore, a true volumetric analysis could
not be performed.

Also, our cohort is limited to Chinese individuals; therefore, our
results need to be confirmed in populations of different ethnicity. The
cross-sectional design limits our analyses to associations; prospective
studies will give more insight into the natural development of AT.

Furthermore, in this cohort with a large age range, a high BMI
does not always reflect obesity. In particular, in younger men,
BMI may be increased due to higher muscle mass, whereas, in old age
in both sexes, BMI may be decreased by a loss in muscle mass. Unfor-
tunately, dual-energy x-ray absorptiometry- or bioelectrical imped-
ance analysis-based total adiposity measures were not available in this
study, which impedes our understanding of how total adiposity
impacts other organ fats with aging [40]. Finally, we did not measure
gluteofemoral fat, which is an important contributor of AT distribution

with aging in men and women.

CONCLUSION

In summary, in this study, we show, with advanced imaging methods
in a large group of Chinese men and women, that both age and BMI
are associated with adiposity in the abdominal region, but the magni-
tude of the differential effect for age versus BMI strongly depends on
the type of AT and its anatomical location. The mechanisms of age-
and obesity-related fat accumulation and redistribution are intercon-
nected and modulate each other, thereby constituting an integrated

network. A better understanding of the relationship between the
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different fat depots with aging and BMI might facilitate targeting spe-

cific pharmacological approaches that may ultimately delay or reverse

the negative consequences of adiposity-related dysfunction such as

diabetes, cardiovascular disease, hepatosteatosis, osteoporosis, and

sarcopenia.O
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