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Abstract

Background: Obesity and arterial stiffness are strongly associated with cardiovascular Key Words
disease; however, their relationship remains controversial. » estimated pulse wave
Methods: Body mass index was measured using anthropometric evaluation, and visceral velocity

fat area was calculated using an absorptiometry scan. > body mass index
Results: The data of 5309 participants were collected from NHANES (National Health and > visceral fat area
Nutrition Examination Survey) (2011-2018). Based on the normal-weight normal visceral > arterial stiffness

fat group that was considered as a reference, ePWV increased in all other groups, with > obesity

the obese grade 2 visceral obesity group increasing the most by 26.35 cm/s (95% Cl:
13.52, 39.18, P < 0.001), followed by normal-weight visceral obesity group 24.43 cm/s
(95% Cl: 1.88, 46.98, P = 0.035), which was even higher than obese grade 1 visceral
obesity (B: 21.16, 95% Cl: 9.24, 33.07, P=0.001), obese grade 2 normal visceral fat group
(B: 13.8; 95% Cl: 0.10, 27.5, P = 0.048) and overweight visceral obesity group (8: 10.23;
95% Cl: 1.89, 18.57, P=0.018). For the 10-year cardiovascular risk, the obese grade 2
visceral obesity group had a 9.56-fold increase in compared with the control (OR: 10.56,
95% Cl: 4.06, 27.51,

P <0.0001). Normal-weight visceral obesity, obese grade 1 visceral obesity, and
overweight visceral obesity groups increased by 8.03-fold (OR: 9.03, 95% Cl: 2.66, 30.69;
P <0.001), 7.91-fold (OR: 8.91, 95% Cl: 3.82, 20.79, P < 0.001), and 7.28-fold (OR: 8.28,
95% Cl: 3.19, 21.46, P < 0.001). The risk was lower in the normal visceral fat group. Except
for the obese grade 2 normal visceral fat group, there was no significant difference in
other groups.

Conclusions: Normal-weight visceral obesity was associated with higher arterial stiffness
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and 10-year cardiovascular risk. (2023) 12, €230291
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Introduction

Estimated pulse wave velocity with
arterial stiffness

Radial arterial pulsation is a vital indicator in ancient
Chinese that allowed experienced traditional practitioners
to examine their patients. The ancient Chinese discovered
thousands of years ago that many diseases are closely
related to arterial pulsation and arterial stiffness. Arterial
stifftness is widely considered to be closely associated
with hypertension and is an independent predictor of
cardiovascular diseases (1). Contemporary science has
replaced the palpation practice of experienced traditional
Chinese practitioners with machines to determine arterial
stiffness. Carotid-femoral pulse wave velocity (cf-PWV)
is the gold standard for assessing arterial stiftness. Higher
cf-PWV and faster conduction velocity indicate less
vascular elasticity and more severe sclerosis. However,
ct-PWV is not widely used due to the limitations of
personnel and equipment (2). Estimated pulse wave
velocity (ePWYV) can effectively predict cf-PWV in response
to arterial stiffness (3). ePWV is calculated using mean
blood pressure (MBP) and age and is more easily applied
clinically. Notably, reducing arterial stiffness can decrease
global cardiovascular mortality (4).

Body mass index and visceral fat mass with obesity

The proportion of people with obesity has increased
globally over the past 50 years (5). Obesity is an adiposity-
based chronic disease. From ancient times to the present,
obesity has been defined in various ways, ranging from
simple physical observations to various body weight
index calculations. However, the body mass index (BMI)
is the most simple and effective and has been used for
200 years (6, 7, 8). Clinically, BMI is calculated as weight
(kg)/height? (m?). According to BMI, the mainstream
standards classify the population into underweight
(BMI < 35 kg/m?), obese grade 2 (35 kg/m? < BMI < 40
kg/m?), and obese grade 3 (BMI > 40 kg/m?) (9). Obesity,
defined using BMI, is associated with an increased
risk of death from cardiovascular diseases (CVD), type
2 diabetes mellitus, metabolic syndrome, and several
diseases, while underweight is associated with chronic
wasting diseases, smoking, and other death-causing
diseases (10). Few obesity-related guidelines have explored
the risk of disease associated with normal BMI groups
(11), and it is thought that a higher BMI (overweight or
obesity) is potentially associated with higher morbidity
and mortality, especially CVD (12). However, some

studies have reported reduced mortality among newly
diagnosed patients with diabetes in obese populations
than those with normal BMI (10, 13). Scholars have
increasingly found limitations in assessing obesity using
BMI alone, such as its ineffectiveness in estimating fat
distribution and differentiating between muscle/fat
mass (6, 14). BMI is more suitable for general-obesity
assessment (15). A central fat-related biomarker, visceral
adipose tissue (VAT), has emerged as a good remedy for the
shortcomings of BMI in central obesity assessment. VAT
is considered an independent risk factor for CVD and
even predicts cardiovascular event risk better than BMI.
It enhances the validity of BMI for cardiovascular risk
prediction in patients with CVD (8, 13). Available dual-
energy x-ray absorptiometry techniques can accurately
measure visceral fat mass by visceral fat area (VFA) (8).

Obesity with arterial stiffness

The relationship between obesity and arterial stiffness
remains controversial. A study of 2354 people from Spain
showed that adiposity measures were negatively associated
with arterial stiffness. The study also assessed adiposity
using BMI, waist-to-height ratio, and body roundness
index, among others. The arterial stiffness was determined
by measuring the cardio-ankle vascular index (CAVI)
and brachial-ankle pulse wave velocity (16). However,
3512 human experiments from Tokyo demonstrated that
obesity indices such as VAT, BMI, and body roundness
index were positively correlated with brachial-ankle
pulse wave velocity (17). Clinically, their findings
indicated the existence of a specific subgroup of patients,
who are individuals with normal weight with visceral
obesity and are more common in Asian populations (10,
15, 18). The diagnosis of arterial stiffness using a single
general obesity index (including BMI) or central obesity
index (including waist-to-height ratio) is somewhat
limited.

Aim of this study

The aims of this study were as follows: (1) to explore the
relationship between obesity and vascular stiffness; (2) to
redefine obesity by combining the general obesity index
(BMI) and central obesity index (VAT) to identify the
primary prevention population of CVD; (3) to explore
risk factors related to vascular stiffness and identify
targets for vascular stiffness treatment; (4) to assess early
diagnosis, early prevention, and personalized treatment
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for CVD populations to reduce the global burden of
CVD worldwide.

Materials and methods
Data source

National Health and Nutrition Examination Survey
(NHANES) is a continuous population-based cross-
sectional survey conducted by the Centers for Disease
Control and Prevention (CDC) to collect information
on the health and nutrition status of the US
household population. The project began in 1999, is
conducted on a two-year cycle, and includes interviews
and physical examinations. The National Center for
Health Statistics Research Ethics Review Board approved
the survey, and all participants signed the written
informed consent. Our study collected some of the
relevant data from the NHANES database.

Study population and design

Because VFA has only been measured since 2011,
we used data from four NHANES cycles of 2011-2012,
2013-2014, 2015-2016, and 2017-2018 (N=39,156
originally). The exclusion criteria were as follows:
(i) lack of ePWV data; (ii) lack of BMI data; (iii) lack of
VFA data; (iv) self-reported a previous diagnosis of CVD
(including coronary heart disease, angina, myocardial
infarction, and stroke); (v) less than 18 years old; (vi)
pregnancy (VFA was not measured in pregnant women);
(vii) lack of complete survey weight. Ultimately, our study
included 5309 people aged 18-59 years, representing
a CVD-free US population of 144,907,159 (Fig. 1). The
Research Ethics Committee of the First Affiliated Hospital,
College of Medicine, Zhejiang University, approved this
study as exempt.

Assessment of the body mass
index and visceral fat

BMI was calculated as weight (kg)/height (m?), and
weight and height measured by trained
professionals. The population was grouped according to
BMI: 18.5 kg/m? < BMI < 25kg/m?, 25 kg/m? < BMI < 30
kg/m?, 30 kg/m? < BMI < 35 kg/m?, BMI > 35kg/m?,
representing normal weight, overweight, obese grade 1,
and obese grade 2 and above, respectively (9, 19). Visceral
fat tissues were assessed using VFA. The VFA (cm?) was
obtained by measuring the VAT area at the approximate
interspace location of the L4 and LS5 vertebra using dual-

were

NHANES 2011-2018
N=39,156

Exclusion : No data of ePWV
N=10,490

Y

Exclusion : No data of
BMI or VFA
N=9,858

Y

Exclusion : participants with
» cardiovascular diseases
N=431

Exclusion : participants younger
than 18 years old
N=6,139

Y

Exclusion: No data of survey
> weight
N=6,929

Y

Final analysis participants
N=5309

Figure 1
Flowchart.

energy x-ray absorptiometry. Moreover, the VFA was
divided into two groups: VFA < 100 cm? and VFA >100 cm?,
indicating normal visceral fat and visceral obesity (15).

Assessment of arterial stiffness

The outcome variable for arterial stiffness was evaluated

using ePWV, which was calculated using the following

equation:

ePWV(m/s))=9.587—(O:402*age)
+[4.560*0:001*(age2)}—[2.621*0:00001*(age2)*MBp}
+(3.176*0:001*age * MBP) —(1.832*0: 01 * MBP)

Age was in years. MBP was calculated using the

formula MBP=DBP+(0:4 x (SBP — DBP)) (2, 20, 21).
Blood pressure was measured by a trained health
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technician, and participants obtained three consecutive
sphygmomanometric counts after 5 min of sitting still,
and SDP and DBP were determined by calculating the
average of all the blood pressure readings obtained.

Assessment of 10-year cardiovascular risk

We also assessed the association of BMI and VFA
combined status with 10-year cardiovascular risk. The
Framingham Heart Study risk score was used (22, 23).
Because this calculation was applied to people aged
30-74 years without CVDs history, we excluded 672
people without complete 10-year cardiovascular risk data
and 1415 people who were less than 30 years old. The
detailed calculation step of the cardiovascular risk score is
available in previous literature (22). Ten-year
cardiovascular risk score was treated as a dichotomous
variable, and a high-risk group was identified as
individuals with a 10-year cardiovascular risk score
was > 20%.

Assessment of covariates

Covariates selection for this study was based on previous
studies (2, 15, 23). The selected covariates were as
follows: age, sex (male/female), race (Mexican American/
Other Hispanic/Non-Hispanic =~ White/Non-Hispanic
Black/Other Race including Multi-Racial), education
(less than ninth grade/9-11th grade/high school
graduate/some college or associate of arts degree/
college graduate or above), marital status (married/
widowed/divorced/separated/never married/living
with a partner), family income ratio, diabetes mellitus
(yes/no), hypertension (yes/no), hyperlipidemia (yes/
no), leisure time physical activity (poor/intermediate/
optimal), smoking (none/past smoker/smoker now),
drinking (none/moderate/heavy), and body surface
area. The demographic variables (age, gender, race,
education, marital status, and family income ratio)
were acquired during the household interview.
Laboratory tests (triglycerides, total cholesterol, high-
density lipoprotein cholesterol, low-density lipoprotein
cholesterol, fasting plasma glucose, and glycated
hemoglobin) were obtained by taking a blood sample.
We calculated the body surface area using the following
formula: body surface area=0.007184 x (height (cm)%72)
x (weight (kg)4?%) (24). Fasting indicators required a
minimum fast of 9 h. Medical history information was
obtained through a questionnaire. Diabetes mellitus was

defined as glycohemoglobin > 6.5%, fasting glucose > 126
mg/dL, self-reported diabetes mellitus, or current use
of antihyperglycemic medication (25). Hypertension
was defined as SBP > 140 mmHg, DBP > 90 mmHg,
self-reported  hypertension, or current use of
antihypertensive medication (26). Hyperlipidemia was
defined as fasting serum total cholesterol > 200 mg/dL,
fasting serum triglyceride > 160 mg/dL, or self-reported
high cholesterol level and current use of cholesterol-
lowering drugs. Optimal leisure time physical activity
was defined as > 75 min/week of vigorous leisure time
physical activity or > 150 min/week of moderate leisure
time physical activity. The absence of any leisure
time physical activity was defined as poor. Moreover,
in-between poor and optimal leisure time physical
activity was defined as intermediate. Drinking >2
bottles of alcoholic drinks/day for women or >3 bottles
of alcoholic drinks/day for men was defined as heavy
drinking, 1 bottle of alcoholic drink/day for women
or one to two bottles of alcoholic drinks/day for men
was defined as moderate, and no alcohol consumption
was defined as none.

Statistical analysis

Statistical analyses were conducted using EmpowerStats
(http://www.empowerstats.com) and R (http://www.R-
project.org) software packages. The statistical significance
was set at P < 0.05. Sampling weights were used that were
calculated according to National Health and Nutrition
Examination Survey (NHANES) recommendations. In the
baseline characteristics distribution, continuous variables
were presented as survey-weighted means (95% CI), and
the P-value was calculated by using survey-weighted
linear regression; categorical variables were presented as
survey-weighted percentages (95% CI), and the P-value
was determined by using a survey-weighted chi-square
test (Table 1). Subsequently, multivariate analysis was
performed using a generalized linear model to analyze
the relationship between BMI/VFA status and ePWYV, with
three adjusting models. The crude model was adjusted for
no variable. The minimally adjusted model was adjusted
for age, sex, race, education, marital status, and family
income ratio. The fully adjusted model was adjusted
for diabetes mellitus, hypertension, hyperlipidemia,
leisure time physical activity, smoking, drinking, and
body surface area in addition to the factors included in
the minimally adjusted model. BMI (VFA) was treated
as a continuous variable to analyze the change in ePWV
owing to a one S.D. increase BMI (VFA) and was then

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-23-0291

© 2023 the author(s)
Published by Bioscientifica Ltd

niqadethis workds dicensed undes aduieative (oMBIOND3 69:08:27PM
@ @a@n ccehttribution-Nencommercial4.0dnternationab Licgnsee commons
Attribution-NonCommercial 4.0 International License.

https://creativecommons.org/licenses/by-nc/4.0/



http://www.empowerstats.com
http://www.R-project.org
http://www.R-project.org
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-23-0291
https://ec.bioscientifica.com
https://creativecommons.org/licenses/by-nc/4.0/

-
2]
N
(=
(]
N
[}

e Y Huang et al.
TIONS

rin

-.) Endoc
W CONNE

C

*A31D0]aA anem as|nd pajewnsa ‘AMdD
*(3]19e1AAS) 1533 2J4enbs-1yd patydiam-Aanins Aq sem anjeA-d (1D %S6) 98eiuadiad paiydiam-AaAins :sa|qelieA [ea1108aied o4
‘(w3AAS) uoissaudal Jeaul| paySiam-Aanins Ag sem anjen-d ‘(1D %S6) ueaw pajydiam-AsAINs :sa|qelieA Snonuiuod 104

(97'¥S '6€°SY)

(z0'6S '6L°6€)

(2895 'LL°8Y) (89'7S ‘617°01) (88°0S '95°0%) (98'SS ‘0L"9Y) (£2'85 '66°€€) (S¥'2s 'sSvy) (6515 'L8"9Y)

€810°0 6'67 6€'6Y 18CS vS'LY L9°SY 6609 68°SY 6787 0c6y (%) Bunjurip AnesH
(61T '8€°S1) (109 '68°L 1) (8€zT 'L¥'sl) (5z'9z'8¢°G1) (9652 LL'8lL) (£6°0Z '0017L) (LZ'Ly '8T¥2) (05'vZ '6691) (90°zz'L6°LL)
1000°0> LE8L 88°LL S9'8l 8z°0¢ 8L°1C LzLlL 88'vE 6v°0C 066l (9) J930WS JUS44ND
(vo'ze '21'€a) (ze'LS '817°L€) (0€vE '62°52) (8895 'L9"LY) (60°8€ '9€°82) (98°SS ‘62'8Y) (zo'L¥ '10°02) (£8°€S 'L6'1) (€8'2¥ '¥S'8€) (%) Ananoe |edisAyd
1000°0> 9€°LC 6C'LY 09'6¢ SL'8Y Y0'€e 60°¢S v'6c Lv'6v L9°0% SWi} 2UnsIs| dAIDY
(SL°£9 '¥1799) (6L°LY '2€'L2) (9€7LL'1Z°19) (6€°67 '6L°8€) (81'6L '¥E'0L) (€9°G¥ '96'9€) (z6'28'08°19) (05°L€ '68°0€) (¥6'2S '60°61)
1000°0> 08’19 L6'9€ 8799 [0k 474 20'SL €T LY 0L'€L [4%%3 20°'LS elwapidijiadAn
(9092 'L 1°61) (10'ZLLED) (£0'91 '98'6) (e¥'9°12°2) (r8'€l '6€'8) (£S¥'€02) (2922 '91°6) (oz'z'Lo'L) (re'6 '62°L)
1000°0> 6£°CC LcL 9Tl 6L°€ 801 90°€ 5991 671 97’8 (%) s=12qelq
(€£°15'05°ZY) (80°8€ ‘86'81) (89°€V ‘vi'vE) (8¥°z€ '8¥'81) (oz'ov ‘0L°0€) (rz'8l '8L7CL) (S8°€5 ‘51°0€) (1121 ‘80'8) (0£'L2'0C'¥2)
1000°0> 60°Ly [Aewkd 96'8€ [4:274 86't€ LESlh LSy 16’6 16°GC (%) uoisusniadAH
(6469 '99°65) (CLLy 'ev6l) (00°LL"1L89) (€695 'SL°8€) (zZ'69 '80°65) (L¥'v9 '¥8°€S) (9142 'S€°LS) (G129 '0€°89) (S€°59 '8¥°£S)
1000°0> 0619 olL'6c 11°99 LL'LY LEY9 €765 £0°89 €879 6%°19 (%) @1ym djuedsiH-uoN
(¥8'v¥ '€2°9€) (v6'Ly 'LL°ST) (z¥"19'0£°09) (¥9°€9 ‘91°LY) (£5°29'10°69) (G129 'LT¥9) (€428 '2509) (09°8% '86°L1) (19°€S '9€°09)
1000°0> Sldoig [4%°13 €199 §S'SS 0v'€9 97’85 Y0'€L LTSy 761 (%) °leN
(zSv9L '9e'8€4) (6£°069 '¥8'859) (92'89L '88'¥¥/) (6T°189 °'L9'£LS9) (6€°€LL'LTYSL) (vL'8.9°10°799) (97'£S8'61°C6L) (9%°0L9 'LS859) (68°ELL '8870L)
1000°0> ¥ LSL 819 £S9SL 87699 €8'€9/ 8€'049 [ 74} 751799 6€'60L (s/w2) AMd®
(zeL8l'eeLLl)  (P8°18°07'SL)  (60°9SL ‘85°'8vL)  (90°8L°Lzes)  (Sp'9gl '98°0€l)  (80°2L'60'69)  (v6'LEL ‘Zl'Llzl)  (08'LS ‘LO6Y) (£5'SOL '¥L°66)
1000°0> Stow4:]h 75'8L YETSL ¥9°'SL 99°€el 65°0L €5°9CL €Y°0S S9'C0L (zWd) eaJe 1e) |edIISIA
(95°LY ‘6¥7°0V) (£8°6€ ‘€0°8€) (rr'ze '91°2€) (lz'ze 'L8°LE) (96'L2'¥9°L2) (zz'L2'10°L2) (€8°€ '9€°€) (o€ 'L0°C2) (€162 'L¥'82)
1000°0> 0Ly S6°8€ 0€'ze ¥0°C€ 08°LC [4WA4 6S'€C 6l°CC 08'8¢ (zw/3) xapul ssew Apog
(9z'z'lzD) (zzz'sld (L0'T 200 (90'2'10°0) (96'L '26°L) (€6'L'06°L) (881 18°L) (wLL'eL1) (r6'L '26°l)
1000°0> €'t 6l¢C [0'¢ €0'¢ 76'l 16'L a8l €L’ €6°L (;w) eaJe 3depNs Apog
(80°2¥ '6£°6€) (86°Z€ '9T°62) (0zvy 'LETY) (Leve ‘0T’ LE) (S6'97 '2E°SP) (8LGE "L LEE) (7825 '80°61) (eLse "zl ee) (8£°8€ '28LE)
1000°0> €L0Y (443 STey SLTE 7197 14243 96'0S ELve 0€'8¢ (sse=A) 28y
S¢L Syl Sl x4 €eL 868 8¢l 8¢Sl 66159 Jaquinu syueddnied
d JSTEECIEIERSN e} [BJISIA A1S3q0 |eJIISIA 18} |eJIISIA JSTEERIEIERSN e} [BJIISIA A1S3q0 |BJIISIA 18} |e4IISIA n sajqeriep
Jew.oN JewIoN Jew.oN |ewIoN
Z apeas 3saqo L @peas 3saqo WYSiIamiang ySiam jewioN

"(651°L06'7L = N paussaidal azis uoieindod) pa3ysiem ‘g10z-1L L0Z SINVHN ul syueddiued jo uopnguisip dnsuseleyd | ajqel

n1dadethis warkds dicensed under adieative GCommonss 09:08:27pPM

© 2023 the author(s)

Published by Bioscientifica Ltd

https://ec.bioscientifica.com

ccehttribution-Nencommercial4.0dnternationab Licgnsee commons

n

https://doi.org/10.1530/EC-23-0291

Attribution-NonCommercial 4.0 International License.

608

https://creativecommons.org/licenses/by-nc/4.0/



https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-23-0291
https://ec.bioscientifica.com
https://creativecommons.org/licenses/by-nc/4.0/

' Endocrine

W CONNECTIONS

Table 2 Multiple linear regression analysis of the association between BMI/visceral fat status with ePWV (cm/s), weighted.

Crude model

Minimally adjusted model Fully adjusted model

BMI/VFA status B (95% Cl), P

5 (95% Cl), P 5 (95% Cl), P

BMI (per s.0.: 6.99 kg/m?)
Normal weight 18.5 kg/m? < BMI
<25 kg/m?
Overweight 25 kg/m? < BMI <30 kg/m?
Obese grade 1 30 kg/m? < BMI < 35
kg/m2
Obese grade 2 BMI > 35 kg/m?
VFA (per s.0.: 56.97 m?)
Normal visceral fat VFA < 100 cm?
Visceral obesity VFA > 100 cm?

Reference

Reference

25.70 (20.78, 30.62), <0.001
36.53 (27.01, 46.05), <0.001
56.06 (44.69, 67.43), <0.001

65.13 (51.52, 78.73), <0.001
50.72 (46.53, 54.91), <0.001

93.85 (85.24, 102.45), <0.001

14.81(12.30, 17.32), <0.001
Reference

7.97 (3.69, 12.26), <0.001
Reference

8.36(1.73, 14.98), 0.018
26.52 (18.00, 35.05), <0.001

2.50(-3.76, 8.76), 0.418
12.55(2.82, 22.29), 0.013

41.22 (33.15, 49.27), <0.001
16.94 (13.18, 20.69), <0.001
Reference
30.45 (24.09, 36.82), <0.001

20.08 (9.02, 31.13), <0.001
8.40 (3.68, 13.12), 0.002
Reference
14.76 (7.71, 21.82), <0.001

R? for crude model, minimally adjusted model, and fully adjusted model is 0.05,0.62, and 0.68, respectively (BMI as continuous variables per s.p.).
R? for crude model, minimally adjusted model, and fully adjusted model is 0.05, 0.62, and 0.68, respectively (BMI as categorical variables).
R? for crude model, minimally adjusted model, and fully adjusted model is 0.22, 0.63, and 0.67, respectively (VFA as continuous variables per s.p.).
R?for crude model, minimally adjusted model, and fully adjusted model is 0.17, 0.62, and 0.68, respectively (VFA as categorical variables).

Crude model was adjusted for none.

Minimally adjusted model was adjusted for age, gender, race, education, marital status, and family income ratio. Fully adjusted model was adjusted for
age, gender, race, education, marital status, family income ratio, diabetes mellitus, hypertension, hyperlipidemia, leisure time physical activity, smoking,

drinking, and body surface area.

BMI, body mass index; ePWV, estimated pulse wave velocity; VFA, visceral fat area.

used as a categorical variable to observe the effect values.
Moreover, the population was divided into eight groups
(Tables 2 and 3, Fig. 2) according to various combinations
of BMI and VFA values, with the normal BMI normal VFA
group being used as a control group. Subgroup analysis
was performed and the P-value of interaction was
calculated (Table 4). The generalized additive model
and the smooth curve fitting function of EmpowerStats
were used to show relationships between the BMI/VFA
status and ePWV (Figs. 3 and 4). Logistic regression
models were used to calculate the 10-year cardiovascular
risk for different groups defined by BMI combined with
VFA values (Table 5). Finally, the relationship between
the various patient groups defined by BMI/VFA and all-
cause mortality was calculated using COX regression
(Supplementary Table 3, see section on supplementary
materials given at the end of this article).

Results
Population characteristics

This study included 5309 participants (18-59 years)
representing 144,907,159 Americans currently free of
CVD. This population included 51.94% males, with a
weighted mean age of 38.3 years and a weighted mean
ePWV of 709.39 cm/s. Table 1 and Supplementary
Table 1 shows the basic characteristics of the participant
population classified according to different combined
group of BMI and VFA (110 individuals in the low BMI
group are not shown in the table). The eight groups

differed significantly in age, family income ratio, BMI,
VFA, SBP, DBP, ePWYV, sex proportion, race, education
level, marital status, hypertension, diabetes,
hyperlipidemia, leisure time physical activity, smoking
status, alcohol intake, and body surface area (all P < 0.05).

Association of body mass index, visceral fat area,
and body mass index and visceral fat area
combination status with arterial stiffness

The relationship between BMI, VFA, BMI/VFA
combination and ePWV was observed in the crude,
minimally adjusted, and fully adjusted models
individually.

BMI was positively correlated with ePWV. When BMI
was treated as a categorical variable, ePWV increased
more markedly in the higher BMI group. The results
show consistency in all three models considered. In the
fully adjusted model, ePWV increased by 7.97 cm/s (95%
CI: 3.69, 12.26, P < 0.001) for each SD unit increase in
BMI. In the obese grade 1 group, ePWV increased by
12.55 cm/s (95% CI: 2.82, 22.29, P=0.013), while the
obese grade 2 group showed an ePWV increase of 20.08
cm/s (95% CI: 9.02, 31.13, P < 0.001) (Table 2). Moreover,
VFA also showed a positive correlation with ePWV: ePWV
increased by 8.40 cm/s (95% CI: 3.68, 13.12, P= 0.002)
for each SD unit increase in VFA in the fully adjusted
model. ePWV increased by 14.76 cm/s (95% CI: 7.71,
21.82, P < 0.001) in the higher VFA group (VFA > 100 m?)
as compared to the lower VFA group (VFA < 100 m?). The
increase in ePWV was more marked in the higher VFA
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Table 3 Multiple linear regression analysis of the association between BMI with visceral fat area status with ePWV (cm/s),

weighted.

Crude model

Minimally adjusted model Fully adjusted model

BMI + VFA status B(95% ClI), P

5 (95% Cl), P 5 (95% Cl), P

Reference
160.21 (127.27, 193.15), <0.001
5.86 (—4.34, 16.06), 0.265
99.32 (88.03, 110.60), <0.001
4.96 (—7.97, 17.89), 0.455
92.06 (80.23, 103.88), <0.001
10.30 (-6.96, 27.56), 0.247
86.92 (71.76, 102.08), <0.001

Normal weight, normal visceral fat
Normal weight, visceral obesity
Overweight, normal visceral fat
Overweight, visceral obesity
Obese grade 1, normal visceral fat
Obese grade 1, visceral obesity
Obese grade 2, normal visceral fat
Obese grade 2, visceral obesity

Reference
24.43 (1.88, 46.98), 0.035
2.29 (-5.16,9.75), 0.529
10.23 (1.89, 18.57), 0.018
4.85 (—4.82, 14.52), 0.308
21.16 (9.24, 33.07), 0.001
13.80 (0.10, 27.50), 0.048
26.35 (13.52, 39.18), <0.001

Reference
31.60 (7.74, 55.47), 0.013
5.47 (-2.67,13.61),0.196
19.43 (11.34, 27.52), <0.0001
15.15 (6.48, 23.82), 0.001
35.80 (25.65, 45.94), <0.0001
24.48 (11.57, 37.39), <0.0001
46.91 (38.10, 55.73), <0.0001

Bold indicates statistical significance.

R? for crude model, minimally adjusted model, and fully adjusted model is 0.18 ,0.63, and 0.68, respectively.

Crude model was adjusted for none.

Minimally adjusted model was adjusted for age, gender, race, education, marital status, and family income ratio.
Fully adjusted model was adjusted for age, gender, race, education, marital status, family income ratio, diabetes mellitus, hypertension, hyperlipidemia,

leisure time physical activity, smoking, drinking, and body surface area.

BMI, body mass index; ePWV, estimated pulse wave velocity; VFA, visceral fat area.

group (Table 2). The same trend was observed in the crude
and minimally adjusted models. To detect an association
with arterial stiffness (ePWV), we divided the cohort into
eight groups as follows: normal-weight normal visceral
fat; normal weight visceral obesity; overweight normal
visceral fat; overweight visceral obesity; obese grade 1
normal visceral fat; obese grade 1 visceral obesity; obese
grade 2 normal visceral fat; and obese grade 2 visceral
obesity groups. We used the normal-weight normal
visceral fat group as a reference. All groups showed a
positive correlation with ePWV. Surprisingly, ePWV
increased by 24.43 cm/s (95% CI: 1.88, 46.98, P=0.035)
in the normal-weight visceral obesity population, and
this increase was higher than the 10.23 cm/s (95% CI:
1.89, 18.57, P=0. 018) observed in the overweight visceral
obesity population and 21.16 cm/s seen in the obesity
grade 1 visceral obesity population (95% CI: 9.24, 33.07,
P=0.001), and was close to 26.35 cm/s (95% CI: 13.52,
39.18, P < 0.001) in the obese class 2 visceral obesity
population after adjusting for age, sex, race, education,
marital status, family income ratio, diabetes mellitus,
hypertension, hyperlipidemia, leisure time physical
activity, smoking, drinking, and body surface area
(Table 3, Fig. 2).

Sensitivity and subgroup analyses

We conducted further stratified analyses to assess the
correlation between BMI/VFA combination status and
ePWYV in different subgroups. As shown in Table 4, none
of the wvariables, including sex (male with female,
P=0.575), age (<40 with > =40, P=0.243), diabetes
(yes with no, P=0.151), hypertension (yes with no,

P=0.086), hyperlipidemia (yes with no, P=0.39),
leisure time physical activity (poor, intermediate
with optimal, P=0.162), body surface area (<1.88 m?
with >1.88 m?2, P=0.163), significantly changes the
relationship between BMI/VFA combination status and
ePWV. However, we observed a significant interaction
between race and BMI/VFA combination status on
ePWV (P < 0.0001). A similar interaction was observed
with smoking (P=0.007), and alcohol consumption (P
<0.0001). The statistically significant positive correlation
between BMI/VFA combination status and ePWV seen in
other group comparisons disappeared among Mexican
Americans, non-Hispanic black and other races, previous

association between BMI and visceral fat status with ePWV, weighted

25

20

15

10

5
4

visceral fat area (cm?)

Adjusted B

visceral obesity

normal visceral fat

0
Normal  overweight Obese Obese
Weight grade 1 grade 2
body mass index (kg/m?)
Figure 2

The relationship between BMI with visceral fat area status with ePWV
(cm/s), after adjusting for age, gender, race, education, marital status,
family income ratio, diabetes mellitus, hypertension, hyperlipidemia,
leisure time physical activity, smoking, drinking, and body surface area.
ePWV, estimated pulse wave velocity.
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Figure 3

The relationship between BMI and visceral fat status with ePWV (cm/s)
using the curve fitting of EmpowerStats, after adjusting for age, gender,
race, education, marital status, family income ratio, diabetes mellitus,
hypertension, hyperlipidemia, leisure time physical activity, smoking,
drinking, and body surface area. Numbers 0-7 on the x-axis represent
different BMI/VFA status: 0 = normal Weight and normal visceral fat,

1 =normal weight and visceral obesity, 2 = overweight and normal visceral
fat, 3 = overweight and visceral obesity), 4 = obese grade 1 and normal
visceral fat, 5 = obese grade 1 and visceral obesity, 6 = obese grade 2 and
normal visceral fat, 7 = obese grade 2 and visceral obesity. BMI, body mass
index; ePWV, estimated pulse wave velocity; VFA, visceral fat area.

smokers, current smokers, and all drinking status groups
(Supplementary Table 2).

The above results are shown as curve fitting plots
using Empower Stats software (Figs. 3, 4A, B, C, D, E, E G,
H, and I).

Association of body mass index and visceral
fat area combination status with 10-year
cardiovascular risk

The 10-year cardiovascular risk in different BMI and
VFA combination groups was evaluated. After adjusting
for age, sex, and race, the 10-year cardiovascular risk was
8.03 times higher in the normal-weight visceral obesity
group than in the control group (OR: 9.03, 95% CI:
2.66,30.69, P < 0.001), and this was higher than the risk
observed in the overweight visceral obesity (OR: 8.28,
95% CI: 3.19, 21.46, P < 0.001) and obese grade 1 visceral
obesity groups (OR: 8.91, 95% CI: 3.82, 20.00, P < 0.001;
CI: 3.82, 20.79, P < 0.001) and was close to that seen in
the obese grade 2 visceral obesity group (OR: 10.56, 95%
CI: 4.06, 27.51, P < 0.0001). In the normal visceral fat
group, the risk of being obese grade 2 was reduced
(OR: 0.00001, 95% CI: 0, 0.00003, P < 0.0001) and was
significantly different. The rest of the groups were not
significantly different (Table 5).

Association of body mass index and visceral fat
area combination status with all-cause mortality

The correlation of BMI and VFA combination status with
all-cause mortality is shown in Supplementary Table 3.
Normal-weight visceral obesity is associated with a higher
all-cause mortality value (HR: 5.47, 95% CI: 0.47, 3.25,
P=0.006).

Discussion

This study, based on data collected from the NHANES
2011-2018 surveys comprises a final population of 5,309
people aged 18 to 59 years after considering the exclusion
criteria and represents a US population of 144,907,159
people without a history of CVD. It is the first report
that examines the association of normal-weight visceral
obesity with arterial stiffness and cardiovascular risk
in CVD-free people. Using the normal-weight normal
visceral fat group as a reference, the other seven groups
showed an increase in ePWYV, specifically, an increase in
vascular stiffness, with the obese grade 2 visceral obesity
group showing the greatest increase of 26.35 cm/s (95%
CI: 13.52, 39.18, P < 0.001), followed by 24.43 cm/s in
the normal-weight visceral obesity group (95% CI: 1.88,
46.98, P=0.035). Effect values in the normal-weight
visceral obesity group were even higher than those in the
obese grade 1 visceral obesity (8: 21.16, 95% CI: 9.24, 33.07,
P =0.001) and overweight visceral obesity groups (8: 10.23;
95% CI: 1.89, 18.57, P=0.018). Moreover, ePWV values
increased in the overweight normal visceral fat, obese
grade 1 normal visceral fat, and obese grade 2 normal
visceral fat groups. However, only the ePWV increase in
the obese grade 2 normal visceral fat group (g: 13.8; 95%
CI: 0.10, 27.5, P=0.048) showed statistical significance
(Table 3). Additionally, the 10-year cardiovascular risk
assessment showed the two groups with the highest
risk, obese grade 2 visceral obesity group had a 9.56-fold
increase in risk compared with the control (OR: 10.56,
95% CI: 4.06, 27.51, P < 0.0001), normal weight visceral
obesity group increased by 8.03 times (OR: 9.03, 95% CI:
2.66, 30.69; P < 0.001), followed by obese grade 1 visceral
obesity group by 7.91 times (OR: 8.91, 95% CI: 3.82, 20.79;
P <0.001), and overweight visceral obesity group (OR: 8.28,
95% CI: 3.19, 27.51, P < 0.001). The 10-year cardiovascular
risk was significantly lower in the normal visceral fat
group than in the visceral obesity group, with no
significant difference in any of the other groups except for
the obese grade 2 normal visceral fat group (OR: 0.00001,
95% CI: 0, 0.00003, P < 0.0001) (Table 5).
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Figure 4

BMI/VEA status

BMI/VFA status

The relationship between BMI and visceral fat status on ePWV (cm/s) stratified by gender (A), age (B), race (C), hypertension (D), hyperlipidemia (E),
diabetes (F), leisure time physical activity (G), smoking status (H), and drinking status (I) after adjusting for gender, age, race, education, marital status,
family poverty income ratio, diabetes, hypertension, hyperlipidemia, smoking, alcohol drinking, leisure time physical activity, and body surface area. The
model is not adjusted for the stratification variable. Numbers 0-7 on the x-axis represent different BMI/VFA status: 0 = normal weight and normal visceral
fat, 1 = normal weight and visceral obesity, 2 = overweight and normal visceral fat, 3 = overweight and visceral obesity), 4 = obese grade 1 and normal
visceral fat, 5 = obese grade 1 and visceral obesity, 6 = obese grade 2 and normal visceral fat, 7 = obese grade 2 and visceral obesity. BMI, body mass

index; ePWV, estimated pulse wave velocity; VFA, visceral fat area.

Related studies

An obesity paradox exists in many diseases. Although
obesity is an independent risk factor for heart disease,
overweight and obese people seem to have a better
prognosis than normal-weight people in heart failure
(27), atrial fibrillation (28), aortic stenosis (29), and
cardiovascular disease (30). Yanagisawa et al. found
that a lower body weight was associated with a poorer
outcome in elderly patients with atrial fibrillation (28).
Follow-up data on 148 patients with severe aortic stenosis
after TAVI showed a reduction in all-cause mortality
in overweight and obese patients (29). In recent years,
more and more studies have focused on BMI along with

fat distribution. Normal-weight visceral obesity has
been studied more often in cardiovascular secondary
prevention populations. Coutinho et al. found that long-
term survival was lowest in the normal-weight centrally
obese population with CVD, and the normal-weight
centrally obese population had a 10% increase in mortality
compared with normal weight without central obese
population ((HR): 1.10; 95% CI: 1.05-1.17) (13). Consistent
results were obtained in another study of participants
over 65 years of age with CVD (31). Additionally, an
83% increase in all-cause mortality (adjusted HR: 1.83;
95% CI: 1.04-3.31) and a 62% increase in major adverse
cardiovascular events (HR: 1.62; 95% CI. 1.18-2.27)
were found among Chinese men with premature acute
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Table 5 association of BMI and visceral fat area status with 10-year cardiovascular risk, weighted.

Crude model Adjusted model 1
OR (95% Cl), P OR (95% Cl), P
Normal weight, normal visceral fat Reference Reference

Normal weight, visceral obesity
Overweight, normal visceral fat
Overweight, visceral obesity
Obese grade 1, normal visceral fat
Obese grade 1, visceral obesity
Obese grade 2, normal visceral fat
Obese grade 2, visceral obesity

33.98 (12.32,93.70), <0.0001
1.49(0.47, 4.73), 0.501
14.58 (6.10, 34.83), <0.0001
0.88(0.18,4.43), 0.881
11.65 (5.27, 25.78), <0.0001
0.00001 (0, 0.00002), <0.0001
11.67 (4.79, 28.41), <0.0001

9.03 (2.66,30.69), <0.001
1.97 (0.59, 6.65), 0.278
8.28 (3.19,21.46),<0.001
1.48 (0.31, 7.15), 0.627
8.91 (3.82,20.79), <0.001
0.00001 (0, 0.00003), <0.0001
10.56 (4.06,27.51), <0.0001

Bold indicates statistical significance.
Crude model was adjusted for none.
Adjusted model was adjusted for age, gender, and race.

BMI, body mass index; ePWV, estimated pulse wave velocity; VFA, visceral fat area.

coronary syndrome in the normal weight centrally obese
population compared with the non-normal-weight
centrally obese population (32). A multicenter study of
patients with diabetes from China showed that normal-
weight visceral obesity had a higher 10-year cardiovascular
risk than any other combination of BMI and VFA
conditions and was twice higher than the overweight
or obese population without visceral obesity group
(15). Additionally, the researchers found that among
postmenopausal women, all-cause mortality in the
central obesity group increased by 31% in normal-
weight (HR, 1.31 (95% CI, 1.20-1.42)),16% in overweight
(HR, 1.16 (95% CI, 1.13-1.20)), and 30% in obesity (HR,
1.30 (95% CI, 1.27-1.34)). No central obesity groups all
decreased (33). Another large study of the general
population included a population stratified by sex.
Normal-weight central obesity men had an increased
mortality rate compared with any other group of
men, 87% compared with
normal-weight but not in central obesity men (HR,
1.87 (95% CI, 1.53-2.29)). More than two times
higher with the overweight no centrally obese and
obese no centrally obese groups. Mortality was 48%
higher in the normal weight central obesity group than
in the normal weight no central obesity group in women
(HR, 1.48 (95% CI, 1.35 to 1.62)), and overweight no
centrally obese (HR, 1.40 (95% CI, 1.27 to 1.54)) and
obese no centrally obese groups (HR, 1.32 (95% CiI,
1.15-1.51)) (18). Our study fills the research gap on the
cardiovascular risk of normal-weight visceral obesity in
the CVD-free population.

with an increase

Possible mechanism

We believe that normal weight visceral obesity is

associated with  higher wvascular stiffness and

cardiovascular risk, which may be caused by possible
factors as follows: First, the bias caused by the
deficiencies of the BMI values, which use weight and
height but do not take into account the differences in
the proportions of muscle, bone, and fat. Notably, bone
density is greater than muscle, and muscle density is
greater than fat; hence, all three have the smallest bone
volume and the largest fat volume for the same weight.
This makes people with large bones, strong muscles, and
low-fat content to be classified as ‘overweight’ or ‘obese,
and this population makes the study results biased.
Second, visceral fat versus subcutaneous fat causes bias.
In a previous study by Samuel et al., 15 obese women who
underwent abdominal liposuction (subcutaneous fat)
lost significant weight but did not improve corresponding
cardiovascular-related risk factors such as blood pressure,
blood glucose, insulin, and adiposity, nor did they
improve insulin sensitivity in muscle, liver, and fat
(34). Adiposity includes subcutaneous and visceral fat.
Excessive visceral fat accumulation is more associated
with metabolic syndrome, including insulin resistance,
diabetes, hyperlipidemia, and CVD. The ‘normal
BMI population’ segment with low subcutaneous fat
and a lean appearance, but high visceral fat, is another
possible cause (35). This phenomenon leads to the
masking of many health problems, which is why
Asian populations are often at high risk for normal
weight with visceral obesity (15). Finally, genes that
make people fatter but healthier exist (10). Loos et al.
found through a genome-wide association study that
the IRS1 allele is associated with higher adiposity and
lower risk of cardiovascular metabolisms, such as type
2 diabetes and coronary heart disease. This allele leads
to more subcutaneous fat accumulation rather than
visceral fat accumulation (36). However, more related
mechanisms need to be further investigated.
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Strengths and limitations

This study has many strengths. First, it is the first study
on the correlation between obesity and arterial stiffness
evaluated using the general-obesity index combined with
the central-obesity index in a population without CVD.
For clinical work, a simple, effective, and comprehensive
assessment  of primary prevention
populations or even class O prevention populations
is crucial to reducing the global cardiovascular risk
burden. Second, since observational studies are
inevitably influenced by multiple factors, we used
validated statistical methods such as performing three
adjustment models and stratified analyses to reduce bias.
Additionally, we performed a multidimensional
assessment of the independent and dependent
variables, assessed the relationship between the general-
obesity index BMI/central obesity index VFA and
vascular stiffness (both continuous and categorical
variables were included), the general-obesity index
combined with the central-obesity index and vascular
stiffness, and validated the association of the joint
index with  cardiovascular risk with  10-year
cardiovascular event risk. Finally, we used the NHANES
database with survey weights, and based on the
weights, this experiment represents a large population
base of 144,907,159 Americans.

This study has some drawbacks. First, the cross-
sectional study can only determine the correlation
between obesity and arterial stiffness rather than the
cause and effect. Second, the study applied to no existing
cardiovascular population and cannot be generalized.
Finally, we could not make model comparisons because
NHANES does not have more data on other central
obesity indicators.

Conclusively, this study demonstrated that the
normal-weight visceral obesity group was associated
with higher arterial stiffness and 10-year cardiovascular
risk In the US population without existing CVD,
indicating that this group needs to begin management for
primary cardiovascular prevention clinically.

cardiovascular
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