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ARTICLE INFO ABSTRACT

Handling Editor: Dr. A. Siani Background and aims: This study compares three methods to determine central adiposity (waist circumference
-WC - and visceral adipose tissue — VAT - estimated by dual-energy x-ray absorptiometry — DXA, and by magnetic
resonance imaging - MRI) in their ability to predict increases in cardiometabolic risk (CMR) markers in young
individuals. We examined their associations with CMR in 47 men and women aged 25-40.

Methods and results: VAT mass was assessed using DXA and MRI. Blood samples were analyzed for CMR markers.
Associations between central adiposity measurements and CMR factors were analyzed using Spearman’s corre-
lation coefficient, and the ability of these three central adiposity measurements to detect increased CMR was
compared using receiver operating characteristic (ROC) curves. Similar to what was observed for the MRI-DXA
and VAT-DXA, WC showed strong correlations with LDL-c and triglycerides (TG) and an inverse correlation with
HDL-c (rtho = —0.657 MRI, rho = —0.628 DXA, and rho = —0.604 WC, p < 0.01). On the other hand, only MRI-
VAT and WC were associated with insulin and HOMA-IR (rho = 0.341 MRI and rho = 0.421 WC, p < 0.01).
Central adiposity measurements were negatively associated with cold-induced '®F-FDG uptake in subcutaneous
adipose tissue and positively associated with VAT TG content. No significant differences were observed when
comparing the three central adiposity measurements in ROC curve analysis, and all measurements could predict
increases in CMR markers and the combined CMR index.

Conclusions: This study reinforces the importance of using WC to assess increases in CMR markers among young
adults. Given its practicality and efficacy, WC should be recommended in health centers to assess CMR risk.
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increased risk for cardiovascular events [1-4].
Several studies have shown that despite the structural, metabolic,

1. Introduction

There is undisputed evidence that fat accumulation, especially in the
visceral region, is directly associated with high cardiometabolic risk
(CMR) [1,2]. This is true not only for subjects with obesity but also for
lean and overweight individuals, as even in these groups, increased
abdominal adiposity is associated with higher insulin resistance and
subclinical inflammation, which are important determinants of

and functional differences of visceral (VAT) and subcutaneous (SAT)
adipose tissues, both can contribute to obesity [5-7]. Nevertheless, it has
been evidenced that intra-abdominal fat accumulation has a more sig-
nificant impact on metabolic and cardiovascular disease (CVD) risk than
SAT, which is, in part, but not solely, due to its greater capacity to
produce inflammatory cytokines [2,8]. It has been shown, for example,
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that SAT has clearly defined deep and superficial layers with different
metabolic properties [9]. Research suggests that the deep layers are
more metabolically active and are strongly linked to metabolic com-
plications, particularly insulin resistance and type 2 diabetes mellitus
(T2DM) [1,5], being implicated in various cardiometabolic outcomes
due to its cytokine-releasing property and its physical proximity to the
liver [4,8,10].

Most studies and guidelines employ the body mass index (BMI) as a
standard to define levels of overweight and obesity. However, BMI does
not measure fat content or directly assess body fat distribution [11-15],
which may hinder its ability to predict cardiometabolic outcomes.
Furthermore, the gradual decline in muscle mass with age can further
affect the validity and interpretability of BMI as a measure of adiposity
[16]. Conversely, waist circumference measurements (WC) exhibit a
stronger correlation with the mass of intra-abdominal adipose tissue,
which can also be assessed with more sophisticated techniques such as
computed tomography (CT) or estimated using dual-energy X-ray ab-
sorptiometry (DXA) [17-19].

Even though WC is the most commonly used method for assessing
central adiposity due to its simplicity, low cost, and reproducibility [18,
20,21], some studies have shown limitations in using this measurement
as a predictor of VAT volume, mainly because of its inability to differ-
entiate between intra-abdominal and SAT [7,9,22]. In this context, other
techniques, such as MRI and CT, are often considered the standards for
evaluating body tissue compartments [23], with DXA showing similar
results [24,25]. Indeed, MRI can be used to estimate visceral fat with
good accuracy and has been recommended as essential for evaluating
abdominal adiposity in clinical research [24,26]. However, both
methods still present high costs for epidemiological research, and clin-
ical studies have increasingly used them to produce more accurate data
concerning visceral obesity.

The early detection of CMR is essential to prevent the development of
CVD in later life, and understanding how central adiposity measure-
ments are associated with risk markers among young and healthy in-
dividuals is important to stimulate public policies. The incidence of
cardiometabolic diseases among young individuals (<50 years) has
increased in the last decades [1,27], mainly due to lifestyle changes.
Using data from the Framingham Heart Study, Lloyed-Jones et al. [28]
showed that having no risk factors at the age of 50 was associated with a
low lifetime risk for CVD and longer survival. In contrast, a Mendelian
randomization analysis study observed an adverse effect of increased
adiposity with multiple CMR markers among young adults without
obesity [29]. These findings indicate that assessing CVD risk markers in
young adults, even within the normal BMI range, is essential to prevent
the burden of obesity and its comorbidities in later life. Simple mea-
surements, such as WC, could help identify those individuals at higher
risk at younger ages.

With these concepts in mind, the present study aimed to compare the
ability of central adiposity measurements (WC, DXA-VAT, and MRI-
VAT) to detect increased CMR in a group of healthy young adults.
Furthermore, the study aimed to determine the association between
these measurements with classical and new CMR markers, such as VAT
and SAT '®F-FDG uptake, and the content of triglycerides of VAT, SAT,
peri-renal fat depot, and liver.

2. Methods
2.1. Design of the study

This is a cross-sectional analysis of a cohort included in a clinical trial
that evaluated the effect of monounsaturated fatty acid consumption on
brown adipose tissue activity in lean and overweight adults [30]. Since
the main study aimed at investigating the brown adipose tissue, all
participants underwent 2 h of mild cold exposure before the PET/MRI
image acquisition.
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2.2. Sample

The sample included 15 individuals with overweight or obesity (BMI
>30 and < 35 kg/m2 or BMI >25 with increased WC) and 32 lean in-
dividuals (BMI <25.0 kg/m?), totaling 47 participants. They were
recruited through print and electronic media advertisements. Further
details regarding participant selection are published elsewhere [31].

A sample size was calculated using repeated-measures ANOVA to
compare three abdominal obesity estimation tools within the same
participants. Based on a desired power of 80 % and a significance level of
0.05, with an estimated moderate effect size in the overall car-
diometabolic risk factor (Cohen’s f = 0.25), 48 participants are required.
This approach allows each participant to serve as their control, thereby
reducing variability and enhancing statistical power.

The inclusion criteria for the study were: individuals of both sexes,
aged 25-40 years; for the overweight/obesity group, the criteria were:
BMI >30 and < 35 kg/mz, or a BMI >25 kg/m2 with increased WC
(greater than 80 cm for women and 90 cm for men); for the lean group,
individuals with BMI <25 kg/m? were considered eligible. The exclu-
sion criteria for both groups are described in the supplementary file.

2.3. Clinical parameters

All subjects were submitted to anthropometric measurements
(weight, height, WC), body composition by DXA, and VAT assessment by
magnetic resonance imaging (MRI).

Weight measurements were obtained using a digital Toledo® scale,
and participants were wearing lightweight clothing and no shoes
(recorded to the nearest decimal fraction). Height was measured using a
fixed stadiometer (recorded to the nearest 0.1 cm). WC was measured at
the midpoint between the lower edge of the last rib and the upper edge
of the iliac crest (to the nearest 0.1 cm), with two measurements taken
and the average used.

PET/MRI data were acquired using a General Electric® Medical
Systems (3T) MRI at the Nuclear Medicine Department of the Clinics
Hospital of the University of Sao Paulo. All images were analyzed using
Carimas software v.2.10 (Turku PET Centre, Turku, Finland). Volumes
of interest (VOI) were outlined using fat fraction and Dicon images for
anatomical reference. A minimum of 40 % triglyceride content in the
tissue was considered for VAT [31]. The analysis covered the region
between L3-L4 and L2-L3 vertebrae (VAT-MRI), applying a 40 % tri-
glyceride content filter. Manual fat checking ensured accurate marking,
excluding areas like intestines. VAT volume was converted to mass,
assuming a fat density of 0.9196 [32]. The content of triglycerides (TG)
in subcutaneous, visceral, and peri-renal adipose tissues (AT) was
calculated using fat fraction images. For subcutaneous AT, the VOI was
drawn next to the umbilical mark, whereas for the visceral AT, the area
between L2 and L3 was used as a reference for the VOI. The VOI for
peri-renal fat was drawn on both sides of the fat pad surrounding the
kidneys. A VOI was drawn in the lower part of the left lobe for liver
analysis, avoiding blood vessels. The 'F-FDG PET/MRI protocol used to
calculate the subcutaneous and visceral adipose tissue’s glucose uptake
values (SUVs) is described elsewhere [30] and in short in the supple-
mentary file.

DXA data were obtained using the GE Lunar iDXA® equipment
(Madison, WI, USA) at the School of Public Health - University of Sao
Paulo. Correction of points (regions of interest - ROIs) was performed,
and the equipment underwent all necessary calibrations before and
during data collection. VAT values were automatically estimated using
CoreScan software (EnCore version 15.0), with measurements con-
ducted by trained professionals.

Resting blood pressure was assessed with an Omron automatic
oscillometer device (Health Care, USA), and the participant was placed
in a supine rest position after a 5-minute rest period. Blood samples were
obtained after an 8-hour fast. Glucose levels were determined with a
glucometer (Accu Check Active device, Roche). Lipid profiles were



G.R. Ruano et al.

analyzed through colorimetric enzymatic methods, with LDL calculated
by the difference.

Insulin levels were analyzed using enzyme-linked immunosorbent
assay (ELISA, R&D Systems), and HOMA-IR was calculated according to
Matthews et al. [33]. Leptin, monocyte chemoattractant protein-1
(MCP-1), and interleukin-6 (IL-6) were measured by ELISA assays
(R&D Systems, Minneapolis, MN, USA). The sensitivity and assay ranges
of the ELISA kits are described in the supplementary file.

Since the study’s primary aims included evaluating brown adipose
tissue activity, any medication affecting body weight, lipid, or glucose
homeostasis was considered an exclusion criterion. Volunteers were
asked on the first day about the use of other medications (oral contra-
ceptives, painkillers, and anti-inflammatories). Any medications or
health conditions affecting the study’s aims were considered exclusion
criteria.

2.4. Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics
28.0.1, and MedCalc® software (version 23.0.6) was used to compare
ROC AUCs (using DeLong approach). Data are presented as mean and
standard deviation or as median and interquartile range for variables
without normal distribution. For comparisons between groups (men
versus women), an independent samples t-test or non-parametric
equivalent (Mann-Whitney) was used. For correlation analyses, the
Spearman correlation coefficient was used. A false discovery rate (FDR)
test for multiple comparisons was applied. To compare the ability of the
three central adiposity measurements in their association with CMR
markers, a receiver operating characteristic (ROC) analysis was
employed, and the area under the curve (AUC) for each variable was
compared.

2.4.1. ROC analysis

The equivalence test, using a margin of +0.05 between the CI of the
AUCs, was employed to compare the three central adiposity measure-
ments. Differences higher than +0.05 between curves were considered
significant.

No ROC analysis was conducted for fasting glucose as normal fasting
glucose was one of the inclusion criteria for the study, and there is no
clear evidence of lower CMR for different glucose values below 99 mg/
dL [34]. For systolic and diastolic blood pressure, as well as for tri-
glycerides, more than 95 % of the volunteers presented normal values
according to the International Diabetes Federation (IDF) criteria and
current recommendations from international authorities (135/85
mmHg and 150 mg/dL, respectively) [11]. Therefore, 120 mmHg and
80 mmHg were considered cutoff values for systolic and diastolic blood
pressure (respectively), as previously described [34]. The median of the
total sample (83 mg/dL) was employed for triglycerides. Notably, the TG
median values were similar to a cutoff previously reported [35]. As
reference values differ among studies, the median value was used as a
cutoff for leptin, but men and women were considered separately.
Variables without any literature reference, such as glucose uptake (in
SUVs) and triglyceride content in different tissues, were analyzed ac-
cording to median values. For total cholesterol, LDL, and HDL, the IDF
criteria were employed (<200 mg/dl, <150 mg/dL, and >40 mg/dL for
men and >50 mg/dl for women, respectively) [11]. Lastly, for insulin
(5.35 mU/L) [36,37], HOMA-IR (1.22) [36,37], MCP-1 (157 pg/ml)
[38], and IL-6 (5.186 pg/ml) [39] cutoff values were defined based on
previous studies.

Since there are no validated tools to identify increased CMR in young
adults without clear CMR, a combined CMR variable using systolic and
diastolic blood pressure, LDL-cholesterol, HDL-cholesterol, tri-
glycerides, and HOMA-IR was created. The elevated risks for each var-
iable were combined into a single index to understand the ability of
measurements to predict CMR according to the primary CMR markers
available in our study. The individuals were then classified according to
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the number of altered risk factors (<2 or >3). Because only 25 % of the
sample had one or fewer altered CMR markers, classifying the partici-
pants with no risk would reduce the sample size and the power of the
analysis. On the other hand, almost half of the sample presented three or
more increased risk markers. Therefore, a cutoff value of two was used,
as reported in other combined indexes. In addition, we checked the as-
sociations between our CMR and the Framingham risk score, which has
been used as a predictor for increased risk of cardiovascular diseases
[40]. We observed a correlation of 0.500 (p < 0.01), suggesting that our
selection of CMR could be used as a proxy of CMR in our sample. A
p-value of less than 0.01 (adjusted o for the number of tests for three
ROC curves) was considered significant.

2.5. Ethical considerations

The study was approved by the Research Ethics Committees of the
Faculty of Medical Sciences of the State University of Campinas, the
Faculty of Medicine of the University of Sao Paulo, and the Faculty of
Public Health of the University of Sao Paulo. The CAEE number is
60698716.1.0000.5404.

3. Results

This study included 47 individuals; 15 were overweight or with
obesity (BMI >25 kg/m2 with high WC or BMI>30 kg/mz), and 32 were
lean (BMI <25 kg/rn2, data not shown). When stratified according to the
CRM risk combined variable, 26 individuals were classified as low risk,
whereas 18 were classified as high risk. Three participants had missing
data for cholesterol and were not included in any group. Still, they had
data for other markers and were included in the analysis of specific
markers. The majority were women (59.6%), and approximately 35% of
participants reported continuous use of medication, primarily pain-
killers and oral contraceptives.

Table 1 displays the clinical data of the subjects according to CMR
groups. There was no significant age difference between low and high-
CMR individuals (31.5, IQR 28-34.3 versus 35.0, IQR 27.8-39, p =
0.12) or number of women in each group (p = 0.76). However, as ex-
pected, we observed significant differences in anthropometric variables
such as weight (63 kg, IQR: 55.9-72.8 versus 77.3 kg, IQR 59.6-93.5, p
< 0.01), BMI, and WC (76.9 cm, IQR: 72.3-86.7 cm in low-CMR versus
92.5 cm, IQR: 75.9-100.7 cm in individuals with high-CMR; all with p <
0.01). As for the clinical data, there were differences between the groups
in LDL-cholesterol (100.5 mg/dl, IQR: 88.0-125.5 mg/dL in low-CMR
versus 128.4 mg/dl, IQR: 100.0-151.0, in the high CMR group, p <
0.01), HDL-cholesterol (58.5 versus 43.9 mg/dl: p = 0.04), and tri-
glyceride levels (63.5, IQR: 56.8-85.3 mg/dl versus 112.5 mg/dl, IQR:
88.8-147.0, p < 0.01). Similar findings were detected for glucose (77
mg/dl versus 84.5 mg/dl, p = 0.04), but not insulin (p = 0.15), and
HOMA-IR (p = 0.07). As expected, leptin concentrations (57.3 pg/ml,
IQR: 31.7-81.4 in low CMR versus 343.7 pg/ml, IQR: 57.5-343.7 in
high-CMR group, p < 0.01) differed between groups. Conversely, be-
tween groups, MCP-1 and interleukin-6 (0.51 and 0.91, respectively)
were similar. In addition, systolic blood pressure (107.5 versus 120
mmHg, p = 0.01), but not diastolic blood pressure, differed between the
groups.

Concerning PET/CT data, subcutaneous (0.27, IQR: 0.19-0.32 in the
low-CMR group versus 0.14, IQR: 0.11-0.27 in the high-CMR group, p <
0.01) but not visceral adipose tissue SUV (0.52, IQR: 0.36-0.67 versus
0.42 IQR: 0.33-0.62, p = 0.41) was higher in the low-CMR group,
whereas the content of triglycerides in subcutaneous and peri-renal, but
not visceral (80.8 %, IQR: 71.5-8.1 % versus 85.0 %, IQR: 85.8-93.9 %),
adipose tissues were higher among those with higher CMR (p < 0.01 for
all).

Table 2 shows DXA body composition data for the low and high-CMR
groups. As expected, there were differences between them in most body
composition variables, with the exception being the fat-free mass in
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Table 1
Characteristics of the sample according to CMR (low- and high-CMR) (n = 47).
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Table 2
Body composition variables according to CMR (low- and high-CMR).

Low CMR (n =  High CMR (n Total sample p- Low CMR (n = High CMR (n = Total sample (n p-
26) =18) (n = 47)" value 26) 18) =47) value
Sex (number of 16 10 28 0.76 Total fat 16.67 23.55 19.2 <0.01
women) mass (kg) (14.99-19.9) (18.63-33.72) (16.0-27.6)
Age (years) 31.5 (28-34.3) 35 (27.8-39) 32.0 0.12 Total fat 28.1 34.4 30.8 <0.01
(28.0-37.0) mass (%) (25.23-31.05) (27.98-41.23) (26.0-35.0)
Body weight (kg) 63 (55.9-72.8) 77.3 70.7 0.04 Fat mass 6.04 (5.36-6.89) 8.55 6.53 (5.7-8.7) <0.01
(59.6-93.5) (56.7-80.2) index (mg/ (6.28-12.42)
Body mass index 22 (20.1-24.3) 27 (21.9-31.8) 23.1 0.01 m?)
(kg/m2) (20.8-28.1) Android/ 0.89 (0.66-1.17) 1.08 (0.95-1.24) 1.02 0.045
Waist 76.9 92.5 81.3 0.01 gynoid ratio (0.79-1.18)
circumference (72.3-86.7) (75.9-100.7) (73.1-95.9) DXA-VAT 177.5 632.5 276 <0.01
(cm) ) (58.75-422.25) (243-1389.5) (85.0-718.0)
Systolic blood 108 117.5 113.0 0.01 Total lean 41.05 44.04 43.7 0.45
pressure (103.5-117) (104.3-127.5) (104.0-120.0) mass (Kg) (36.25-51.15) (37-53.24) (37.0-51.6)
(mmHg)# Arm fat (%) 29.1 35.95 29.5 0.10
Diastolic blood 62 (60.5-69) 69.5 66.0 0.07 (21.1-32.68) (24.65-41.03) (25.8-32.8)
pressure (64.3-81.3) (61.0-76.0) Arm fat (kg) 1.75 (1.46-2.23) 2.26 (1.97-3.56) 2.0 (1.67-2.66) <0.01
(mmHg)# Arm fat-free 3.99 (3.53-6) 4.72 (3.35-6.97) 4.39 0.46
Fasting glucose 77 (65.5-83) 84.5 77 (69.8-86.0) 0.047 mass (kg) (3.56-6.30)
(mg/dl) (75.8-86.3) Leg fat (%) 32.35 35.2 (26.2-41.8) 32.9 0.14
Insulin (pU/L) 3.8 (2.9-5.2) 5.0 (3.2-7.4) 4.1 (3.0-5.41) 0.15 (24.53-35.53) (25.6-36.4)
HOMA-IR 0.8 (0.5-1) 0.9 (0.6-1.5) 0.82 0.07 Leg fat (kg) 6.74 (5.83-7.68) 7.91 7.0 (6.11-8.83) 0.04
(0.55-1.09) (6.51-11.15)
Total cholesterol 177.5 203 185.5 <0.01 Leg fat-free 14.84 16.18 15.62 0.47
(mg/dl) (162.8-195.5) (185.8-223.8) (172.8-213.3) mass (kg) (12.22-17.44) (12.72-19.23) (12.42-18.65)
LDL cholesterol 100.5 128.4 111.5 <0.01 Trunk fat 27.55 36.25 30.30 <0.01
(mg/dl) (88-125.5) (110-151) (94.6-135.0) (%) (22.68-31.73) (29.53-43.63) (26.60-37.70)
HDL cholesterol 58.5 43.9 55.0 0.04 Trunk fat 7.82 (6.07-9.64) 13.64 8.76 <0.01
(mg/dl) (50.7-63.7) (39.3-57.1) (42.7-62.0) (kg) (8.25-18.86) (6.89-14.92)
Triglycerides 63.5 112.5 83.0 <0.01 Trunk fat- 20.01 20.43 20.41 0.567
(mg/dl) (56.8-85.3) (88.8-147) (59.3-115.5) free mass (16.99-23.71) (18.59-24.83) (17.92-24.52)
Leptin (pg/ml)# 57.3 119.5 76.5 <0.01 (kg)
(31.7-81.4) (57.5-343.7) (42.1-125.4) MRI-VAT 22.64 75.9 57.60 <0.01
MCP-1 (pg/ml)# 224.8 2299 229.0 0.51 (L3-L4 mass, (16.09-58.8) (36.06-131.99) (19.28-91.87)
(192.8-267.4) (196.1-303.6) (196.4-286.8) g)
Interleukin-6 7.1 7.21 7.2 0.91 MRI-VAT 26.00 75.42 55.62 <0.01
(pg/ml)# (6.47-7.96) (4.72-8.18) (6.44-8.15) (L2-L3 mass, (15.16-47.32) (28.06-128.70) (17.52-87.17)
Subcutaneous 0.27 0.14 0.23 <0.01 g)
AT (SUV) (0.19-0.32) (0.11-0.27) (0.14-0.31) - — — - -
Visceral AT 0.52 0.42 0.48 0.41 *Three participants had missing data for cholesterol and were not included in
(SUV) (0.36-0.67) (0.33-0.62) (0.36-0.65) the CMR groups.
Subcutaneous 83.5 90.2(82-91.8)  84.4 0.04 Mann Whitney rank test.
AT %TAG (75.4-88.8) (77.2-91.0) Median and interquartile range.
Visceral AT % 80.8 85.0 83.0 0.11
E:/gr % TAG (3711 '25_88'1) 55259_90.2) 5‘?16 ?2_ Tiil) 0.54 three central adiposity variables exhibited strong associations with
(2.01-7.91) (2.35-7.35) trunk fat. Moreover, significant correlations existed among the central
Peri-renal % 75.3 86.1 78.9 <0.01 adiposity measurements themselves. Interestingly, the three central
TAG (70.5-79.2) (79.6-90.3) (71.2-86.4)

Mann Whitney rank test.
Median and interquartile range.
“non-parametric distribution/#n > 40.
# Three participants had missing data for cholesterol and were not included in
the CMR groups.

arms, trunk, and legs, as well as leg fat percentage (32.3%, IQR:
24.53-35.53 versus 35.2%, IQR: 26.2-41.8, p = 0.14). When assessing
the android/gynoid ratio and the fat mass index (which factors in height
along with fat percentage), the fat distribution between the groups was
significant (p = 0.04). Similar results were observed when analyzing the
VAT mass between MRI-VAT (L2-L3 mass 26.0g, IQR:15.16-47.32 in
low-CMR versus 75.42g, IQR: 28.06-128.70 in the high-CMR group, p <
0.01) and DXA-VAT (177.5g, IQR: 58.75-422.85g in lean versus 632g,
IQR: 243.0-1389.5g, p < 0.01)(Table 2).

Fig. 1 depicts the correlation heat map of associations between
distinct adiposity measurements and clinical parameters, with markers
of central obesity obtained using different instruments: WC, VAT from
DXA, and VAT from MRI. Our analyses reveal that all whole-body
adiposity measurements exhibit robust and consistent correlations
with WC, DXA-VAT, and MRI-VAT (calculated from L2-L3 and L3-L4 fat
mass), except leg fat percentage and relative fat mass. As expected, the

adiposity variables were also correlated with fat-free mass, which
remained statistically significant after FDR correction (p < 0.05).

Regarding clinical variables, central adiposity measurements were
correlated with systolic blood pressure but not diastolic, LDL choles-
terol, and triglycerides, whereas HDL showed inverse correlations with
all three variables. Conversely, WC was the only central adiposity
measurement associated with all other clinical variables (fasting insulin,
HOMA-IR, and total cholesterol). The DXA-derived VAT and MRI-
derived VAT were not associated with all glucose metabolism vari-
ables. Moreover, leptin concentrations were positively correlated only to
DXA-derived VAT, while MCP-1 was associated with WC and MRI-VAT
but not with DXA-VAT. IL-6, on the other hand, was associated with
DXA-VAT and MRI-VAT but not with waist circumference. However, all
these associations were lost after FDR’s correction (Fig. 1).

As the glucose uptake by adipose tissue (in SUVs) was shown to be
inversely correlated to obesity and CMR in previous studies, we sought
to analyze how the central adiposity markers associated with cold-
induced glucose uptake (in SUVs) calculated from PET data in both
abdominal subcutaneous adipose (SAT) tissue and visceral adipose tis-
sue (VAT). Indeed, all three measurements of central obesity were
inversely associated with subcutaneous and visceral SUV. Moreover, we
analyzed the associations between WC, DXA-VAT, and MRI-VAT with
the content of triglycerides of SAT and VAT, as well as the liver fat
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Fig. 1. Heat map of Spearman’s correlations between WC measurements, DXA-VAT, and MRI-VAT with cardiometabolic risk markers and adiposity measurements.
Fig. 1 legend: Spearman’s correlation between waist circumference measurements, DXA-VAT, and MRI-VAT (from L2-L3 and L3-L4 areas) with body composition

variables (A) and cardiometabolic risk markers (B).

content and peri-renal fat depots. As expected, all central adiposity
measurements were directly associated with the fat content in these
depots (Fig. 1), even after FDR correction.

Next, we employed a ROC curve analysis to compare the ability of
the three different central adiposity measurements to identify increases
in CMR markers. We aimed to understand whether WC could be equally
or better associated with these parameters (Fig. 2, Supplementary Fig. 1,
Table 3). When ROC analyses were performed, we observed that all
three central adiposity measurements presented good models to predict
increases in most CMR markers, including the combined CMR variable.
Increases in WC, VAT-DXA, and MRI-DXA predicted higher systolic, but
not diastolic blood pressure, insulin, HOMA-IR, LDL-cholesterol, tri-
glycerides, and leptin (Fig. 2, Supplementary Fig. 1, and Table 3).
Moreover, they could predict lower HDL-cholesterol (<40 mg/dl for
men and <50 mg/dL for women). Only for total cholesterol, WC did not
predict its higher concentrations (Supplementary Fig. 1C, Table 3). Still,
no differences between AUCs were detected when comparing the
equivalence margin for these variables (equivalence margin within 0.05
predefined margin for all variables, Supplementary Table 1). On the
other hand, WC showed a non-significant higher AUC for insulin and
HOMA-IR compared to DXA-VAT and MRI-VAT, confirming the results
of the correlation analyses (Table 3, Fig. 2C and Suppl. Fig. 1B).
Although the AUCs were higher for WC, the equivalence margins anal-
ysis showed no statistical differences between measurements
(Supplementary Table 1). Notably, when the overall CMR was analyzed,
all three models showed similar AUCs (Fig. 2A-Table 3, p > 0.05).
Significantly, all AUCs fell within the 0.05 interval of the predefined
equivalence margin (0.037 CI: —0.04 to 0.12, for WC versus DXA-VAT,
0.022, CI -0.044 to 0.088, for WC versus MRI-VAT and 0.01, CI: —0.055
to 0.085 for DXA-VAT versus MRI-VAT). The WC cutoff for the combined
CMR was 96.5 cm, whereas DXA-VAT was 261g and DXA-MRI 51.9g
(Fig. 2A), suggesting that these values could be used as a reference for
increased risk in this sample.

The three central adiposity measurements did not provide a good
model to predict increased levels of IL-6 and MCP-1 (Suppl. Figs. 1D and

1E, and Table 3). Conversely, DXA-VAT, MRI-VAT, and WC showed
elevated AUCs for glucose uptake in both VAT and SAT, confirming their
ability to identify changes in this marker (Table 3 and Fig. 2H and I). The
three indexes showed similar results when comparing AUCs (Fig. 2 and
Table 3, within the predefined equivalence margin). Similarly, all three
measurements had good prediction models for high content of TG in
VAT (Table 3 and Suppl. Fig. 1F), SAT (Table 3 and Suppl. Fig. 1G), liver
(Table 3 and Suppl. Fig. 1H), and peri-renal (Table 3 and Suppl. Fig. 11)
with no differences between the AUCs. Interestingly, WC cutoff values
varied from 80.475 cm for TG content in SAT to 91.75 cm in the liver,
whereas DXA-VAT and MRI-VAT showed lower values for peri-renal and
SAT TG content (279.0g and 34.58g, for DXA and MRI respectively). On
the other hand, the highest DXA-VAT cutoff value was detected for TG
content in VAT (478g), while the highest cutoff value for MRI-VAT was
observed in liver TG content (61.5g).

Cutoff values from ROC analyses suggested a WC range of 75.8-96.5
cm for increased CMR markers, the lowest values being for blood pres-
sure (75.3 cm), the highest WC cutoff for insulin and HOMA-IR (96.5
cm), and the overall combined CMR cutoff value being 96.5 cm. Similar
values were detected for HDL and TG (95.3 cm), whereas total and LDL
cholesterol showed slightly lower cutoff values (82.65 and 80. 48,
respectively). For DXA-VAT, the cutoff values ranged from 261g (LDL-c)
to 753g for HDL and TG (261g for CMR analysis) and 1109g for IL-6.
Most of the cutoff values were within the 261-269g range. A similar
variability was observed on MRI-VAT cutoff values. Insulin, HOMA-IR,
TG, and HDL where cutoff values varied from 17.45g (IL-6) and
18.63g (LDL-c) to77.36g (insulin, HOMA-IR, and HDL), and the overall
CMR cutoff was 51.9g.

4. Discussion

The primary aim of this study was to investigate whether different
central adiposity measurements (WC, DXA-VAT, and MRI-VAT) could
detect increased CMR in a group of healthy young adults. We sought to
explore whether WC measurements were comparable to more accurate
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Fig. 2. Comparisons of WC, DXA-VAT, and MRI-VAT ROC curves for cardiometabolic risk markers.
Legend Fig. 2: ROC curves and overall model quality for CMR (A), Systolic blood pressure (B), HOMA-IR (C), LDL-cholesterol (D), HDL-cholesterol (E), triglycerides
(F), leptin (G), glucose uptake (SUV) in subcutaneous adipose tissue (H), glucose uptake (SUV) in visceral adipose tissue (I).

VAT measurements (DXA-VAT and MRI-VAT) in terms of associations Similarly, Katzmarzyk [47] observed higher AUCs for WC and VAT than

with classical CMR (lipid profile, HOMA-IR) markers and new markers, other indexes, such as fat mass, percentage of body mass, and BMI,
such as '8F-FDG uptake in VAT and SAT, which have been shown to showing no statistical differences between DXA-VAT and WC when
indicate the tissue’s metabolic activity [41-43], along with TG content comparing the ability to predict increased CVD risk. Furthermore, even

in different tissues. We observed that similar to DXA-VAT and MRI-VAT, though no statistical differences were detected when comparing the
WC displayed substantial positive correlations with various CMR AUCs, WC showed higher AUCs for both insulin and HOMA-IR than
markers, including LDL cholesterol, TG, insulin, and HOMA-IR, while DXA-VAT and MRI-VAT. Similar to our data, where WC was presented as

exhibiting an inverse correlation with HDL cholesterol. All central a good model for increased insulin and HOMA-IR in the ROC analysis,
adiposity measurements were also associated with cold-induced FDG other researchers observed elevated correlations between glucose
uptake in SAT and VAT, considered early markers of CVD risk. In metabolism and WC [48,49]. Gautier et al. [45] and others reported that
addition, ROC curve analysis indicates that all central adiposity mea- WC values could predict type 2 diabetes among men and women with
surements are equally good predictors for most CMR markers, showing baseline impaired fasting glucose. WC measurements were also shown to
similar AUCs for most variables and the combined CMR index variable. predict glucose deterioration in type 2 diabetes individuals [49]. On the
Remarkably, ROC analysis showed that these adiposity measurements other hand, other authors reported that DXA-VAT values showed a much
could also predict increases in TG content in VAT, SAT, liver, and more robust prediction of metabolic syndrome compared to WC among
peri-renal, previously linked to a worsened cardiometabolic profile [31, women with obesity [50]. These results somewhat differ from our study,
44]. in which all central adiposity measurements (WC, DXA- and MRI-VAT)

Our findings of strong correlations between WC and CMR markers, in were correlated with fasting glucose, insulin, and HOMA-IR. As
particular with the CMR combined index, align with earlier studies [45]. normal fasting glucose was an inclusion criterion for our study, and
In a recent study, which included the offspring and third-generation there is no clear evidence of any deleterious cutoff point for glucose

cohorts of the Framingham health study, both WC and BMI could predict below 99 mg/dL, correlations between fasting glucose and central
VAT-associated CMR in middle-aged men but not women [46]. Our adiposity were not expected [1,2,11].

study’s ROC curve analysis suggested that WC could equally predict Regarding other clinical variables, all central adiposity measure-
increases in CMR markers as the VAT estimated by DXA and MRL ments were associated with systolic blood pressure, as previously
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Table 3
Comparison of waist circumference, DXA-VAT, and MRI-VAT ROC curves and cutoff values for clinical variables.
AUC SE p-value CI lower CI higher Cutoff value Paired-sample comparison p-value

¢ CMR"
WwC 0.723 0.086 0.009 0.555 0.891 96.475 WC x VAT-DXA 0.368
VAT-DXA 0.761 0.076 <0.001 0.612 0.910 261.00 WC x VAT-MRI 0.507
VAT-MRI 0.746 0.076 <0.001 0.597 0.597 51.945 VAT-DXA x VAT-MRI 0.676
e Systolic blood pressure
wWC 0.747 0.086 0.004 0.579 0.915 75.825 WC x VAT-DXA 0.347
VAT-DXA 0.784 0.079 0.001 0.628 0.940 261.000 WC x VAT-MRI 0.462
VAT-MRI 0.772 0.080 0.001 0.614 0.929 30.026 VAT-DXA x VAT-MRI 0.792
e Diastolic blood pressure
wWC 0.679 0.092 0.052 0.498 0.859 75.825 WC x VAT-DXA 0.941
VAT-DXA 0.671 0.122 0.160 0.433 0.910 269.000 WC x VAT-MRI 0.272
VAT-MRI 0.707 0.087 0.020 0.537 0.877 30.026 VAT-DXA x VAT-MRI 0.713
e Insulin
wC 0.774 0.100 <0.01 0.578 0.970 96.475 WC x VAT-DXA 0.020
VAT-DXA 0.691 0.121 0.112 0.455 0.928 682.5 WC x VAT-MRI 0.288
VAT-MRI 0.736 0.107 0.02 0.525 0.946 77.357 VAT-DXA x VAT-MRI 0.239
¢ HOMA-IR
WwC 0.954 0.03 <0.001 0.894 1.013 96.475 WC x VAT-DXA 0.055
VAT-DXA 0.892 0.049 <0.001 0.795 0.989 682.5 WC x VAT-MRI 0.030
VAT-MRI 0.896 0.049 <0.001 0.801 0.991 77.357 VAT-DXA x VAT-MRI 0.845
e Total cholesterol
wWC 0.683 0.096 0.056 0.495 0.872 82.65 WC x VAT-DXA 0.476
VAT-DXA 0.712 0.081 0.009 0.553 0.871 279.5 WC x VAT-MRI 0.651
VAT-MRI 0.7 0.087 0.022 0.529 0.871 34.582 VAT-DXA x VAT-MRI 0.754
e LDL-c
wC 0.703 0.083 0.014 0.542 0.865 80.475 WC x VAT-DXA 0.896
VAT-DXA 0.71 0.088 0.017 0.538 0.882 261 WC x VAT-MRI 0.228
VAT-MRI 0.772 0.089 0.002 0.598 0.945 18.632 VAT-DXA x VAT-MRI 0.208
e HDL-c
wC 0.865 0.067 <0.001 0.734 0.995 95.325 WC x VAT-DXA 0.188
VAT-DXA 0.906 0.054 <0.001 0.8 1.013 753.5 WC x VAT-MRI 0.306
VAT-MRI 0.823 0.09 <0.001 0.647 0.999 77.357 VAT-DXA x VAT-MRI 0.086
o Triglycerides
wWC 0.712 0.08 0.008 0.555 0.869 95.325 WC x VAT-DXA 0.465
VAT-DXA 0.744 0.076 0.001 0.594 0.893 753.5 WC x VAT-MRI 0.243
VAT-MRI 0.667 0.085 0.048 0.501 0.833 77.357 VAT-DXA x VAT-MRI 0.061
e MCP-1
wC 0.594 0.132 0.476 0.336 0.852 88.45 WC x VAT-DXA 0.876
VAT-DXA 0.581 0.097 0.400 0.392 0.771 451.5 WC x VAT-MRI 0.571
VAT-MRI 0.65 0.132 0.258 0.39 0.91 61.847 VAT-DXA x VAT-MRI 0.347
e IL-6
wC 0.525 0.134 0.851 0.263 0.787 69.825 WC x VAT-DXA 0.601
VAT-DXA 0.494 0.110 0.958 0.279 0.709 1109.5 WC x VAT-MRI 0.663
VAT-MRI 0.552 0.126 0.679 0.305 0.799 17.45 VAT-DXA x VAT-MRI 0.254
e Leptin
wC 0.792 0.073 <0.001 0.649 0.936 86.75 WC x VAT-DXA 0.717
VAT-DXA 0.808 0.07 <0.001 0.67 0.946 394.5 WC x VAT-MRI 0.828
VAT-MRI 0.8 0.067 <0.001 0.669 0.93 34.582 VAT-DXA x VAT-MRI 0.86
e Glucose uptake SAT
wC 0.778 0.072 <0.001 0.636 0.92 79.6 WC x VAT-DXA 0.701
VAT-DXA 0.792 0.07 <0.001 0.655 0.929 269 WC x VAT-MRI 0.251
VAT-MRI 0.81 0.067 <0.001 0.678 0.941 27.398 VAT-DXA x VAT-MRI 0.625
e Glucose uptake VAT
wC 0.784 0.075 <0.001 0.636 0.931 85.375 WC x VAT-DXA 0.443
VAT-DXA 0.814 0.065 <0.001 0.686 0.941 269 WC x VAT-MRI 0.598
VAT-MRI 0.805 0.069 <0.001 0.67 0.941 38.083 VAT-DXA x VAT-MRI 0.853
o Triglyceride content VAT
WwC 0.826 0.069 <0.001 0.692 0.961 87.63 WC x VAT-DXA 0.302
VAT-DXA 0.787 0.072 <0.001 0.646 0.928 478.0 WC x VAT-MRI 0.654
VAT-MRI 0.810 0.065 <0.001 0.682 0.938 38.08 VAT-DXA x VAT-MRI 0.581
o Triglyceride content SAT
WwC 0.760 0.076 0.001 0.611 0.910 80.475 WC x VAT-DXA 0.074
VAT-DXA 0.676 0.075 <0.001 0.619 0.914 279.5 WC x VAT-MRI 0.12
VAT-MRI 0.715 0.081 0.008 0.555 0.874 34.58 VAT-DXA x VAT-MRI 0.129
e Triglyceride content liver
wWC 0.769 0.077 0.001 0.617 0.921 91.75 WC x VAT-DXA 0.41
VAT-DXA 0.736 0.083 0.004 0.574 0.898 343.0 WC x VAT-MRI 0.895
VAT-MRI 0.774 0.078 <0.001 0.620 0.928 61.85 VAT-DXA x VAT-MRI 0.424
o Triglyceride content peri-renal
WC 0.902 0.059 <0.001 0.786 1.019 86.125 WC x VAT-DXA 0.466
VAT-DXA 0.917 0.051 <0.001 0.817 1.016 279.5 WC x VAT-MRI 0.131
VAT-MRI 0.857 0.065 <0.001 0.730 0.984 34.58 VAT-DXA x VAT-MRI 0.033

Paired-sample area difference under the receiver operating characteristic curve (ROC) curve.
CIL confidence interval.
SE: standard error.
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2 CMR: combined cardiometabolic risk (<2 or >3 CMR factors).

described [51]. Remarkably, when ROC curve analyses were conducted,
we observed good overall model quality for all central adiposity mea-
surements (high sensitivity and low 1- specificity) for systolic but not
diastolic blood pressure. Notably, all adiposity measurements correlated
with lipoprotein profile and showed high and comparable AUCs for LDL,
HDL, and circulating TG in ROC analyses, essential for CVD risk pre-
vention [52]. No differences between the three measurements were
detected when comparing the AUCs (values within the predefined
equivalence margin of 0.05). These findings were somewhat similar to
one study in which WC and waist-to-hip ratio showed the most
remarkable prediction for CMR [53]. Moreover, one study with more
than 600 postmenopausal women observed that DXA-derived abdom-
inal fat mass and WC were good predictors of alterations in blood lipids
[45]. However, one review failed to show this association with WC [54].
In our study, HDL AUCs were also comparable between the three central
adiposity measurements, and the overall quality of the models was
elevated for all central adiposity measurements.

This study found inverse associations between VAT and SAT FDG
uptake with central adiposity measurements. Even though many studies
have shown the metabolic differences between VAT and SAT, only in the
last decades have researchers shown that the FDG uptake was also
different between the tissues and could represent their different meta-
bolic activities [41-43]. Indeed, it has been hypothesized that the VAT
uptakes more FDG than SAT due to its higher metabolic activity, which
is directly related to VAT’s more inflammatory profile. It has been
previously shown that '®F-FDG uptake is increased in highly inflamed
tissues because of macrophage infiltration [41-43], which suggests that
it would be possible to measure the inflammation degree of VAT using
18E_FDG and that this could be used as a biomarker for cardiometabolic
diseases [55,56]. One study comparing metabolically healthy obese
(MHO) with metabolically altered obese (MAO) and healthy leans
observed similar 1®F-FDG VAT uptake in MHO and MAO but lower than
in healthy lean subjects [56]. The authors also observed negative asso-
ciations between VAT FDG uptake and whole-body adiposity indepen-
dent of age and sex. In our sample, the glucose uptake in both VAT and
SAT were associated with central adiposity. The ROC curves showed that
the central adiposity was a good model to predict higher SUV by these
tissues. Although one may argue that cold exposure could affect the FDG
uptake in VAT and SAT, greater FDG uptake in VAT compared to SAT
was also detected after cold exposure [57], and no changes in WAT
depots were detected after a cold acclimation protocol, suggesting none
or little effect of cold in these depots. Moreover, we observed strong
positive correlations between WC, DXA-VAT, and MRI-VAT with the
content of triglycerides in SAT, VAT, and peri-renal fat, as well as with
fat liver content. Similarly, ROC analysis suggested that all central
adiposity variables provided a good model for TG content in VAT, SAT,
liver, and peri-renal, without any differences between WC, DXA-VAT,
and MRI-VAT AUCs. We have previously shown that the content of tri-
glycerides in other tissues, such as brown adipose tissue (BAT), is
directly associated with adiposity and cardiovascular risk markers [31,
44]. Of note, the associations of central adiposity with a greater
peri-renal fat suggest the potential of this measurement as a predictor of
cardiometabolic complications, as previously reported [58].

Though DXA-VAT and MRI-VAT, along with CT-VAT, are considered
more accurate methods for evaluating visceral fat [23-25], WC mea-
surements presented a similar degree of correlation with most clinical
markers as imaging-estimated central adiposity measurements, and no
significant differences were detected when ROC curves were compared.
Notably, it has recently been suggested that a minimal bias of DXA-VAT
should be detected compared to MRI and CT [45,59,60]. Moreover, it
has been reported that DXA-VAT and MRI-VAT can show equivalent
results when measured over an anatomically matched abdominal region
[60]. When comparing DXA-VAT and MRI-VAT with WC, one study
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found correlations between the first two measurements than with WC
[60], which the authors suggest may result from WC measurements
incorporating subcutaneous adipose tissue. However, our data does not
agree with the latter study, as the correlations between WC with
DXA-VAT and MRI-VAT were all equally elevated.

This study has limitations. The cross-sectional design does not allow
for establishing a causal relationship between variables, and the sample
size is relatively small. Moreover, the cutoff values differ across vari-
ables, which is not ideal. However, most of the classical CMR markers
showed similar cutoff values, in particular for WC. The same cutoff of
96.5 cm was detected for the overall CMR, insulin, and HOMA-IR and
very similar values were observed for HDL and TG (95.3). Moreover, it is
important to highlight that some of the CMR markers we analyzed may
be more sensitive to increases in abdominal fat than others, explaining
their differences. Moreover, two different imaging techniques were
compared, and early CMR markers, such as FDG uptake adipose tissue,
which has been linked to CMR, were included in this analysis. Even
though there is not enough evidence on the role of TG content in adipose
tissue, the analysis of different tissues, such as VAT and peri-renal, could
be important in future CMR prediction.

This study aimed to understand whether WC measurements, DXA-
VAT, and MRI-VAT could predict increased CMR markers equally. Our
analysis revealed associations between these measurements and CMR
markers, suggesting that they can all be used to detect increased CMR in
this group of participants. Indeed, our results showed that even in a
relatively young study population, WC displayed a similar prediction for
increased CMR markers than DXA-VAT and MRI-VAT, as shown by the
ROC analysis. In addition, WC showed slightly but non-significant
greater AUC for HOMA-IR, which could indicate a potential for WC to
detect early changes in glucose metabolism, at least in this sample.
Moreover, all central adiposity measurements were correlated to FDG
uptake in subcutaneous and visceral fat, suggesting a possible role of
these measurements in assessing increased new CMR. Our results rein-
force the importance of WC measurements as a simple and easily
accessible tool for assessing increased CMR markers in clinical practice.
Given its practicality and efficacy, we recommend routinely using WC
measurements in primary care and health centers to assess car-
diometabolic risk.
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