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Purpose

Ectopic fat accumulation and abdominal fat distribution may have different cardiometabolic risk profiles. This study aimed to assess the associations between various magnetic resonance imaging (MRI)-acquired fat depots and cardiometabolic risk factors.



Methods

A total of 320 subjects with median age of 59 years, 148 men and 172 women, were enrolled in the study. Visceral adipose tissue (VAT) area and fat fraction (FF), subcutaneous adipose tissue (SAT) area and FF at the L1–L2 levels, preperitoneal adipose tissue (pPAT) area and FF, hepatic FF, pancreatic FF, and intramuscular FF were assessed by MRI FF maps. The associations of various MRI-acquired fat depots with blood pressure, glucose, and lipid were examined using sex-stratified linear regression. Logistic regression stratified by sex was used to analyze the association of various MRI-acquired fat depots with the risk of hypertension, T2DM, and dyslipidemia.



Results

The intraclass correlation coefficient (ICC) values were >0.9, which suggested good interobserver and intraobserver agreement. VAT area, V/S, hepatic fat, pancreatic fat, and pPAT rather than SAT area were significantly associated with multiple cardiometabolic risk factors (all p < 0.05). However, the patterns of these correlations varied by sex and specific risk factors. Also, VAT and SAT FF were only significantly associated with multiple cardiometabolic risk factors in women (all p < 0.05).



Conclusions

VAT, hepatic fat, pancreatic fat, and pPAT were associated with cardiovascular metabolic risk factors independent of BMI. The patterns of these correlations were related to gender. These findings further the understanding of the association between ectopic fat deposition and cardiometabolic risk factors and help to better understand the obesity heterogeneity.
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1 Introduction

Obesity is becoming one of the most significant public health problems and a leading cause of preventable death. Fatty acids produced in the human body are predominantly stored in adipose tissue in the form of triglycerides (TG). As the primary site of excessive TG storage, subcutaneous adipose tissue (SAT) capacity is limited. When SAT cannot store excessive amounts of energy, excessive TG leads to the accumulation of triglycerides in visceral adipose tissue (VAT), preperitoneal adipose tissue (pPAT), and nonadipose tissues, such as the heart, liver, pancreas, and skeletal muscles. These fat depots are described as “ectopic fat depots” (1, 2), which have been identified as an essential diagnostic and prognostic marker for the onset, progression, and mortality risk of cardiometabolic disease (1, 3–9). Obesity is a heterogeneous condition, and some obese individuals can be metabolically healthy (10). Thus, specific patterns of body fat deposition may confer different cardiometabolic risks (11).

Previously, the assessment of abdominal fat distribution mainly relied on several anthropometric measures, e.g., body mass index (BMI), waist-to-hip ratio (WHR), or waist circumference (WC), and/or broadly available clinical tools, such as dual-energy x-ray absorptiometry (DXA) and bioelectrical impedance analysis (BIA) (12–15). Still, none of these approaches mentioned above can evaluate the regional fat distribution and ectopic fat deposition. By contrast, computed tomography (CT) and magnetic resonance imaging (MRI) can be used to visually evaluate the abdominal fat distribution and ectopic fat deposition. Particularly, they are noninvasive, fast, and accurate, making them an ideal clinical indicator for fat quantification and monitoring changes in visceral and ectopic fat over time. The MRI protocol for the iterative decomposition of water and fat with echo asymmetry and least-squares estimation-iron quantification (IDEAL-IQ) sequence is a new method to fat quantification and can lead to a more accurate measurement of fat content because of a low flip angle for suppressing the longitudinal relaxation effects, and multiecho acquisition permit correction of the transverse relaxation effects. It has also been widely used to assess the fat quantification of different tissues (16).

Cardiometabolic risk factors included hypertension, type 2 diabetes mellitus (T2DM), dyslipidemia, and others. The simultaneous coexistence of two or more risk factors in a person at the same time has been recognized as clustering of cardiometabolic risk factors (CCRFs) (17), while the synergy of CCRFs can increase the risk of cardiovascular disease. In the early stages of cardiometabolic risk factors, deleterious and progressive changes in each organ are often asymptomatic and possibly reversible. Thus, a lifestyle modification can reduce morbidity and mortality of cardiometabolic risk factor-related diseases (18, 19). Defining imaging markers of high-risk fat accumulation might have important implications for prediction of cardiometabolic risk factors and early prevention or therapeutic intervention. Currently, studies that performed a direct comparison between various MRI-acquired fat depots accumulated in six abdominal regions (VAT, SAT, pPAT, liver, pancreas, and muscle) and multiple cardiometabolic risk factors are lacking. Accordingly, it remains unknown which MRI-acquired fat depots contribute the most to the individual cardiometabolic risk factors.

The aim of the present study was to assess the association between the various MRI-acquired fat depots and cardiometabolic risk factors. We hypothesized that the association between each fat content and cardiometabolic risk factors varies with the type of fat depots; there are fat depots that are more strongly associated with cardiometabolic risk factors than others, and they may therefore serve as imaging biomarkers in prediction, early prevention, or therapeutic intervention of cardiometabolic risk factors.



2 Materials and Methods


2.1 Study Population

This single-center, retrospective study included 4,718 patients who underwent upper abdominal MRI examination between January 2017 and August 2020. The target population was the general population. Of these participants, those who met at least one of the following criteria were excluded: age <18 years (n = 9); a history of heavy drinking (alcohol consumption ≥30 g/week in men or ≥20 g/week in women in the last 10 years) (n = 78); evidence of cirrhosis, malignant liver tumor, large benign liver tumor, liver posthepatectomy, and decompensated liver diseases (n = 992); evidence of other liver diseases (n = 171), including viral hepatitis, autoimmune liver diseases, drug-induced liver injury, etc.; evidence of pancreas diseases (n = 840), including acute or chronic pancreatitis, autoimmune pancreas diseases, pancreas tumor, pancreas postpancreatectomy, pancreatic trauma; intrahepatic bile, or pancreatic duct dilation (n = 126); thyroid diseases (n = 62); evidence of ascites, mesenteric injuries, huge abdominal mass, abdominal wall edema, and postostomy (n = 31); radiotherapy, chemotherapy, immunosuppressive therapy, antiviral therapy, and endocrine therapy (n = 1213); pregnancy (n = 3); suspected secondary hypertension and other types of diabetes except T2DM (n = 11); missing cardiometabolic risk factors (n = 858); missing IDEAL-IQ sequence (n = 130); missing covariates (n = 2); weight change by more than 5% (within 1 month) (n = 185); poor image quality (poor signal-to-noise ratio or motion artifacts) (n = 8). Finally, a total of 320 subjects (148 men and 172 women) were included in the analysis.

This retrospective study was approved by review board of the First Affiliated Hospital of Dalian Medical University, and a waiver of informed consent was remitted.



2.2 MRI Examinations

In this study, the MRI scanner (GE Medical Systems, Inc., Waukesha, WI, USA) with an eight-channel phased-array body coil was used. The patients fasted for 4–6 h and were trained to exhale and hold their breath for more than 20 s before scanning. The subjects were placed in the supine position during examination. A three-plane localization imaging gradient-echo sequence was performed at the beginning of acquisition.

IDEAL-IQ sequence and routine MRI Ax T1 FSPGR, Ax T2 FSE, DWI sequence, and Dual echo sequence were acquired. MRI parameters were as follows: 3.0 T MRI IDEAL-IQ sequence: TR/TE = 6.9 ms/3.0 ms, slice thickness of 10 mm, 200 kHZ bandwidth, FOV = 36 cm × 36 cm, matrix = 256 × 160, flip angle = 3°, NEX = 1, breath holding for less than 24 s. 1.5 T MRI IDEAL-IQ sequence: TR/TE = 13.4 ms/4.8 ms, slice thickness of 10 mm, 125 kHZ bandwidth, FOV = 36 cm × 36 cm, matrix = 256 × 160, flip angle = 5°, NEX = 1, breath holding for less than 24 s. T1WI sequence: TR/TE = 210 ms/2.4 ms. T2WI: TR/TE = 8,571 ms/100 ms. Dual-echo sequence: TR = 190 ms, TE = 2, 4.3 ms. DWI sequence: TR/TE = 7,500 ms/58 ms, NEX = 4, b-value = 0, 600 s/mm2, FOV = 42 cm × 42 cm. The images were processed using IDEAL Research software provided by the manufacturer to generate water-phase, fat-phase, in-phase, out-phase, along with R2* and fat fraction (FF) maps.



2.3 MRI-Acquired Fat Measurements


2.3.1 Measurement of VAT and SAT

VAT and SAT were semiautomatically measured on the axial FF images by Image J (National Institutes of Health, USA), as previously described (23–25). The abdominal fat was determined at the L1–L2 level and did not include intestinal loops.

VAT was defined as intraabdominal fat (including intraperitoneal and retroperitoneal fat) bound by parietal peritoneum or transversalis fascia, excluding the vertebral column and the paraspinal muscles (23). The SAT was defined as fat superficial to the abdominal and back muscles (24). Area (cm2) and FF (%) of VAT and SAT were assessed. Meanwhile, visceral/subcutaneous adipose tissue area ratio (V/S) was also calculated.

In this study, the abdominal fat was measured at the L1/L2 level according to Kuk et al. (25). Most studies used the L4/L5 lumbar vertebra level for intraabdominal fat measurements to capture the highest percentage of body fat (7, 26). However, studies have shown that the cross-sectional areas of VAT and SAT measured at each level of T12-L5 are highly correlated with the volume of overall VAT and SAT (r = 0.89–0.98) (27). In addition, VAT significantly associated with metabolic syndrome regardless of measurement site (25, 28). Importantly, it was found that the VAT measured at L1–L2 level may predict the overall VAT more than L4/L5 level (28).

The MRI fat fraction map calculated from IDEAI-IQ was the most practical method to accurately assess ectopic fat deposition (29). In addition, several ROI sampling methods to assess ectopic fat deposition have been used in previous studies (1, 4, 24). Due to spatial heterogeneity in ectopic fat deposition, differences in the ROI sampling method can lead to fat quantification variability. To avoid such occurrences, a 3D semiautomatic segmentation method was used to assess the whole-hepatic FF, whole-pancreatic FF, and intramuscular FF in scan ranging.



2.3.2 Measurement of Hepatic FF

On the postprocessing platform (Intellispace Portal, ISP, Philips, Holland), the software algorithm defined the margins of the liver in three dimensions, and the whole liver was semiautomatically traced on FF maps. If the margins needed tweaking, the operator made corrections; if margins were included within the contours of liver segmentation, the main portal vein, inferior vena cava, and the gallbladder were manually removed. Liver was then segmented, and the whole hepatic FF was automatically calculated (Figure 1A).




Figure 1 | (A) Liver segmentation: the whole hepatic fat fraction was calculated using the 3D semiautomatic segmentation method. (B) Muscle segmentation: the arithmetic mean fat fraction of bilateral paraspinal muscles (including erector spinae and multifidus muscles) in the scanning range was calculated as the intramuscular fat fraction using the 3D semiautomatic segmentation method. (C) Pancreas segmentation: the whole pancreatic fat fraction was calculated using the 3D semiautomatic segmentation method. (D) Preperitoneal adipose tissue measurement: the area and the fat fraction of preperitoneal adipose tissue were measured using spline contour region of interest (ROI) method.





2.3.3 Measurement of Intramuscular FF

The same methodology was used to measure intramuscular FF, which referred to the arithmetic mean FF of bilateral paraspinal muscles (including erector spinae and multifidus muscles) in the scanning range (30) (Figure 1B).



2.3.4 Measurement of Pancreatic FF

The whole pancreatic FF was calculated using the same method avoiding extrapancreatic adipose tissue and vessel (Figure 1C).



2.3.5 Measurement of pPAT

pPAT was defined as the fat depot anteriorly seen from the anterior surface of the left lobe of the liver to the linea alba (31). pPAT area and FF were measured using the spline contour region of interest (ROI) method (Figure 1D).




2.4 Inter- and Intraobserver Variability

The intra- and interobserver variability of the MRI-acquired fat measurements was determined by repeated analysis of 30 randomly selected patients more than 4 weeks apart by the same observer and by the MRI-acquired fat measurements of the same patient by a second independent observer. Two radiologists were blinded to the grouping.



2.5 Cardiometabolic Risk Factors

Trained examiners measured systolic and diastolic blood pressure (BP) twice with 1–2 min intervals in the left arm after participants were seated and rested for 5 min; the mean values of the last two readings were used for analysis. Hypertension was indicated by systolic blood pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg, or on current antihypertensive drug treatment. Blood samples were collected in the morning from patients who fasted for ≥12 h prior to the blood draw. Fasting plasma glucose (FPG), TG, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) were evaluated from the blood samples. FPG ≥7.0 mmol/L or current use of insulin or an oral hypoglycemic agent were classified as T2DM (32). High TG was defined as triglycerides ≥2.3 mmol/L (200 mg/dl) or on drug treatment to reduce lipid concentrations. High TC was defined as total cholesterol ≥6.2 mmol/L (240 mg/dl) or on drug treatment to reduce lipid concentrations. The cutoff point of HDL-cholesterol concentrations for defining low HDL-C was less than 1.0 mmol/L (40 mg/dl) or on drug treatment to elevate HDL-C. The cutoff point of LDL-C concentrations for defining high LDL-C was more than but equal to 4.1 mmol/L (160 mg/dl) or on drug treatment to decrease LDL-C. CCRFs were defined as the presence of two or more of these risk factors.



2.6 Covariates

Weight was measured in kilograms and height in meters that were then used to calculate BMI (weight divided by the square of height). Data on smoking status, alcohol intake, and family history of cardiometabolic risk factors were collected by an on-site physician-administered medical and through physical history interview during the regular clinical examination. For women, information on postmenopausal status was also collected.



2.7 Statistical Analysis

All data were analyzed using SPSS Ver.25.0 (SPSS Inc., Chicago, IL, USA). The Kolmogorow–Smironov test was used to test the normality of the variables in overall subjects. Normally distributed data were expressed as means ± standard deviations, and nonnormally distributed data were expressed as medians and ranges (25th and 75th percentiles). Nominal data were expressed as the frequency with percentage.

The comparisons between men and women were determined using two-sided t-tests or the nonparametric Mann–Whitney U-test for normally or nonnormally distributed data for continuous variables and the chi-square test for categorical variables.

The intraclass correlation coefficient (ICC) is defined as the ratio of the between-group variance to the total variance and is used to check the consistency or reliability of data measured multiple times on the same subject. The closer the ICC value is to 1, the closer the multiple measurement data of the same research object is, the higher the consistency of measurement results is. The generally accepted ICC evaluation criteria are as follows (33), when it is below 0.40, the consistency is poor; when it is between 0.40 and 0.59, the consistency is fair; when it is between 0.60 and 0.74, the consistency is good; and when it is between 0.75 and 1.00, the consistency is excellent.

To assess the associations between fat measurements, age and sex-adjusted correlation coefficients (r) among various MRI-acquired fat depots were computed. Correlation coefficients were interpreted as follows: weak, 0–0.4; moderate, 0.4–0.7; and strong, 0.7–1.0. This method was also performed to evaluate correlations of MRI-acquired fat depots and each cardiometabolic risk factor. Age-adjusted correlation analyses stratified by sex were also conducted.

Multivariable logistic and linear regression models were performed for the dichotomous and continuous outcomes, respectively. Odds ratios (ORs) from the logistic regression models and β-coefficients from the linear regression models, and their 95% CIs were used to assess the associations of the cardiometabolic risk factors per 1-SD increase in various MRI-acquired fat depots. Multivariable adjustments included age, sex, smoking status, current alcohol use, postmenopausal status (women only), and family history of cardiometabolic risk factors. Furthermore, an additional model-specific adjustment was applied for models as follows: antihypertensive treatment for the systolic and diastolic blood pressure models; diabetes treatment for the FPG model; lipid-lowering treatment for the TG, TC, HDL-C, and LDL-C models.

Additional models evaluated the associations between MRI-acquired fat depots and cardiometabolic risk factors after further adjustment for BMI to explore whether the associations persisted after adjusting for generalized obesity. Sex-specific multivariable-adjusted regression models were also performed.

A two-tailed p < 0.05 was considered to be statistically significant.




3 Results


3.1 Study Sample Characteristics

A total of 320 patients (148 men and 172 women) with a median age of 59 years (range from 19 to 90 years) and a mean BMI of 24.68 kg/m2 were finally included in the study. The patients’ demographic, clinical, lifestyle characteristics, and family history of cardiometabolic risk factors are shown in Table 1. Hypertension had the highest prevalence rate (40.94%), while high LDL-C was the least prevalent (9.38%). The prevalence rate of CCRFs was 33.75%. For fat measurements, men had higher BMI, higher SAT area, higher VAT area, higher VAT FF, higher V/S, higher pancreatic FF, higher intramuscular FF, and higher pPAT area, but lower SAT FF compared with women (all p < 0.05). For cardiometabolic risk factors, men had a higher prevalence of hypertension, T2DM, high TC, and low HDL-C than women (all p < 0.05).


Table 1 | Clinical characteristics of the study subjects.





3.2 Consistency Analysis

The data consistency is shown in Table S1. The ICC values were more than 0.9, which suggested good inter-observer and intra-observer agreement.



3.3 Correlations Among Fat Measurements

Age- and sex-adjusted correlation coefficients among fat measurements are shown in Table 2. Most of the fat measurements were associated with each other (p < 0.05), but the strengths of these associations greatly varied. Both hepatic FF and pancreatic FF had the strongest correlations with VAT area (correlation coefficients (r) = 0.313 and 0.367, respectively), but intramuscular FF had the strongest correlation with SAT area (r-value = 0.226). Different from other MRI-acquired fat depots, VAT FF, V/S, and pPAT area were not correlated with BMI (p > 0.05). However, the patterns of the correlations slightly varied in both men and women (Table S2).


Table 2 | The age- and sex-adjusted correlations among MRI-acquired fat measurements in all patients.





3.4 Correlations Between the MRI-Acquired Fat Measurements and Cardiometabolic Risk Factors

The age- and sex-adjusted correlations between MRI-acquired fat measurements and continuous cardiometabolic risk factors are described in Table 3. For all patients, SAT area was significantly correlated with most continuous cardiometabolic risk factors (r-value ranging 0.124 to −0.203), except for TC and LDL-C, and had the strongest correlations with HDL-C (r-value = −0.203). SAT FF was only significantly correlated with HDL-C (r-value = −0.120). VAT area was significantly correlated with all continuous cardiometabolic risk factors (r-values ranging from 0.124 to 0.285) and had the strongest correlations with FPG (r-value = 0.285). V/S was only significantly correlated with FPG (r-value = 0.205). Hepatic FF was significantly correlated with most continuous cardiometabolic risk factors (r-value ranging from 0.140 to 0.306), except for systolic BP and HDL-C, and had the strongest correlations with TG (r-value = 0.306). Pancreatic FF was significantly correlated with FPG, TG, and HDL-C (r-value = 0.245, 0.183, and −0.193, respectively). VAT FF, intramuscular FF, and pPAT area were not significantly correlated with any continuous cardiometabolic risk factors (all p > 0.05). Preperitoneal FF was significantly correlated with diastolic BP, FPG, and TG (r-value = 0.118, 0.122, and 0.174, respectively).


Table 3 | The age- and sex-adjusted correlations between MRI-acquired fat measurements and continuous cardiometabolic risk factors.



The results of correlations between the MRI-acquired fat measurements and cardiometabolic risk factors in the sex-stratified analyses are described in Supplementary Material I.



3.5 MRI-Acquired Fat Measurements as Factor Correlate With Continuous Cardiometabolic Risk Factors

Results of linear regression analyses for various MRI-acquired fat measurements for continuous cardiometabolic risk factors are shown in Table 4. For all patients, higher VAT area was associated with higher systolic BP, higher diastolic BP, higher FPG, higher TG, lower HDL-C, and higher LDL-C (β = 0.025, 0.018, 0.005, 0.003, −0.001, and 0.001, respectively). After further adjustment for BMI, these correlations continued to exist, except for systolic and diastolic BP (Figures 2A, B). Higher V/S was associated with higher systolic BP and higher FPG (β = 1.823 and 0.178, respectively), but the correlation was no longer significant after further adjustment for BMI. Higher hepatic FF was associated with higher FPG, higher TG, higher TC, lower HDL-C, and higher LDL-C (β = 0.080, 0.080, 0.038, −0.014, and 0.033, respectively), and after further adjustment for BMI, these correlations were still significant, except for HDL-C (Figures 2C, D). Although higher SAT area, higher SAT FF, higher pancreatic FF, and higher pPAT FF have a greater risk of multiple continuous cardiometabolic risk factors, after further adjustment for BMI, most of the correlations were not significant. Also, higher VAT FF, higher intramuscular FF, and higher pPAT area were not associated with any continuous cardiometabolic risk factors. The significant relationships between various MRI-acquired fat measurements and continuous cardiometabolic risk factors independent of BMI are shown in Figure 3.


Table 4 | Correlations between continuous cardiometabolic risk factors and MRI-acquired fat measurements.






Figure 2 | Association of VAT area (A) and hepatic FF (C) with continuous cardiometabolic risk factors and further adjustment for BMI (B, D) expressed by β-coefficients and 95% confidence intervals. For all patients, higher VAT area was associated with higher systolic BP, higher diastolic BP, higher FPG, higher TG, lower HDL-C, and higher LDL-C (A); after further adjustment for BMI, these correlations continued to exist, except for systolic and diastolic BP (B). Higher hepatic FF was associated with higher FPG, higher TG, higher TC, lower HDL-C, and higher LDL-C (C); after further adjustment for BMI, these correlations were still significant, except for HDL-C (D).






Figure 3 | Graphical summary of the important correlates between various MRI-acquired fat measurements and continuous cardiometabolic risk factors independent of BMI shown in the present study. VAT area and hepatic fat were significantly associated with multiple continuous cardiometabolic risk factors.



The results of MRI-acquired fat measurements as factor correlate with continuous cardiometabolic risk factors in the sex-stratified analyses are described in Supplementary Material II.



3.6 MRI-Acquired Fat Measurements as Factor Correlate With Dichotomous Cardiometabolic Risk Factors

Results of sex-specific logistic regression analyses for various MRI-acquired fat measurements for dichotomous cardiometabolic risk factors are shown in Table 5. For all patients, VAT area was significantly associated with increased risk of hypertension, T2DM, high TG, low HDL-C, and CCRFs, with ORs of 1.009, 1.005, 1.007, 1.007, 1.007, and 1.011, respectively. After further adjustment for BMI, these correlations continued to be significant (Figures 4A, B). V/S was significantly associated with increased risk of hypertension, T2DM, low HDL-C, and CCRFs, with ORs of 1.597, 1.780, 1.519, and 1.865, respectively. After further adjustment for BMI, these correlations continued to be significant (Figure 4C, D). Hepatic FF was significantly associated with increased risk of hypertension, T2DM, high TG, high TC, low HDL-C, high LDL-C, and CCRFs, with ORs of 1.063, 1.072, 1.144, 1.102, 1.094, 1.136, and 1.144, respectively. After further adjustment for BMI, these correlations continued to be significant, except for hypertension, T2DM, and low HDL-C (Figures 4E, F). Pancreatic FF was significantly associated with increased risk of hypertension, T2DM, high TG, low HDL-C, and CCRFs, with ORs of 1.066, 1.088, 1.062, 1.056, and 1.100, respectively. After further adjustment for BMI, these correlations continued to be significant (Figures 4G, H). pPAT FF was significantly associated with increased risk of high TG, high TC, low HDL-C, and CCRFs, with ORs of 1.075, 1.052, 1.062, and 1.075, respectively. After further adjustment for BMI, these correlations continued to be significant, except for high TG (Figures 4I, J). Although SAT area and SAT FF were significantly associated with increased risk of multiple dichotomous cardiometabolic risk factors, after further adjustment for BMI, most of the correlations were not significant. In addition, VAT FF, intramuscular FF, and pPAT area were not significantly associated with any dichotomous cardiometabolic risk factors. The significant relationships between various MRI-acquired fat measurements and dichotomous cardiometabolic risk factors independent of BMI were shown in Figure 5.


Table 5 | Correlations between dichotomous cardiometabolic risk factors and MRI-acquired fat measurements.






Figure 4 | Association of VAT area (A), V/S (C), hepatic FF (E), pancreatic FF (G), and pPAT FF (I) with dichotomous cardiometabolic risk factors and further adjustment for BMI (B, D, F, H, J) expressed by odds ratios and 95% confidence intervals. VAT area was significantly associated with increased risk of hypertension, T2DM, high TG, low HDL-C, and CCRFs (A); after further adjustment for BMI, these correlations continued to be significant (B). V/S was significantly associated with increased risk of hypertension, T2DM, low HDL-C, and CCRFs (C). After further adjustment for BMI, these correlations continued to be significant (D). Hepatic FF was significantly associated with increased risk of hypertension, T2DM, high TG, high TC, low HDL-C, high LDL-C, and CCRFs (E); after further adjustment for BMI, these correlations continued to be significant, except for hypertension, T2DM, and low HDL-C (F). Pancreatic FF was significantly associated with increased risk of hypertension, T2DM, high TG, low HDL-C, and CCRFs (G); after further adjustment for BMI, these correlations continued to be significant (H). pPAT FF was significantly associated with increased risk of high TG, high TC, low HDL-C, and CCRFs (I); after further adjustment for BMI, these correlations continued to be significant, except for high TG (J).






Figure 5 | Graphical summary of the important correlates between various MR-acquired fat measurements and dichotomous cardiometabolic risk factors independent of BMI shown in the present study. VAT area, V/S, hepatic fat, pancreatic fat, and pPAT were significantly associated with multiple dichotomous cardiometabolic risk factors.



The results of MRI-acquired fat measurements as factor correlate with dichotomous cardiometabolic risk factors in the sex-stratified analyses are described in Supplementary Material II.




4 Discussion

In this study, the main observations can be summarized as follows: firstly, most fat measurements were associated with each other, but the strength of these associations greatly varied. Both hepatic FF and pancreatic FF had the strongest correlations with the VAT area, but intramuscular FF had the strongest correlation with SAT area. Secondly, we found VAT area, V/S, hepatic fat, and pancreatic fat rather than SAT area were significantly associated with multiple cardiometabolic risk factors. However, the patterns of these correlations varied by sex and specific risk factors. In addition, VAT and SAT FF were only significantly associated with multiple cardiometabolic risk factors in women. Finally, we also identified differential correlations between pPAT and cardiometabolic risk factors, especially in men.


4.1 SAT, VAT, and Cardiometabolic Risk Factors

It is well documented that SAT and VAT are associated with different cardiometabolic risk factors; in particular, a more adverse effect may be attributed to VAT (8, 23, 32). Similarly, in this study, we found that VAT area and V/S were significantly associated with multiple cardiometabolic risk factors and these correlations remained after adjustment for BMI. SAT area was significantly associated with multiple cardiometabolic risk factors, but these correlations were no longer statistically significant after adjustment for BMI. Thus, the VAT area has a pathological role in developing cardiometabolic risk factors, whereas SAT area does not contribute to cardiometabolic risk factors beyond a measure of generalized adiposity. This could be due to several reasons: first, VAT has metabolic properties that are distinct from SAT (34); second, VAT is constantly releasing free fatty acids into portal circulation. Excessive intake of free fatty acids by hepatocytes can lead to insulin resistance and systemic hyperinsulinemia (35); third, excess VAT can lead to leptin resistance and increased leptin secretion (36); and fourth, VAT is a marker of ectopic fat deposition (24, 37). Our result suggests that VAT may be a better indicator for the risk of cardiometabolic risk factors. Thus, reduced VAT deposition risk may have beneficial influences in cardiometabolic risk factor control.

Interestingly, our results revealed that SAT FF and VAT FF were associated with multiple cardiometabolic risk factors independent of BMI in women. Adipose tissue with higher lipid content and lipolytic activity can increase systemic free fatty acids (38) and can also induce whole-body insulin resistance (39) and endothelial dysfunction (40). Thus, an increased fat fraction of adipose tissue may reflect worsening fat quality, which may concur with adipocyte hyperplasia and hypertrophy (41), eventually leading to an increased risk of cardiometabolic risk factors. To the best of our knowledge, this is the first study that assessed fat quality in VAT and SAT FF via MRI fat fraction maps to explore the association between VAT and SAT FF and cardiometabolic risk factors. Nevertheless, this finding was only observed in women in the present study. It may be explained by sexual dimorphism in the process of adipose tissue remodeling (41) and cardioprotective effects of estrogen before and after menopause (42). The precise mechanism for these sex differences is not clear and remains to be elucidated in future studies.



4.2 Hepatic Fat and Cardiometabolic Risk Factors

Several studies have reported that hepatic fat was associated with hypertension, T2DM, and dyslipidemia (32, 43). This may be explained by the joint role of VAT and hepatic fat in glucose and lipid metabolism (44). Because the portal vein drains most VAT, the hyperlipolytic state of adipocytes associated with VAT exposes the liver to high concentrations of free fatty acids and glycerol, leading to several impairments in liver metabolism, such as increased production of triglyceride-rich lipoproteins, as well as increased production of hepatic glucose (45). In the presence of hepatic steatosis, various intermediate lipid moieties generated during triglyceride synthesis (e.g., diacylglycerols and ceramide) have been shown to promote lipotoxicity and enhance hepatic insulin resistance (46, 47), likely by inhibiting insulin signaling pathways (48, 49). In addition, hepatic steatosis can accelerate the lipolysis and the secretion of very low-density lipoprotein, leading to dyslipidemia (50). Decreased insulin sensitivity and increased glucose production lead to decreased islet cell function and hyperglycemia (51), as well as increased release of inflammatory factors (such as IL-6, TNF-α, and C-reactive protein) (52, 53). Similarly, our study showed that hepatic FF was mainly associated with multiple cardiometabolic risk factors related to dyslipidemia traits, including high TG, high TC, high LDL-C, as well as measures of FPG, TG, TC, and LDL-C independent of BMI. This finding supports that hepatic fat may be associated with glycolipid regulation and metabolism. Thus, hepatic fat may be useful to identify those with higher risk of cardiometabolic risk factors.



4.3 Pancreatic Fat and Cardiometabolic Risk Factors

It was found that pancreatic fat bears adverse effects on the cardiometabolic health. In agreement with findings from previous studies, we found that pancreatic FF was significantly associated with multiple cardiometabolic risk factors, including hypertension, T2DM, high TG, low HDL-C, and CCRFs, and the correlations remained after adjustment for BMI. Zhou et al. (54) reported similarly a significant correlation of pancreatic steatosis with abdominal obesity, hypertension, hyperglycemia, and hypertriglyceridemia in a Chinese population. Bi et al. (55) systematically reviewed the association between pancreatic steatosis and metabolic comorbidities and indicated that pancreatic steatosis was significantly associated with an increased risk of metabolic syndrome and its components. However, the results in the literature showing correlations between pancreatic FF and cardiometabolic risk factors are often inconsistent, as previous studies found no significant differences in pancreatic fat fraction among subjects with normal glucose tolerance, prediabetes, and T2DM (56). These inconsistencies may be related to the small sample size, heterogeneous distribution of pancreatic fat, and genetic factors. Different from previous studies, pancreatic fat was more accurately evaluated using the 3D semiautomatic segmentation method in MRI fat fraction map in our study because of avoiding the effects of the heterogeneous distribution of pancreatic fat. Our results further confirm that assessment and monitoring of pancreatic fat may be used in the prediction of cardiometabolic risk factors and their early prevention.



4.4 Intramuscular Fat and Cardiometabolic Risk Factors

As with other ectopic fat depots, ectopic muscle fat has the potential of impairing insulin action through the inhibition of insulin signaling by lipotoxic diacylglycerols and ceramide and cause insulin resistance (57). Also, secretions of skeletal muscle adipocytes are able to impair insulin action and signaling of muscle fibers (58). In addition, T cells and macrophages accumulate in skeletal muscle fat of mice with diet-induced obesity. T cells and macrophages further impair metabolic functions of skeletal muscle cells through a paracrine mechanism (59). Yet, we found that it was not significantly correlated with any cardiometabolic risk factors (except for diastolic BP in women) in our study, which may be because diet and exercise can individually affect intramuscular FF (60). Further studies are required to address the role of intramuscular FF on cardiometabolic risk factors.



4.5 pPAT and Cardiometabolic Risk Factors

pPAT is a less-explored abdominal depot, and its nature has been debated. Although pPAT has sometimes been defined as VAT, it is actually SAT that is not located intraperitoneally and is connected to the systemic circulation rather than the portal circulation. Compared with VAT and SAT, adipose-derived stem/stromal cells derived from pPAT revealed highest capacity to generate new adipocytes by adipogenesis and low proinflammatory profile (61). Nevertheless, pPAT behaves like VAT and is correlated positively with hypertension, dyslipidemia, insulin resistance, cardiovascular disease risks, and obesity (5, 31). Compared with previous research, we found that pPAT area was significantly associated with hypertension, T2DM, high TG, low-HDL-C, CCRFs, and measures of TG and HDL-C independent of BMI in men rather than women. pPAT FF was significantly associated with low HDL-C and a measure of TG in women and CCRFs in men. Yet, the precise mechanism for this sex difference for pPAT is not clear. pPAT may play an important role in the occurrence and development of cardiovascular metabolic risk factors and the underlying mechanism remains to be elucidated in the future studies.

Our results showed that there was a BMI-independent association between ectopic fat depots and cardiometabolic risk factors, suggesting that ectopic fat depots might be more adequate indicators for the evaluation of cardiometabolic risk factors because BMI can neither reflect the regional body fat distribution nor distinguish between muscle and adipose tissue. Importantly, obesity is heterogeneity. Between 10% and 30% of obese individuals (defined by BMI) have been characterized as metabolically healthy obese. Yet, some nonobese individuals show evidence of metabolic complications typical for obesity (62). Thus, the use of BMI is only an approximation of the evaluation of the amount of fat mass and is inadequate to reflect the association between the obesity and cardiometabolic risk factors. However, the results about the strength of associations of fat depots and BMI with cardiometabolic risk factors are still inconsistent. Previous studies found that associations between fat depots and cardiometabolic risk factors were not independent of BMI and BMI seemed stronger associated with some indicators of cardiometabolic risk factors (63–65). Several potential factors may have contributed to this inconsistency. First, sex‐related differences: some studies showed that BMI may adequately capture cardiometabolic risk in men but not in women (63, 64). The exact mechanism underlying the sex difference is not known but may be related to the greater effect of free fatty acid mobilization from VAT into the hepatic portal circulation in women than in men (66). Second, racial/ethnic disparities: for each 1-unit increase in BMI, Asians had higher risk of hypertension and T2DM compared with non-Hispanic whites, Hispanics, and non-Hispanic blacks, indicating incremental weight gain in Asians is more detrimental (67). In addition, there are also racial/ethnic differences in prevalence of obesity, VAT, and NAFLD (68, 69). Due to genetic differences, NAFLD occurs not only in people with high BMI but also in people with low BMI. It was found that the G allele of PNPLA3 rs738409 was associated with increased risk of NAFLD in Asians (70) as well as in nonobese or lean individuals (71). Previous study showed that PNPLA3 polymorphism was associated with the rate of T2DM in Japanese population (72).



4.6 Strengths and Limitations

This study has some strengths. Initially, MRI fat fraction map was used to accurately evaluate the ectopic fat deposition in different parts of the abdomen, including VAT, SAT, pPAT, whole hepatic fat, whole pancreatic fat, and bilateral paraspinous muscle fat. Furthermore, it was the first paper to evaluate the VAT FF and SAT FF by MRI fat fraction map to explore the associations between VAT FF, SAT FF and cardiovascular metabolic risk factors. Finally, the subgroup analysis of gender stratification was performed to explore the gender differences in the association between various ectopic fat deposition and cardiovascular metabolic risk factors.

This study has several limitations. First, this was a cross-sectional study; thus, the causal relationship of MRI-acquired fat depots with cardiometabolic risk factors cannot be inferred. Well-designed prospective cohort studies are needed to elaborate the causality in the future. Second, selection bias was a major limitation of this study. Third, the sample size was small because of high cost of MRI measurements as well as strict exclusion criteria. Fourth, the intramuscular FFs in most previous studies were measured at L3 level (1, 3); however, we measured it using 3D semiautomatic segmentation ranging from T4 to T12. Fifth, data on mortality and exercise factors were unavailable in the current study; thus, we cannot evaluate these factors” influences on the observed associations. Sixth, compared with Asians, other ethnicities could have different types of ectopic fat deposition; therefore, the associations with cardiometabolic risk factors may be different, which limits the generalization of the presented findings beyond Asian populations. Sixth, FPG ≥7.0 mmol/L was used as a single diagnostic criterion for T2DM (32), which may have an impact on the results. Finally, those should be considered preliminary results. We will continue to conduct combined analysis of significant various MRI-acquired fat depots according to sex and specific risk factors, and then obtain personalized models in prediction, early prevention or therapeutic intervention of cardiometabolic risk factors in the further study.



4.7 Clinical Implications

This study adds an important facet to the obesity study spectrum in which, within the heterogeneity of abdominal fat distribution, VAT, hepatic fat, pancreatic fat, and pPAT were associated with cardiovascular metabolic risk factors independently of BMI. Regarding the preventive significance of this study, our findings support that only making recommendations based on BMI may lead to misclassification of high-risk individuals as “metabolically healthy obesity.” Those who are “metabolically unhealthy nonobese” and “metabolically unhealthy normal weight” will be misclassified as people with lower risk. Our study also demonstrated the patterns of these correlations varied by gender, supporting that gender should be considered an important point in classifying individuals at the high risk of cardiometabolic abnormalities. In addition, the result showed that pPAT should not be overlooked as pathologic fat depots contributing to cardiometabolic risk factors. It is necessary to explore the biology of various ectopic fat storage to precisely decipher the pathogenicity of excess adiposity in future studies.




5 Conclusion

VAT area, V/S, hepatic fat, pancreatic fat, and pPAT rather than SAT area were significantly associated with multiple cardiometabolic risk factors. However, the patterns of these correlations varied by sex and specific risk factors. In addition, VAT and SAT FF were only significantly associated with multiple cardiometabolic risk factors in women. These findings broaden the understanding of the association between ectopic fat deposition and cardiometabolic risk factors, thus further clarifying the heterogeneity of obesity.
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OEBPS/Images/table2.jpg
MRI-acquired fat measurements SAT area SAT FF VAT area VATFF V/S  Hepatic FF Pancreatic FF Intramuscular FF pPAT area pPAT FF
SAT area - 0.644* 0380 -0.072 -0.140"  0.800 0.293* 0.226" 0.118* 0.165*
SAT FF 0.644* = 0.318™ -0.128* -0.123*  0.250* 0.205* 0.099 0.086 0.280"
VAT area 0.380*  0.313" - -0.059 0.762" 0.313" 0.367* 0.118* 0.091 0.186*
VAT FF -0.072 -0.128" -0.059 & 0.046 -0.041 -0.052 -0.042 0.003 0.026
VIS -0.140" -0.123* 0.762"* 0.046 = 0.075 0.136" -0.019 0.007 0.058
Hepatic FF 0.300* 0250 0318* -0.041 0.075 - 0.205™ 0.097 0.044 0.186"
Pancreatic FF 0.293*  0.205* 0.367* -0.052 0.136* 0.205* - 0.169" 0.069 0.154*
Intramuscular FF 0.226* 0.099 0.118*  -0.042 -0.019 0.097 0.169" . 0.043 0.048
pPAT area 0.118* 0.086 0.001 0.003  0.007 0.044 0.069 0.043 = 0.010
pPAT FF 0.185*  0.280*  0.186" 0.026  0.058 0.186™ 0.154™ 0.048 0.010 =

'p < 0.05; "p < 0.001.

BMI, body mass index; SAT, subcutaneous adipose tissue; FF, fat fraction,

adipose tissue.

; VAT, visceral adipose tissue; V/S, visceral/subcutaneous adipose tissue area ratio; pPAT, preperitoneal
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Risk factors. Effect size SAT area SAT FF. VAT area VAT FF. vis Hepatic FF. Pancreatic FF Intramuscular FF pPAT area PPAT FF
Systolc B MV B(95% C) < = 0.025(0.008, 0.046) = 1823 (0.245, 3.401) = = = B =
paake - - 0028 - 0024 - = - = -
ey BE5%0) - - - - - - - - - -
e - - - - - - - - - -
Destolc B8P MV BEs%0) - - 0018(0005, 0.030) - - - - - - -
pae - - 0006 - - - - - - -
e BEs%0) - - - - - - - - - -
Pl - - - - - - - - - -
FPG® M B(e5% CI) 0.004 (0.001, 0.007) = 0.005 (0.008, 0.007) tor 0.178(0.022, 0.333) 0,080 (0.037, 0.122) 0.083 (0.011, 0.085) o = 0,016 (0.000, 0.032)
P 0017 z <0001 < 0025 <0001 0003 = - 00i8
MV+BMI B(95% CI) - * 0.003 (0.001, 0.006) - - 0.048 (0.003, 0.093) - = = -
e = - 0006 - - 00% - = - =
e My B(95% CI) 0.004 (0.001, 0.006) - 0.003 (0.001, 0.004) - - 0.080 (0.053, 0.108) 0.020 (0.007, 0.033) - - 0017 (0.007, 0.028)
s 0002 = <0001 - = <0001 0002 & - 0002
MVABMI B(95% CI) g e 0.002 (0.000, 0.003) = =: 0.068 (0.038, 0.098) o - = 0013 (0.002, 0.024)
paae z = 0031 z z <0001 z = z 0016
To? mw BE5% ) - - - - - 0038 (0006,0.070) - - - -
e - - - - - 0020 - - - -
ey Bes%0l) 5 2 7 & = 003 0.0060.070) & 2 7 <
e - - - - - 0020 - - - -
HOL-C* mw B(95% CI) ~0.002(-0.008, -0.001)  -0.009 (-0.018, -0.001)  ~-0.001 (~0.002 ~0.001) 3 - -0014(-0.164, -0018)  -0.009 (-0.014, -0.0014 - - -
e <0001 [ <0001 - - 0015 o0 - - S
e BES%C)  -0002(-0003, -0.001) - 0001 (0002 -000) - = = = = 7 z
pale <0001 - <0001 o = - = - - N
oLc? w BEs%0) - - 0001 0,000, 0.008) - - 0033 0008, 0.068) - - - -
paae - - 0018 < - 0009 = = E =
MsBM B@55% O) - - 0001 0.000, 0.008) - - 0033 0008, 0.068) - - - -
e - - 0018 - - 0008 - - - -

Blank cels ndicale that the MA-acquired ft depots were not sekcted using the forward selection regression procedue.

"MV model inciuded the olowig covarates: age, sex, smoking status, cuTent alcoholuse, family history of cardometaboli ik factors, and pastmenopausal status (women only). BM! was acditonaly adfusted for in the modes beled MBI model”

*Antihypertensive treatment was included as a covarate for systolc and dlastofc blood pressure modst
“Diabetes treatment was includod as a covariale fo the fasting plasma glcose model

“Lipe-bwening treatment was inclided as  covarite for TG, TC, HDL-C, and LDL-C modes.

BM, body mass index; SAT, subcutaneous adipos tsue; FF, fatfraction; VAT, visceraladipose tissus; VIS, visosralfsuboutaneous adipass tissue area raio; pPAT, prepertonal acipose tssue; BP, bood pressure; FPG, fasting plasia glucose; TG, tighverides; TC, total cholesterol: HDL-C, high-densty
Booish cholbelerot LDL-C: fow-crally ociorotai chiclesterl
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OEBPS/Images/table3.jpg
MRI-acquired fat measurements

Continuous cardiometabolic risk factors

Systolic BP Diastolic BP FPG TG TC HDL-C LDL-C
SAT area 0.126* 0.128* 0.124* 0.177* 0.042 -0.203"* 0.060
SAT FF -0.010 0.087 0.083 0.106 0.027 -0.120* 0.052
VAT area 0.150* 0.207** 0.285" 0.210™ 0.124* -0.185* 0.154*
VAT FF 0.019 0.001 -0.038 -0.027 -0.100 -0.064 -0.079
VIS 0.088 0.081 0.205* 0.064 0.050 -0.081 0.068
Hepatic FF 0.099 0.140* 0.168* 0.306™ 0.148* -0.104 0.156"
Pancreatic FF 0.081 0.097 0.245* 0.183* 0.045 -0.193* 0.071
Intramuscular FF 0.108 0.086 -0.021 0.030 0.020 -0.068 0.031
pPAT area 0.048 0.043 0.099 0.071 0.013 0.020 0.022
pPAT FF 0.096 0.118* 0.122* 0.174* 0.045 -0.101 0.032

'p < 0.05; *p < 0.001.

BMI, body mass index; SAT, subcutaneous adipose tissue; FF, fat fraction; VAT, visceral adipose tissue; V/S, visceral/subcutaneous adipose tissue area ratio; pPAT, preperitoneal adipose
tissue; BP, blood pressure; FPG, fasting plasma glucose; TG, triglycerides; TC, total cholesterol: HDL-C, high-density lipoprotein cholesterol: LDL-C, low-density lipoprotein cholesterol.
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OEBPS/Images/table1.jpg
Characteristics Overall patients (n = 320) Men (n = 148) Women (n = 172) p-value (men vs. women)
Demographics
Age (years) 59 (50, 65) 58 (48, 65) 60 (52, 66) 0.577
Height (m) 1.67 (1.61, 1.74) 1.74 (1.70, 1.77) 1.62 (1.60, 1.65) <0.001
Weight (kg) 68 (60, 77) 75 (70, 82) 62.25 (58.5, 69.00) <0.001
BMI (kg/m?) 24.68 + 3.04 25.18 + 2.80 24.25 + 3.16 0.006
MRI-acquired fat measurements
SAT area (cm?) 121.68 (94.60, 158.95) 106.19 (79.99, 126.74)  145.00 (114.65, 187.11) <0.001
SAT FF (%) 81.73 (77.95, 84.45) 79.02 (75.62, 82.10) 83.80 (80.97, 85.67) <0.001
VAT area (cm?) 141.98 (100.77, 190.36) 176.63 (128.86, 222.26)  125.22 (86.50, 162.68) <0.001
VAT FF (%) 77.77 (74.22, 80.54) 78.37 (74.85, 80.94) 77.25 (73.69, 79.88) 0.045
VIS 1.04 (0.71, 1.62) 1.65 (1.16, 2.27) 0.76 (0.61, 1.00) <0.001
Hepatic FF (%) 3.70 (2.70, 6.40) 3.90 (2.90, 6.60) 3.55 (2.60, 6.25) 0.415
Pancreatic FF (%) 8.10 (5.00, 12.30) 8.50 (5.60, 13.50) 7.35 (4.40, 11.65) 0.010
Intramuscular FF (%) 5.15 (3.80, 7.45) 6.00 (4.45, 8.15) 4.20 (3.30, 5.65) <0.001
PPAT FF (%) 85.10 (80.25, 89.00) 85.20 (80.25, 88.95) 85.00 (80.15, 89.00) 0.662
PPAT area (cm?) 2.79 (1.97, 4.00) 3.35 (2.38, 4.71) 2.44 (1,73, 3.41) <0.001
Cardiometabolic risk factors
Systolic BP (mmHg) 121 (120, 140) 130 (120,140) 120 (110, 130) 0.001
Diastolic BP (mmHg) 80 (70, 80) 80 (74, 86) 80 (70, 80) <0.001
FPG (mmol/L) 5.16 (4.73, 5.86) 5.33 (4.80, 6.29) 5.06 (4.68, 5.55) 0.014
TG (mmol/L) 1.24 (0.89, 1.88) 1.25(0.93, 1.92) 1.22 (0.85, 1.83) 0.357
TC (mmol/L) 4.88 (4.24, 5.59) 4.62 (3.95, 5.26) 5.12 (4.44, 5.88) <0.001
HDL-C (mmol/L) 1.27 (0.97,1.47) 1.10 (0.91, 1.38) 1.39 (117, 1.61) <0.001
LDL-C (mmol/L) 2.66 (2.20, 3.21) 2.58 (2.14, 3.10) 2.79 (2.36, 3.35) 0.008
Hypertension (1 (%)) 131 (40.94) 70 (47.29) 61 (35.47) 0.032
T2DM (n (%)) 66 (20.63) 38 (25.68) 28 (16.28) 0.038
High TG (7 (%)) 71 (22.19) 31 (20.95) 40 (22.47) 0.620
High TC (n (%)) 55 (17.19) 16 (10.81) (21 91) 0.004
Low HDL-C (n (%)) 104 (32.50) 3 (42.57) 1(23.84) <0.001
High LDL-C (1 (%)) 30 (9.38) 1(7.43) 9(10.67) 0.265
CCRFs (n (%)) 108 (33.75) 61 (41.22) 7 (27.33) 0.171
Lifestyle factors
Smoking status <0.001
Current smoker (7 (%)) 30 (9.38) 29 (19.59) 1(0.58)
Former smoker (n (%)) 8 (2.50) 8 (5.41) 0(0) -
Never smoker (1 (%)) 282 (88.13) 111 (75.00) 171 (99.42) =
Current alcohol use (n (%)) 14 (4.38) 13(8.78) 1(0.58) < 0.001
Antihypertensive treatment (n (%)) 107 (33.44) 56 (37.84) 51 (29.65) 0.620
Diabetes treatment (n (%)) 45 (14.16) 27 (18.24) 18 (10.47) 0.238
Lipid-lowering treatment (1 (%)) 27 (8.44) 13 (2.03) 14 (8.14) 0.836
Postmenopausal status (7 (%)) - - 138 (80.23) -
Family history of cardiometabolic risk factors (1 (%)) 25 (7.81) 1(7.43) 14 (8.14) 0.814

Data were expressed as mean + SD, median (25th and 75th percentiles) (due to nonnormal distribution), or n (%).
BMI, body mass index; SAT, subcutaneous adipose tissue; FF, fat fraction; VAT, visceral adlipose tissue; V/S, visceral/subcutaneous adipose tissue area ratio; pPAT, preperitoneal adipose
tissue; BP, blood pressure; FPG, fasting plasma glucose; TG, triglycerides; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
T2DM, type 2 diabetes mellitus; CCRFs, clustering of cardiometabolic risk factors.
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Risk factors  Model type®  Effect size. SATarea SATFF. VAT area VAT FF vis Hepatic FF Pancreatic FF  Intramuscular FF PPAT area PPAT FF.
Hypertonson MV OR@ES%C) 1009 (1004, 1015) - 1000(1.005, 1019 099900997, 1001)  1.667(1.142,2232)  1.063(1.000, 1.130) 1066 (1.028, 1.106) - 1,041 (0992, 1.092) -
pdve 0001 - <0001 0430 0006 0049 0001 - 0103 -
B OR @5% C1) - - 1,005 (1002, 1.009) - 1413 (1,027 1.945) - 1,046 (1,009, 1.080) - - -
pave - - 0006 - 0034 - 0013 - - -
T20M W OR(ES% C) - - 1,007 (1008, 1.011) - 1.780(1.247,2641)  1072(1.003,1.147)  1.088(1.049, 1.128) - = -
pave - - <0001 - 0001 0041 <0001 - - -
MsBM OR @5% C) - - 1,007 (1008, 1.011) - 1.6 (1,185, 2.420 - 1,088 (1.049, 1.128) & = =
pdve - - <0001 - 0004 - <0001 - - -
Hoh TG W OR@%C) 1006 (1001, 1011) - 1,007 (1,008, 1010 - - 1144 (1073, 1221) 1,062 (1.029, 1.095) - - 1,075 (1,027, 1.126)
pave 0025 - 0001 - - <0001 <0001 - - 000z
MM OR (5% C) - - 1,005 (1,001, 1.008) - - 1118(1040, 1191) 1051 (1.018, 1.084) - - -
pve - - o017 - - 0002 000z = - -
Hgh T MW OR@5% G - - - - - 11021081, 1.477) - - - 1,052 (1003, 1.104)
pave - - - - - 0004 - - - 0036
MBI OR (95% C) - - - - - 11021031, 1.177) - = - 1,052 (1003, 1.104)
pve - - - - - 0004 - - - 0036
LowHOLG MY OR@HC)  1009(1003,1014)  1073(1016, 1139 1007 (1003, 1.011) - 1.519(1.076,2.144) 1094 (1027, 1165 1.066 (1,025, 1.089) - - 1,062 (1.020, 1.106)
pve 0.002 o012 <0001 - 0018 0005 <0001 - - 0,003
MBI OR@E5%C) 1009 (1003, 1014) - 1,007 (1,008, 1.011) - 1.420(1.006, 2004 - 1,046 (1015, 1.079) - - 1,044 (1,003, 1.087)
palue 0002 - <0001 - 0046 - 0004 - - 0036
HNLDLG MV OR@5% G - - - - - 1136 1,052, 1.227) - - - <
pave - - - - - 0001 - , - E
MBI OR (@5% CI) - - - - - 1,16 (1052, 1.227) - - - -
palve - - - - - 0001 - - - -
CoRFs W OR@%C) 1008 (1003, 1013) - 1011 (1007, 1.018) - 1.865(1.080,2614) 1144 (107, 1.221)  1.100(1.061, 1.140) - - 1,075 (1,034, 1.116)
pave 0003 - <0001 - <0001 <0001 <0001 - - <0001
MBI OR(ES% C) - - 1011 (1007, 1.018) - 1.675(1.191,2366)  1102(1.030, 1.179)  1.084 (1.068, 1.238) - - 1,050 (1,009, 1092
prve - - <0001 - 0008 0005 0005 - - 0016

Blank cels indicate tha the MAacquied fat depats were not selected vi the forward LR sekction regression,

procedure.
"MV model incuded the folowing covarate: age, sex, smoking status, curent aohol use, family hstory of cardometabolic risk factors, and pastmenopausal tatus (women onl). BM! was additionaly adfusted or in the modes lbeled “MVBII modei”

BM, body mass index; SAT, subcutaneous adpas tisue; FF, fa fraction; VAT, visceralacipose fissue; V/S, visoeralsubeutaneous adipase tissue area raio; pPAT, prepentonal adiposa tissue; BP, blood pressure; FPG, fasting plasma glucose; TG, trighcendes; TC, foal cholesterol: HDL-C, high-densty
Sooprotein cholesterol: LDL-C, low-density fpoprotein cholesterol: T2DM, type 2 dibeles melus; CCRFs, clustering of cardometabolc risk factors.





