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Association between visceral
adipose tissue volume, measured
using computed tomography,
and cardio-metabolic risk factors
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We evaluated the associations between metabolic parameters with visceral adipose tissue (VAT)
volume in women with prediabetes or type 2 diabetes (T2DM), and we compared the VAT volume
with the VAT area. We enrolled women aged > 20 years with prediabetes or T2DM, who underwent
oral glucose tolerance test and whose VAT was evaluated using computed tomography (CT) at our
institution between 2017 and 2019. All participants underwent unenhanced spiral CT with a 3-mm
slice thickness from the level of the diaphragm to the level of the mid-thigh. The two VAT areas were
defined as the free drawn area on the levels of the umbilicus and L2 vertebra. The VAT areas were
also manually drawn from the level of the diaphragm to the level of the pelvic floor and were used
to calculate the VAT volumes by summing all areas with a slice thickness of 3 mm after setting the
attenuation values from -45 to -195 Hounsfield Unit. All metabolic characteristics, except blood
pressure, were significantly correlated with the VAT volume. The VAT areas measured at the level

of the L2 vertebra and umbilicus were correlated with serum triglyceride, high-density lipoprotein
cholesterol, and Framingham steatosis index alone. Multivariable regression analyses revealed that
the VAT volume was significantly associated with several metabolic parameters. In conclusion, in
women with prediabetes and T2DM, the VAT volume acquired from CT-based calculation has more
significant correlations with metabolic risk factors compared with the VAT area.

Abbreviations

T2DM Type 2 diabetes

VAT Visceral adipose tissue

CT Computed tomography
OGTT Oral glucose tolerance tests
IFG Impaired fasting glucose
IGT Impaired glucose tolerance
TC Total cholesterol

TG Triglycerides

HDL High-density lipoprotein
LDL Low-density lipoprotein
AST Aspartate Aminotransferase
ALT Alanine aminotransferase

HOMA-IR Homeostatic model assessment of insulin resistance
QUICKI Quantitative insulin sensitivity check index
HOMA-B  Homeostatic model assessment of p-cell function
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NAFLD Non-alcoholic fatty liver disease

BMI Body mass index

SBP Systolic blood pressure
DBP Diastolic blood pressure
IQR Interquartile ranges

Overweight and obesity are medical conditions that are characterized by abnormal or excessive fat accumula-
tion. Globally, the prevalence of overweight and obesity has increased significantly in recent decades'. Between
2009 and 2015, the prevalence of obesity increased from 29.7% to 32.4%, and the prevalence of obesity-related
comorbidities, such as type 2 diabetes (T2DM), hypertension, dyslipidemia, and cardiovascular disease, also
steadily increased in the Republic of Korea®.

Insulin resistance and p-cell dysfunction play important roles in obesity and obesity-related metabolic dis-
eases; importantly, visceral adipose tissue (VAT) is linked to insulin resistance®. Several reports have shown that
VAT is more associated with the prevalence of insulin resistance and obesity-related complications than subcu-
taneous adipose tissue*®. Furthermore, VAT is more strongly associated with metabolic risk factors in women
than in men’. Thus, the measurement of VAT is required to assess the risk of T2DM and other obesity-related
diseases among women.

Currently, computed tomography (CT) is the gold standard for the assessment of VAT, and a single area image
at the level of the L4-5 vertebral space is commonly used for its simplicity and to reduce radiation exposure®.
Previous studies have shown that a single-slice measurement of VAT is strongly correlated with VAT volumes and
positively associated with cardio-metabolic risk factors>'’. However, the single VAT area of the strongest relation
to cardio-metabolic risk factors differ among individuals and vary according to sex and races'*~'2. Therefore, in
order to assess the association between VAT and metabolic risk factors, it is necessary to evaluate VAT through
a volumetric measurement rather than a single area measurement.

Previously, we showed the correlation between VAT volume and cardio-metabolic risk factors in healthy
adults using CT based volumetric measurement". In this study, we evaluated the associations of insulin resistance
and cardio-metabolic risk factors with the VAT volume in women with prediabetes or T2DM using CT-based
volumetric measurement, and we compared the VAT volume with the VAT area measured using CT-based area
measurement.

Methods

Study design and population. The study participants included women aged > 45 years with prediabetes
or T2DM, who underwent both abdominal CT and oral glucose tolerance tests (OGTT), presented at Pusan
National University Hospital (Busan, Republic of Korea), a tertiary medical center, between 2017 and 2019. The
electronic records of these patients were retrospectively reviewed and no additional analysis using human tissue
samples. Patients were excluded from the study if they had undergone abdominal surgery or were receiving anti-
diabetic medications. This retrospective study was approved by the Institutional Review Board (IRB) of Pusan
National University Hospital, which waived the requirement for written consent (IRB no. 2105-006-102). The
study was performed in accordance with the relevant guidelines and regulations.

Definition of prediabetes and diabetes. Prediabetes and diabetes were defined according to the criteria
of the American Diabetes Association. Prediabetes includes impaired fasting glucose (IFG), impaired glucose
tolerance (IGT), and hemoglobin Alc (HbAlc) levels of 5.7-6.4%. IFG refers to a fasting plasma glucose level
of 100-125 mg/dL, and IGT refers to a 2-h glucose level of 140-199 mg/dL during OGTT (75 g). Diabetes refers
to a fasting glucose level of > 126 mg/dL, 2-h glucose level of >200 mg/dL during OGTT, and HbAlc of > 6.5%*.

Laboratory assessments and metabolic indices. Venous blood samples were taken from all subjects
in the morning after 12 h of overnight fasting. Biochemical assays were done using an autoanalyzer (Hitachi 747;
Hitachi Corp., Tokyo, Japan). Lipid profiles (total cholesterol (TC; mg/dL), triglycerides (TG; mg/dL), high-den-
sity lipoprotein (HDL) cholesterol (mg/dL), and low-density lipoprotein (LDL) cholesterol (mg/dL)), liver func-
tion (aspartate aminotransferase (AST) and alanine aminotransferase (ALT)), and renal function (creatinine and
blood urea nitrogen) were measured by an enzymatic method. Fasting plasma glucose (mg/dL) was measured by
the glucose oxidase method using Synchron LX20 (Beckman Coulter, Fullerton, CA, USA). Plasma insulin (uU/
mL) was determined using an enzyme immunoassay (Dainabot, Tokyo, Japan). OGTT was performed to assess
glucose metabolism. Each participant drank a 75 g glucose solution, and blood samples were taken at baseline,
30, 60, 90, and 120 min.

Insulin resistance was evaluated using the homeostatic model assessment of insulin resistance (HOMA-IR),
calculated as fasting insulin (WU/mL) x fasting glucose/405 (mg/dL); quantitative insulin sensitivity check index
(QUICKI), calculated as 1/(log(fasting insulin (uU/mL) +log(fasting glucose (mg/dL)); and Matsuda insulin
sensitivity index, calculated as 10,000/ (fasting glucose (mg/dL) x fasting insulin (uU/mL) x mean glucose dur-
ing OGTT (mg/dL) x mean insulin during OGTT (pU/mL))*® 517, B-cell dysfunction was determined using
homeostatic model assessment of B-cell function (HOMA-P), calculated as 360 x fasting insulin (uU/mL)/(fasting
glucose (mg/dL)-63, and insulinogenic index, calculated as the increase in insulin levels from 0 to 30 min divided
by the increase in glucose levels from 0 to 30 min'®!8. Fatty liver was assessed using non-alcoholic fatty liver
disease (NAFLD) liver fat score, calculated as —2.89 + 1.18 x metabolic syndrome (yes=1/no=0)+0.45 x diabetes
(yes=2/no=0)+0.15x (fasting insulin, mU/L) + 0.04 x AST +0.94 x AST/ ALT ratio); hepatic steatosis index,
calculated as 8 x ALT /AST ratio + body mass index (BMI) (+ 2, if diabetes; + 2, female); and Framingham steatosis
index, calculated as—7.981+0.011 x age (years) —0.146 x sex (female=1) +0.173 x BMI (kg/m?) + 0.007 x TG
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(mg/dL) +0.593 x hypertension (yes=1, no=0) +0.789 x diabetes (yes=1, no=0)+ 1.1 x ALT/ AST ratio > 1.33
(yes=1,no=0)""2"

Definition of metabolic syndrome. Metabolic syndrome was defined as the presence of three or more of
the following components according to the modified National Cholesterol Education Programme Adult Treat-
ment Panel III criteria?: (1) abdominal obesity (waist circumference>85 cm for women, as defined by the
Korean Society of Obesity)?; (2) hypertriglyceridemia (serum TG concentration of > 150 mg/dL); (3) low HDL
cholesterol (serum HDL cholesterol concentration of < 50 mg/dL for women); (4) high blood pressure (systolic
blood pressure [SBP] of>130 mmHg, diastolic blood pressure [DBP] =85 mmHg, or treatment with antihy-
pertensive agents); and (5) high fasting glucose level (fasting serum glucose level of > 100 mg/dL or previously
diagnosed T2DM).

CT protocol and quantification of abdominal adiposity. Unenhanced spiral CT was performed
using Philips Brilliance 16-slice multidetector helical CT scanner (GEMINI TF CT, Philips, Eindhoven, Neth-
erlands) at a voltage of 120 kVp with a slice thickness of 3 mm from the level of the diaphragm to the level of
the mid-thigh. The VAT areas were defined as the free drawn area of VAT on the level of the umbilicus and L2
vertebra. The additional VAT areas were manually defined from the level of the diaphragm to the level of the
pelvic floor, and these were used in calculating the VAT volumes by setting the attenuation values from —45 to
—195 Hounsfield Unit using a CT software (SIEMENS, Syngo CT basic evaluation).

Statistical analyses. All non-normally distributed variables were expressed as medians and interquartile
ranges (IQR; 25-75%). Mann-Whitney U-test was used to compare continuous variables in both groups. The
X2-test was used to compare categorical data in both groups. A rank correlation was used during the analysis to
show the degree of association between variables. To evaluate the relationship between multiple parameters, we
conducted a stepwise multiple linear regression by considering a set of potential variables. Statistical analyses
were performed using the MedCalc® version 16.4.3 (MedCalc, Mariakerke, Belgium) software. P-values of <0.05
were indicative of statistical significance.

Ethics approval and consent to participate. The study complied with the principles of the Declaration
of Helsinki. Since no individual patient information is discussed, consent from participants was not needed
according to the Institutional Review Board of Pusan National University Hospital.

Consent for publication.  All authors have read the paper and agree that it can be published.

Results

Baseline characteristics. A total of 75 patients (median age 61, interquartile range [IQR]: 52.2; 65.0 years)
were enrolled. Twenty-one patients (28.0%) were diagnosed with T2DM, and 54 patients (72.0%) were diagnosed
with prediabetes. Forty-five patients (60.0%) had metabolic syndrome. Twenty-six patients (34.7%) were treated
for hypertension, and the blood pressures of all enrolled patients were relatively well controlled. No patients had
decreased renal function. The baseline characteristics details of all patients are summarized in Table 1.

The difference in abdominal adiposity indices according to the metabolic syndrome. The VAT
volume was the lowest in the patients who had no metabolic syndrome compared to the VAT volume in patients
with metabolic syndrome, and the VAT volume was increased with the number of correspondences to the meta-
bolic syndrome components with statistical significance. However, according to the number of metabolic syn-
drome components, the VAT areas were not significantly different (Fig. 1).

The correlations between abdominal adiposity indices and metabolic characteristics. For all
patients, all metabolic characteristics, except blood pressure, were significantly correlated with VAT volume. The
VAT areas measured at the level of the L2 vertebra and umbilicus were correlated with the serum levels of TG
and HDL cholesterol and Framingham steatosis index. Other metabolic parameters did not show any significant
correlation with the VAT areas (Table 2). According to the multivariable regression analyses, the VAT volume
showed significant association with several metabolic parameters. The VAT areas showed significant correlations
with only serum levels of TG, HDL, and cholesterol, and with the Framinghan steatosis index (Table 3).

Discussion

In this cross-sectional study, we showed that the VAT volume was associated with insulin resistance, cardio-
metabolic risk factors, and hepatic steatosis in women with prediabetes and in those with T2DM. Compared
with the VAT area at the L2 vertebra, the VAT volume at the umbilicus had a stronger correlation. Furthermore,
insulin resistance and fatty liver index were significantly associated with the VAT volume.

Irlbeck et al. previously showed that the VAT volume was best correlated with cardio-metabolic risk factors in
the Framingham Heart Study, and the VAT area had a similar association with VAT volume'’. The result of this
cross-sectional study is consistent with a previous report on lipid profiles (TG and HDL cholesterol), although
fasting blood glucose was associated with the VAT volume alone, and blood pressure was not significantly associ-
ated with both the VAT volumes and VAT areas. Overall, 26 patients (34.7%) were already taking antihypertensive
medications, and both SBP and DBP were in the normal range in most patients in this study (SBP range from
116 to 129 mmHg, DBP range from 63 to 78 mmHg). Thus, the prescriptions of hypertensive medication and
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Number of patients

75

Age (years)

61.00 [56.25;65.00]

Systolic blood pressure (mmHg)

122.00 [116.000;129.750]

Diastolic blood pressure (mmHg)

70.00 [63.00;78.00]

Diabetes status, n (%)

Diabetes 21 (28.0)
Prediabetes 54 (72.0)
Metabolic Syndrome, n (%)

Yes 45 (60.0)

No 30 (40.0)
Medication for Hypertension, n (%)

Yes 26 (34.7)

No 49 (65.3)
Administration of statin, n (%)

Yes 43 (57.3)

No 32 (42.7)
Height (cm) 155.6 [152.0;158.7]
Weight (kg) 60.3 [55.0;66.6]

BMI (kg/m?)

24.8 [23.4;27.4]

VAT volume (cm?)

338.8 [253.8;406.6]

VAT area (L2 level, cm?)

10.3 [8.3;12.3]

VAT area (Umbilicus level, cm?)

13.0 [10.1;17.0]

Total cholesterol (mg/dL)

176.0 [155.8;194.8]

LDL-cholesterol (mg/dL)

102.1 [88.0;118.3]

HDL-cholesterol (mg/dL)

57.0[50.0;64.5]

Triglyceride (mg/dL) 119.0 [83.5;185.8]
AST (U/L) 22.0 [17.0;28.5]
ALT (U/L) 21.0 [17.0;30.0]

Blood urea nitrogen (mg/dL)

14.5 [12.4;16.6]

Creatinine (mg/dL)

0.67 [0.59;0.72]

Fasting blood glucose (mg/dL)

105 [98;114]

HbAIc (%)

6.03 [5.906.30]

HOMA-IR 2.15[1.69;3.31]
QUICKI 0.340 [0.320;0.352]
Matsuda index 3.70 [2.36;4.62]
HOMA-f 75.9 [53.1;108.9]

Insuliogenic index

0.41 [0.19;0.62]

Hepatic steatosis index

35.8 [33.6;37.9]

NAFLD liver fat score

1.25 [0.40;2.12]

Framinghan steatosis index —1.72 [-2.24;-0.88]

Table 1. Baseline Characteristics. Values are presented as number (%), or median [interquartile range].
BMI, body mass index; VAT, visceral adipose fat tissue; LDL, low-density lipoprotein; HDL, high-density
lipoprotein; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase;
HbAlc, hemoglobin Alc; HOMA-IR, homeostatic model assessment of insulin resistance, HOMA-,
homeostatic model assessment of p-cell function; QUICKI, quantitative insulin sensitivity check index;
NAFLD, nonalcoholic fatty liver disease.

blood pressure value affected the results of this study. Furthermore, the association with metabolic syndrome,
which is a cluster of cardio-metabolic risk factors, has been reported in many studies. According to a longitudinal
cohort study in the Republic of Korea, VAT was significantly associated with the incidence of metabolic syndrome
and incidence of each component of metabolic syndrome?®’. In addition, other longitudinal studies containing
participants of various ethnicities showed the relationship between VAT and metabolic syndrome?**. Increased
VAT volume was correlated with the number of metabolic syndrome components in this study, although the
VAT areas were not significantly correlated.

The adipose tissue releases adipokines, hormones, and free fatty acid that modulate glucose and lipid metabo-
lism, insulin sensitivity, and inflammation; thus, excessive secretion of these molecules can contribute to insulin
resistance and hepatic steatosis”’~?. In addition to liver inflammation, the size of liposomes in hepatocytes
increases with excess adiposity and results in hepatic steatosis®. Thus, we compared the VAT volumes and VAT
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Figure 1. The difference in abdominal visceral adiposity according to the number of metabolic syndrome
component. (A) Visceral adipose tissue (VAT) area at the level of L2 did not have difference according to the
number of metabolic syndrome component. (B) VAT area at the level of umbilicus had increasing trend with
increasing corresponding number of metabolic syndrome component without statistical significance. (C) VAT
volume has significantly higher value according to the increasing corresponding number of metabolic syndrome

component.
VAT area (Umbilicus level,
VAT volume (cm?®) | VAT area (L2 level, cm?) | cm?)
Correlation coefficient 0.309 0.379 0.337
Triglyceride
Significance Level P 0.007 0.008 0.003
Correlation coefficient | —0.335 —-0.290 -0.224
HDL-cholesterol
Significance Level P 0.003 0.012 0.053
Correlation coefficient 0.292 0.021 0.093
Fasting blood glucose
Significance Level P 0.011 0.856 0.427
Correlation coefficient 0.035 -0.000 0.015
Systolic blood pressure
Significance Level P 0.771 0.998 0.900
Correlation coefficient 0.082 -0.174 -0.073
Diastolic blood pressure
Significance Level P 0.494 0.146 0.545
Correlation coefficient 0.469 0.019 -0.022
HOMA-IR
Significance Level P <0.001 0.869 0.849
Correlation coefficient | —0.50 —-0.036 0.017
QUICKI
Significance Level P <0.001 0.762 0.886
Correlation coefficient | —0.415 0.000 0.052
Matsuda index
Significance Level P 0.003 0.999 0.724
Correlation coefficient 0.212 -0.046 -0.158
HOMA-B
Significance Level P 0.067 0.696 0.176
Correlation coefficient 0.015 0.034 -0.010
Insuliogenic index
Significance Level P 0.898 0.774 0.933
Correlation coefficient 0.438 0.166 0.155
Hepatic steatosis index
Significance Level P 0.0001 0.167 0.197
Correlation coefficient 0.496 0.078 0.110
NAFLD liver fat score
Significance Level P <0.0001 0.519 0.360
Correlation coefficient 0.531 0.440 0.413
Framinghan steatosis index
Significance Level P <0.0001 0.002 0.005

Table 2. Univariable regression analysis between VAT measurement methods to metabolic risk factors. VAT,
visceral adipose fat tissue; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of
insulin resistance, HOMA-f, homeostatic model assessment of B-cell function; QUICKI, quantitative insulin
sensitivity check index; NAFLD, nonalcoholic fatty liver disease.

areas using insulin resistance, B-cell dysfunction, and hepatic steatosis in women with prediabetes and in those
with T2DM. Consistent with the findings of previous studies, the VAT volume and hepatic steatosis index were
correlated in this study**!. Interestingly, the p-cell dysfunction indexes were not significantly associated with
the VAT volume, although insulin resistance indexes and hepatic steatosis indexes were significantly related to
the VAT volume. Recently, Wang et al. showed that insulin resistance had a stronger association with T2DM than
it did with B-cell dysfunction, especially in obese patients*’. Furthermore, women were found to have higher
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VAT area (Umbilicus level,
VAT volume (cm?®) | VAT area (L2 level, cm?) | cm?)

Correlation coefficient 0.164 3.996
Triglyceride t 2.184 3.023
Significance Level P 0.032 0.004
Correlation coefficient | —0.365 -0.511
HDL-cholesterol t -2.570 —-2.054
Significance Level P 0.012 0.044
Correlation coefficient 0.400
Fasting blood glucose t 2.607
Significance Level P 0.011

Correlation coefficient

Systolic blood pressure t

Significance Level P

Correlation coefficient

Diastolic blood pressure t

Significance Level P

Correlation coefficient 0.514
HOMA-IR t 4.541
Significance Level P <0.001

Correlation coefficient 0.038
QUICKI t —4.937
Significance Level P <0.001

Correlation coefficient | —0.060
Matsuda index t -2.763
Significance Level P 0.008

Correlation coefficient
HOMA-B t

Significance Level P

Correlation coefficient

Insuliogenic index t

Significance Level P

Correlation coefficient 0.012

Hepatic steatosis index t 4.043
Significance Level P <0.001

Correlation coefficient 0.056
NAFLD liver fat score t 4.746
Significance Level P <0.001

Correlation coefficient 0.004 0.512
Framinghan steatosis index | t 4.591 3.427
Significance Level P <0.001 0.001

Table 3. Multivariable regression analysis between VAT measurement methods to metabolic risk factors.
VAT, visceral adipose fat tissue; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of
insulin resistance, HOMA-B, homeostatic model assessment of $-cell function; QUICKI, quantitative insulin
sensitivity check index; NAFLD, nonalcoholic fatty liver disease.

capacities for insulin secretion and incretin responses than men**. For these reasons, insulin sensitivity indexes
were not significantly associated with the VAT volume in this study.

Due to radiation exposure, CT based VAT measurement has been used in a limited condition of cross-sec-
tional study®. However, abdominal CT scan has been frequently performed and has dramatically increased over
the past several decades for health screening and for other various medical conditions for diagnosis and follow-
up of diseases affecting abdominal organs. For the patients with diabetes or predibetes, abdominal CT could be
used to be ruled out any kinds of pancreatic tumor, especially in patients with sudden onset of diabetes®**. In
addition, there are several studies to approach the in vivo pancreatic endocrine function using CT**-%. Therefore,
much of the patients already had abdominal CT in the current study and the CT based VAT measurement could
provide more specific additional metabolic information without additional radiation exposure.

This study has several limitations. First, this is a cross sectional study with a retrospective design and a small
study, thereby precluding inferences of causality or temporality. Moreover, there is a probability of selection bias
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because all the patients were from a single center. However, the results of the correlation between the VAT volume
and cardio-metabolic risk factors in this study were consistent with the results of previous reports'’. Second
limitation is that this study was conducted among women alone. Sex differences in body fat distribution and
metabolic homeostasis are well established in the literature. Women have a lower amount of VAT, but a greater
risk of obesity and a higher prevalence of metabolic syndrome than men**. Furthermore, endocrine function
of VAT differs by sex. Women have higher leptin and adiponectin levels; thus, these hormones may be causes
of sex differences in insulin sensitivity and metabolism*"*?. Therefore, we evaluated the relationship between
VAT and cardio-metabolic risk factors in each sex. The number of men in the study population was too small
to assess the correlation between VAT and cardio-metabolic risk factors, because of which we discussed these
relations in women alone. Finally, the population of this study comprised relatively elderly patients (median age
61.0, IQR 52.265.6) of Korean population. Thus, generalisation of our results to younger population and other
ethnical group should be made with caution.

Conclusions

We showed that the VAT volume, according to CT-based volumetric measurement, was associated with insulin
resistance and metabolic risk factors and correlated more compared with the VAT area in women with predia-
betes and in those with T2DM. Therefore, CT-based VAT volumetric measurements would be useful methods
for researcher evaluating the association VAT and insulin resistance in metabolic high risk population.
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Data are available on request.

Received: 6 July 2021; Accepted: 19 November 2021
Published online: 10 January 2022

References
1. Ng, M. et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980-2013: A
systematic analysis for the Global Burden of Disease Study 2013. Lancet 384, 766-781 (2014).
2. Seo, M. H. et al. Prevalence of obesity and incidence of obesity-related comorbidities in Koreans based on National Health Insur-
ance Service health checkup data 2006-2015. J. Obes. Metab. Syndr. 27, 46-52 (2018).
3. Kahn, S. E., Hull, R. L. & Utzschneider, K. M. Mechanisms linking obesity to insulin resistance and type 2 diabetes. Nature 444,
840-846 (2006).
4. Reaven, G. M. Role of Insulin resistance in human disease. Diabetes 37, 1595-1607 (1988).
5. Després, J. P. et al. Abdominal obesity and the metabolic syndrome: Contribution to global cardiometabolic risk. Arterioscler.
Thromb. Vasc. Biol. 28, 1039-1049 (2008).
6. Fujimoto, W. Y. et al. Visceral adiposity and incident coronary heart disease in Japanese-American men. The 10-year follow-up
results of the Seattle Japanese-American Community Diabetes Study. Diabetes Care 22, 1808-1812 (1999).
7. Fox, C.S. et al. Abdominal visceral and subcutaneous adipose tissue compartments: Association with metabolic risk factors in the
Framingham Heart Study. Circulation 116, 39-48 (2007).
8. Shuster, A., Patlas, M., Pinthus, J. H. & Mourtzakis, M. The clinical importance of visceral adiposity: A critical review of methods
for visceral adipose tissue analysis. Br. J. Radiol. 85, 1-10 (2012).
9. Shen, W. et al. Visceral adipose tissue: Relations between single-slice areas and total volume. Am. J. Clin. Nutr. 80, 271-278 (2004).
10. Irlbeck, T. et al. Association between single-slice measurements of visceral and abdominal subcutaneous adipose tissue with
volumetric measurements: The Framingham Heart Study. Int. J. Obes. (Lond.) 34, 781-787 (2010).
11. Greenfield, J. R., Samaras, K., Chisholm, D. J. & Campbell, L. V. Regional intra-subject variability in abdominal adiposity limits
usefulness of computed tomography. Obes. Res. 10, 260-265 (2002).
12. Demerath, E. W. et al. Anatomical patterning of visceral adipose tissue: Race, sex, and age variation. Obesity 15, 2984-2993 (2007).
13. Pak, K., Lee, S. H,, Lee, J. G., Seok, J. W. & Kim, I. ]. Comparison of visceral fat measures with cardiometabolic risk factors in
healthy adults. PLoS ONE 11, e0153031 (2016).
14. American Diabetes Association. Classification and diagnosis of diabetes: Standards of medical care in diabetes-2020. Diabetes
Care 43, $14-S31 (2020).
15. Matsuda, M. & DeFronzo, R. A. Insulin sensitivity indices obtained from oral glucose tolerance testing: Comparison with the
euglycemic insulin clamp. Diabetes Care 22, 1462-1470 (1999).
16. Matthews, D. R. et al. Homeostasis model assessment: Insulin resistance and beta-cell function from fasting plasma glucose and
insulin concentrations in man. Diabetologia 28, 412-429 (1985).
17. Katz, A. et al. Quantitative insulin sensitivity check index: A simple, accurate method for assessing insulin sensitivity in humans.
J. Clin. Endocrinol. Metab. 85, 2402-2410 (2000).
18. Goedecke, J. H. et al. Insulin response in relation to insulin sensitivity: An appropriate beta-cell response in black South African
women. Diabetes Care 32, 860-865 (2009).
19. Kotronen, A. et al. Prediction of non-alcoholic fatty liver disease and liver fat using metabolic and genetic factors. Gastroenterology
137, 865-872 (2009).
20. Lee, J. H. et al. Hepatic steatosis index: A simple screening tool reflecting nonalcoholic fatty liver disease. Dig. Liver Dis. 42, 503-508
(2010).
21. Long, M. T. et al. Development and validation of the Framingham steatosis index to identify persons with hepatic steatosis. Clin.
Gastroenterol. Hepatol. 14, 1172-80.e2 (2016).
22. Grundy, S. M. et al. Diagnosis and management of the metabolic syndrome: An American Heart Association/National Heart,
Lung, and Blood Institute Scientific Statement. Circulation 112, 2735-2752 (2005).
23. Lee, S. Y. et al. Appropriate waist circumference cutoff points for central obesity in Korean adults. Diabetes Res. Clin. Pract. 75,
72-80 (2007).
24. Kwon, H., Kim, D. & Kim, J. S. Body fat distribution and the risk of incident metabolic syndrome: A longitudinal cohort study.
Sci. Rep. 7, 10955 (2017).
25. Abraham, T. M., Pedley, A., Massaro, J. M., Hoffmann, U. & Fox, C. S. Association between visceral and subcutaneous adipose
depots and incident cardiovascular disease risk factors. Circulation 132, 1639-1647 (2015).
26. Shah, R. V. et al. Visceral adiposity and the risk of metabolic syndrome across body mass index: The MESA Study. JACC Cardiovasc.
Imaging 7, 1221-1235 (2014).

Scientific Reports |

(2022) 12:387 | https://doi.org/10.1038/s41598-021-04402-5 nature portfolio



www.nature.com/scientificreports/

27. Tchkonia, T. et al. Mechanisms and metabolic implications of regional differences among fat depots. Cell Metab. 17, 644-656
(2013).

28. Heymsfield, S. B. & Wadden, T. A. Mechanisms, pathophysiology, and management of obesity. N. Engl. J. Med. 376, 254-266 (2017).

29. van der Poorten, D. et al. Visceral fat: A key mediator of steatohepatitis in metabolic liver disease. Hepatology 48, 449-457 (2008).

30. McCullough, A. J. The clinical features, diagnosis and natural history of nonalcoholic fatty liver disease. Clin. Liver Dis. 8, 521-
33,viii (2004).

31. Yu,S.]. et al. Visceral obesity predicts significant fibrosis in patients with nonalcoholic fatty liver disease. Medicine (Baltimore) 94,
€2159 (2015).

32. Wang, T. et al. Association of insulin resistance and p-cell dysfunction with incident diabetes among adults in China: A nationwide,
population-based, prospective cohort study. Lancet Diabetes Endocrinol. 8, 115-124 (2020).

33. Tramunt, B. et al. Sex differences in metabolic regulation and diabetes susceptibility. Diabetologia 63, 453-461 (2020).

34. Goda, K. et al. Pancreatic volume in type 1 and type 2 diabetes mellitus. Acta Diabetol. 38, 145-149. https://doi.org/10.1007/s0059
20170012 (2001).

35. Gritzmann, N., Macheiner, P.,, Hollerweger, A. & Hiibner, E. CT in the differentiation of pancreatic neoplasms—progress report.
Dig. Dis. 22, 6-17. https://doi.org/10.1159/000078730 (2004).

36. Saisho, Y. et al. Pancreas volumes in humans from birth to age one hundred taking into account sex, obesity, and presence of type-2
diabetes. Clin. Anat. 20, 933-942. https://doi.org/10.1002/ca.20543 (2007).

37. Sakata, N. et al. Computed tomography reflected endocrine function of the pancreas. J. Gastrointest. Surg. 15, 525-532. https://
doi.org/10.1007/s11605-010-1406-5 (2011).

38. Yokota, K., Fukushima, M., Takahashi, Y., Igaki, N. & Seino, S. Insulin secretion and computed tomography values of the pancreas
in the early stage of the development of diabetes. J. Diabetes Investig. 3, 371-376. https://doi.org/10.1111/j.2040-1124.2012.00212.x
(2012).

39. Karastergiou, K., Smith, S. R, Greenberg, A. S. & Fried, S. K. Sex differences in human adipose tissues—The biology of pear shape.
Biol. Sex Differ. 3,13 (2012).

40. Mauvais-Jarvis, E Sex differences in metabolic homeostasis, diabetes, and obesity. Biol. Sex Differ. 6, 14 (2015).

41. Hellstrom, L., Wahrenberg, H., Hruska, K., Reynisdottir, S. & Arner, P. Mechanisms behind gender differences in circulating leptin
levels. J. Intern. Med. 247, 457-462 (2000).

42. Cnop, M. et al. Relationship of adiponectin to body fat distribution, insulin sensitivity and plasma lipoproteins: Evidence for
independent roles of age and sex. Diabetologia 46, 459-469 (2003).

Acknowledgements
This work was supported by a 2-year research grant of Pusan National University. The authors are very grateful
to Yoon Jeong Joo for her administrative support in all stages of the research.

Author contributions

W.Y. researched the data and drafted the article; K.K. performed the statistical analysis, and edited the article;
M.I and S.R. researched the data; E.H.K. and M.K. edited the article; Y.K.J., S.S.K., and B.H.K. supervised draft-
ing of the article; K.P. and S.J.K. analyzed the data; I-].K. designed the article. All authors revised the manuscript
and approved the final version.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2023

Scientific Reports |

(2022) 12:387 | https://doi.org/10.1038/s41598-021-04402-5 nature portfolio


https://doi.org/10.1007/s005920170012
https://doi.org/10.1007/s005920170012
https://doi.org/10.1159/000078730
https://doi.org/10.1002/ca.20543
https://doi.org/10.1007/s11605-010-1406-5
https://doi.org/10.1007/s11605-010-1406-5
https://doi.org/10.1111/j.2040-1124.2012.00212.x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Association between visceral adipose tissue volume, measured using computed tomography, and cardio-metabolic risk factors
	Methods
	Study design and population. 
	Definition of prediabetes and diabetes. 
	Laboratory assessments and metabolic indices. 
	Definition of metabolic syndrome. 
	CT protocol and quantification of abdominal adiposity. 
	Statistical analyses. 
	Ethics approval and consent to participate. 
	Consent for publication. 

	Results
	Baseline characteristics. 
	The difference in abdominal adiposity indices according to the metabolic syndrome. 
	The correlations between abdominal adiposity indices and metabolic characteristics. 

	Discussion
	Conclusions
	References
	Acknowledgements


