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The association between visceral adiposity
index and long-term all-cause mortality shows
age-related disparities: a nationwide cohort
study
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Abstract

Background The prevalence of obesity has increased rapidly worldwide over the past few decades and remains a
recognized public health concern. However, studies exploring visceral adiposity index (VA), a sex-specific indicator
reflecting visceral fat distribution and function, and long-term mortality are limited. This study aimed to investigate
the association of VAl with long-term all-cause mortality among general adults in the United States.

Methods This cohort study used data from the National Health and Nutrition Examination Survey (NHANES) 1999—
2018. Participants were linked to National Death Index mortality data through December 31, 2019. Weighted Cox
proportional hazards regression model was used to calculate hazard ratios (HRs) and 95% Cls, and restricted cubic
spline (RCS) was also conducted.

Results A total of 21,943 US adults (weighted mean age, 46.9 years; 10,921 males [weighted, 49.1%]) were included.
During 211,473 person-years of follow-up (median follow-up: 9.3 years), 3326 total deaths occurred. After multivariable
adjustments, compared with the 3rd quintile (Q3) of VAI, participants in the 2nd (Q2) and 5th (Q5) quintiles were at a
significantly higher risk of all-cause mortality (HR 1.16 [95% Cl, 1.00-1.34] and HR 1.15 [95% Cl, 1.01-1.31], respectively).
RCS revealed a U-shaped relationship of log,-transformed VAl to all-cause mortality (Pfor nonlinearity < 0.001), with

an inflection point of 0.824. Subgroup analysis indicated that there was a significant interaction of VAl with age on all-
cause mortality (Pfor interaction=0.005). Higher VAl levels were associated with higher all-cause mortality in younger
adults (Q5 vs. Q3, HR 1.56 [95% CI, 1.12-2.18], P=0.009) rather than older adults (Q5 vs. Q3, HR 1.05 [95% Cl, 0.91-1.22],
P=0.497).

Conclusions In the nationally representative cohort of US adults, VAl was nonlinearly associated with long-term
all-cause mortality and the association showed age-related disparities. A higher VAl was related to a higher mortality
risk in younger adults. These findings underscore the importance of appropriate VAl for long-term health outcomes,
especially for young adults.
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Introduction

The prevalence of overweight and obesity has increased
rapidly worldwide over the past few decades and remains
a recognized public health concern [1]. In Western coun-
tries, overweight/obesity has reached epidemic pro-
portions and is the second leading cause of preventable
death [2]. It is estimated that about 70% of US adults
are classified as overweight or obese, and approximately
19% of children are obese [3]. More than a third of US
adults aged >65 years were obese in 2007—-2010 and the
number is expected to more than double from 40.2 mil-
lion to 88.5 million by 2050 [4]. In addition, according to
the World Obesity Atlas 2023, the prevalence of obesity
is anticipated to rise to 24% of the population aged over
5 years and affects nearly 2 billion adults, children and
adolescents by 2035, posing an enormous socioeconomic
and health threat [5]. Although the etiology of obesity has
been hotly debated, which involves biological, psychoso-
cial, socioeconomic, and environmental factors, abun-
dant evidence has uncovered that obesity is an essential
and independent risk factor for multiple noninfectious
chronic diseases, such as hypertension [6], cardiovascu-
lar disease (CVD) [1], cancers [7] and diabetes [8].

Given the substantial burden of obesity, there are sev-
eral well-established indicators for assessing obesity,
including those reflecting overall obesity and different fat
distribution. In clinical practice, the most frequently used
measure of obesity is body mass index (BMI), defined as
weight in kilograms divided by height in meter squared
(kg/m?). Numerous studies have shown a J-shaped asso-
ciation between BMI and risk of morbidity/mortality,
that is, very low BMI is also associated with increased
mortality [9, 10]. This epidemiological phenomenon
of better prognosis among overweight and class I obe-
sity individuals is known as the “obesity paradox” [11].
Although overall obesity is closely related to health,
there may be differences in fat distribution with different
metabolic risks under the same BMI. Waist circumfer-
ence (WC) and waist-to-hip ratio (WHR) can reflect fat
distribution and thus provide more information beyond
BMI. Some organizations and expert panels have recom-
mended that WC should be assessed alongside BMI in
clinical evaluation of obesity owing to growing evidence
supporting visceral obesity as a marker of cardiovascular
risk [1]. Similarly, WHR has been shown to predict car-
diovascular mortality independent of BMI [12] and to
provide more higher prognostic value than BMI on the
likelihood of elevated coronary artery calcification (CAC)
[13].

However, indicators such as BMI, WC and WHR only
consider anthropometric parameters, but not metabolic
parameters. Amato et al. established a sex-specific indi-
cator, the visceral adiposity index (VAI), to indirectly
reflect visceral fat distribution and function and found
that VAI was superior to BMI and WC in assessing car-
diometabolic risk [14]. Several previous studies have also
shown positive associations between VAI and blood pres-
sure [15], fasting glucose [16], and insulin resistance [17].
However, studies exploring VAI and long-term mortal-
ity have been limited, and the results of some studies are
inconsistent [18, 19]. Therefore, further cohort studies
with large samples and long follow-up are warranted.

In the present study, based on a nationally representa-
tive cohort of US general adults, we aimed to evaluate the
association between VAI and long-term all-cause mortal-
ity and to assess the optimal VAI value associated with
the lowest risk of all-cause mortality if the dose-response
relationship was nonlinear.

Methods

Study population and design

All data used in this study originated from the National
Health and Nutrition Examination Survey (NHANES),
a nationally representative program conducted by the
National Center for Health Statistics (NCHS). NHANES
is a complex, stratified and multistage probability sample
to reflect the civilian non-institutionalized resident pop-
ulation information [20]. The detailed descriptions are
publicly available from the NHANES website (https://w
wwn.cdc.gov/nchs/nhanes/ContinuousNhanes/Default.
aspx). NHANES protocols were approved by the NCHS
Research Ethics Review Board before the survey (https://
www.cdc.gov/nchs/nhanes/irba98.htm) and each particip
ant provided written informed consent.

For the present analysis, we integrated 10 cycles
(20 years) of data from continuous NHANES cohort
(1999-2018). Among the 101,316 participants in the
total sample, 31,175 participants had VAI data. Partici-
pants without mortality data or <18 years old (N=6,871)
were further excluded. We also excluded participants
who were pregnant (N=701) or without data on CVD
(N=1660) at baseline [21]. Ultimately, a total of 21,943
US adults were included for analysis (Fig. 1).

Definition of VAI

The calculation of VAI included both anthropometric
parameters (BMI and WC) and metabolic parameters
(triglyceride [TG] and high-density lipoprotein choles-
terol [HDL-C]). The calculation formula is as follows: VAI
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NHANES 1999-2018 (N=101316)

> Participants without VAl data
(N=70141)
Y
Participants with VAl data
(N=31175)
> Participants without mortality data or
<18 years old (N=6871)
Y
Adults with both VAI and mortality
data (N=24304)
Excluded:
»1. Pregnant participants (N=701)
2. Without CVD data (N=1660)

Y
Data for analysis (N=21943)
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Fig. 1 Flow chart of the study. NHANES, National Health and Nutrition Examination Survey; VAI, visceral adiposity index; CVD, cardiovascular disease

= [WC (cm)/(39.68 + (1.88xBMI)] x [TG (mmol/L)/1.03]
x [1.31/HDL-C (mmol/L)] for men; and VAI = [WC (cm)/
(36.58 + (1.89xBMI)] x [TG (mmol/L)/0.81] x [1.52/
HDL-C (mmol/L)] for women [14, 22, 23]. In NHANES,
TG and HDL-C were detected by standardized assays in
mobile examination centers. Detailed laboratory proce-
dures for the collection and processing of blood speci-
mens have been described elsewhere [24] and can also be
available from NHANES laboratory data files (https://w
ww.cdc.gov/nchs/nhanes/search/datapage.aspx?Compon
ent=Laboratory%26CycleBeginYear=2017).

Assessment of covariates
Demographic information in this study, including age,
gender, race, education level and family income to pov-
erty ratio and medical history information, including
hypertension, diabetes and CVD, as well as lifestyle infor-
mation, including smoking status and alcohol intake,
were obtained via standardized interviews or question-
naires. Laboratory tests, including TG and HDL-C, were
determined in NHANES mobile examination centers.
Hypertension was defined as the systolic blood pres-
sure > 140 mmHg or diastolic blood pressure >90 mmHg,
self-reported history of hypertension or taking anti-
hypertensive medications [25]. Diabetes was defined as
the fasting plasma glucose>126 mg/dL, HbAlc>6.5%
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(48 mmol/mol), 2 h glucose in Oral Glucose Tolerance
Test (OGTT)=200 mg/dL, self-reported history of dia-
betes or taking anti-hyperglycemic medications [26]. In
NAHNES, CVD was a composite event of congestive
heart failure, coronary heart disease, angina pectoris,
heart attack and stroke [27]. Smoking status was cat-
egorized as never, former or current smokers according
to whether an individual had smoked >100 cigarettes in
their lifetime and/or still smoked at the time of the sur-
vey [20]. The estimated glomerular filtration rate (eGFR)
was calculated using the Chronic Kidney Disease-Epide-
miology Collaboration (CKD-EPI) equation [28].

Ascertainment of mortality

Mortality data was ascertained using NHANES Mor-
tality File linked to the National Death Index through
December 31, 2019. This approach has been described
in previous studies and is generally accepted [20, 21, 29].
The outcome in the present study was mortality from all
causes. Follow-up time was calculated from the day of
standard biochemical measurement to the death date or
December 31, 2019, whichever occurred first.

Statistical analysis

According to NHANES analytic guidelines, sample
weights, strata, and clustering should be included in
the statistical analysis to produce accurately nationally
representative estimates [30]. Descriptive statistics for
continuous variables were expressed as weighted mean
(standard error [SE]) or weighted median (25th percen-
tile, 75th percentile) as appropriate. Descriptive statistics
for categorical variables were represented by weighted
percentages (SE). SE was obtained using the Taylor series
linearization.

Quintiles of VAI levels were determined based on the
distribution in the study population. Besides, since VAI
had a positive skewed distribution and extreme values,
log,-transformation was also performed to improve
the normality of the data [31]. The weighted multivari-
able Cox proportional hazards regression model was
conducted to assess the hazard ratios (HRs) and 95%
CIs. Model 1 was the unadjusted model. Model 2 was
adjusted for age (continuous), gender (male or female)
and race (Mexican American, other Hispanic, non-His-
panic White, non-Hispanic Black, or other race). Model 3
was the same as Model 2 with additional adjustments for
education level (<9th grade, 9-11th grade, high school,
college, or graduate or above), family income to poverty
ratio (continuous), hypertension (yes or no), diabetes (yes
or no), smoking status (never, former, or current smoker),
drinking status (yes or no), eGFR (continuous) and CVD
(yes or no). To minimize the loss of sample size owing to
the missing covariates, multiple imputation by chained
equations was performed [32]. The associations of the

Page 4 of 10

quintiles of VAI with mortality were examined using the
third quintile (Q3) as the reference group as Q3 was asso-
ciated with the lowest risk of all-cause mortality based on
the Cox regression model. Furthermore, to explore the
dose-response relationship between VAI and mortality,
restricted cubic spline (RCS) regression with 3 default
knots at the 10th, 50th and 90th percentiles of VAI was
conducted for visualization [27]. The nonlinearity was
obtained using the likelihood ratio test. Next, a piecewise
Cox regressions was employed to assess all-cause mor-
tality below and above the inflection points identified by
RCS with log,-transformed VAI as a continuous variable.

Subgroup analyses were also performed with multivari-
able adjustments (Model 3, fully-adjusted model) based
on participants’ age, gender, diabetes, CVD, smoking sta-
tus, BMI and eGEFR at baseline, under the premise of a
significant interaction effect. Interaction tests were con-
ducted by adding multiplicative interaction terms in the
multivariable models. A significant “Pfor interaction” in
the subgroup analysis indicated that the effect of VAI on
mortality varied depending on the variable that divided
the participants’ subgroups. To account for multiplicity
in the subgroup analyses, Bonferroni-corrected Pvalues
were used for multiple testing and the significance level
P=0.05 was divided by seven, i.e., 0.007.

In addition, a series of sensitivity analyses were also
conducted to assess the robustness of our results. First,
to exclude the potential effect of multiple imputation,
we re-performed the Cox regression analysis without
multiple imputation. Second, we used a directed acy-
clic graph (DAG) for identifying potential confounders
to guide the modeling strategy [33]. Third, we excluded
participants who died during the first 2 years of follow-
up (n=421) to reduce the potential reverse causation
bias [21]. Fourth, we further included BMI or WC in
the regression model (Model 3) respectively to explore
whether the relationship between VAI and mortality was
influenced by BMI or WC. In addition, we also plotted
the receiver operating characteristic (ROC) curves and
compared the area under the curve (AUC) of VAI (log,-
transformed), BMI, and WC at 9.3 years (median follow-
up in this study) to evaluate the predictive performance
of VAI for all-cause mortality compared to BMI and WC.
Fifth, to assess whether the association between VAI and
all-cause mortality was consistent among participants
with and without unhealthy lifestyle habits such as smok-
ing and alcohol drinking and chronic medical history
such as CVD, we also plotted RCS curves excluding par-
ticipants with smoking, alcohol drinking, and history of
CVD, respectively. Sixth, considering the long follow-up
time, we excluded participants with more than 10 years
of follow-up (n=9872) and re-performed the statistical
analysis only in participants with less than 10 years of fol-
low-up. Finally, to reduce the impact of extreme values,
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participants with extreme values (>95%, or <5%) of VAI
were excluded.

Statistical analysis in the present study considered the
complex design of NHANES and was performed using
Stata 16.0 (StataCorp LLC, College Station, TX) and
R 4.2.3. There was no evidence for violation of the pro-
portional hazards assumption for VAI and mortality
(using estat phtest command in Stata). A Pvalue (two-
tailed) < 0.05 was considered statistically significant.

Results

Baseline characteristics of the study

A comparison of the characteristics of participants with
and without multiple imputation is shown in Supplemen-
tary Table S1 (see Additional file 1). All variables showed
no significant difference before and after imputation (all
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P>0.05), suggesting that imputation did not significantly
affect the values of the variables.

A total of 21,943 participants, representing 205.1 mil-
lion US non-institutionalized adults, were included, and
49.1% of them were males. The mean age of the study
participants was 46.9 years. During 211,473 person-years
of follow-up (median follow-up, 9.3 years; maximum fol-
low-up, 20.8 years), 3326 total deaths occurred. Partici-
pants with higher VAI levels were more likely to be older,
non-Hispanic White, less educated, poorer and had a
higher proportion of hypertension, diabetes and CVD (all
P<0.05). Besides, these participants also showed higher
BMI, WC and TG levels as well as lower HDL-C and
eGFR levels (all P<0.05). The detailed baseline character-
istics of the participants are summarized in Table 1.

Table 1 Baseline characteristics of the study population, according to quintiles of visceral adiposity index?

Characteristic

Overall (n=21943)

Quintiles of visceral adiposity index

Q1 (n=4388) Q2 (n=4389) Q3 (n=4389) Q4 (n=4389) Q5 (n=4388) Pvalue

Age, yrs 46.9(0.2) 435 (04) 45.8(04) 47.1(04) 49.0(0.3) 495 (0.3) <0.001
Gender, % 0.015

Male 49.1(0.3) 51.9(0.9) 480 (1.0) 47.2(1.0) 49.1(0.9) 49.1(1.0)

Female 509 (0.3) 48.1 (0.9) 52.0(1.0) 52.8(1.0) 50.9 (0.9) 50.9 (1.0)
Race, % <0.001

Mexican American 8.2(0.5) 6.2 (0.6) 7.0(0.6) 8.8(0.7) 9.4 (0.7) 9.6 (0.7)

Other Hispanic 5.5(0.5) 4.6 (0.5) 5.3(0.6) 56(0.5) 6.3(0.7) 6.0 (0.8)

Non-Hispanic White 68.6 (1.0) 64.7 (1.3) 67.3(1.3) 68.6 (1.3) 69.8 (1.3) 73.1(1.3)

Non-Hispanic Black 10.9 (0.6) 17.2(1.0) 13.8(0.8) 10.0 (0.6) 76 (0.5 5204

Other Race 6.8 (0.3) 7.3(0.6) 6.6 (0.6) 7.0(0.5) 6.9 (0.5) 6.1(0.5)
Education level, % <0.001

Less than 9th grade 6.0 (0.3) 3.7(04) 49(0.3) 6.0 (04) 76 (0.5 8.0(0.5)

9-11th grade 11.3(04) 86 (0.5) 10.0 (0.6) 11.7(0.7) 12.3(0.7) 14.2 (0.6)

High school 24.1(0.5) 20.1 (0.9) 24.4(0.9) 24.0(0.9) 25.1(1.0) 272(1.2)

College 30.8 (0.5) 30.2 (1.0) 31.1(0.9) 31.7(1.0) 30.1(1.0) 30.9(1.0)

Graduate or above 27.8(0.8) 374(14) 296(1.2) 26.6(1.2) 249(1.2) 19.7 (1.0)
Hypertension, % 36.7 (0.5) 24.7 (0.9) 314(1.0) 364 (1.1) 424(1.1) 49.7 (1.0) <0.001
Diabetes, % 14.0 (04) 6.1 (04) 8.7 (0.5) 12.9(0.6) 17.3(0.8) 256(0.9) <0.001
Smoker, % <0.001

Never 53.3(0.6) 599 (1.1) 56.3(1.1) 53.1(1.1) 51.6(1.2) 448 (1.1)

Former 254(0.5) 22.9(0.9) 244(1.0) 26.0(1.0) 253(1.0) 28.7(0.9)

Current 21.3(0.5) 17.2(0.8) 19.3(0.8) 20.9(0.9) 23.1(0.9) 26.5(0.8)
Alcohol user, % 774 (0.6) 82.0(0.8) 78.7 (0.9) 764 (1.1) 763 (1.1) 735(1.1) <0.001
CVD, % 8.2(0.3) 5.0(04) 6.4 (04) 8.3(0.6) 10.1 (0.6) .7 (0.6) <0.001
Income to poverty ratio  2.98 (0.03) 3.17 (0.04) 3.05 (0.04) 2.97 (0.04) 2.90 (0.04) 2.81(0.04) <0.001
eGFR, mL/min/1.73m? 95.94 (0.31) 99.84 (0.47) 96.83 (0.48) 95.77 (0.51) 93.97 (047) 92.98 (0.46) <0.001
BMI, kg/m? 28.71(0.08) 25.38(0.12) 27.35(0.14) 29.00 (0.13) 30.54 (0.16) 31.59(0.13) <0.001
WC, cm 98.38 (0.21) 88.73 (0.30) 94.34 (0.37) 99.20 (0.32) 103.50 (0.37) 106.95 (0.32) <0.001
TG, mmol/L 1.19(0.82,1.75) 0.62(0.50,0.73)  091(0.78,1.05) 1.20(1.04,137) 1.61(1.39,1.85) 254(2.11,330) <0.001
HDL-C, mmol/L 1.39 (0.01) 1.79 (0.01) 1.51(0.01) 1.35(0.01) 1.21(0.01) 1.03 (0.01) <0.001
VAI 1.46 (0.89, 2.48) 0.59(046,0.71)  1.01(091,1.12)  149(1.36,1.65) 227(2.03,253) 4.10(3.37,553) <0.001
Abbreviations: CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; BMI, body mass index; WC, waist circumference; TG, triglycerides; HDL-C,

High-density lipoprotein cholesterol; VAI, visceral adiposity index

2 Data were presented as weighted mean (SE) or weighted median (25th percentile, 75th percentile) for continuous variables as appropriate and weighted
percentages (SE) for categorical variables
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Table 2 Association of VAl with all-cause mortality in NHANES

1999-2018
Outcome  Quintiles of VAI, adjusted HR (95% Cl)
Q1 Q2 Q3 Q4 Q5
<0.803 0.803- 1.232-1.827 1.827- >2.862
1.232 2.862
Total No? 4388 4389 4389 4389 4388
Deaths No® 428 601 671 756 870
Model 1 073062, 094 1 1.20 1.39
0.85) *** (0.80, [Reference]  (1.03, (1.22,
1.10) 140)*  1.59)***
Model 2 095081, 104 1 1.12 1.36
1.12) (0.91, [Reference]  (0.97, (1.20,
1.20) 1.29) 1.54) ***
Model 3 1.14(0.96, 1.16 1 1.04 1.15
1.34) (1.00, [Reference]  (0.90, (1.01,
1.34)* 1.21) 131)*

Abbreviations: VAI, visceral adiposity index; HR, hazard ratio; Cl, confidence
interval

2 Unweighted No

Model 1: unadjusted model. Model 2: adjusted for age (continuous), gender
(male or female) and race (Mexican American, other Hispanic, non-Hispanic
White, non-Hispanic Black, or other race). Model 3: adjusted for Model 2 plus
education level (<9th grade, 9-11th grade, high school, college, or graduate or
above), family income to poverty ratio (continuous), hypertension (yes or no),
diabetes (yes or no), smoking status (never smoker, former smoker, or current
smoker), drinking status (yes or no), eGFR (continuous) and CVD (yes or no)

*P<0.05, *** P<0.001

20

HR (95% Cl): 0.86 (0.77, 0.96)

3}

HR (95% Cl) of all-cause mortality

HR (95% CI): 1.10 (1.01, 1.19)
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Association of VAl with all-cause mortality

Participants were divided into five groups by quintiles of
VAL Q1<0.803 (n=4388), 0.803<Q2<1.232 (n=4389),
1.232 < Q3 <1.827 (n=4389), 1.827 < Q4 < 2.862 (11 =4389),
Q5>2.862 (n=4388). Multivariable Cox regression analy-
sis showed that participants in the third quintile (Q3) had
the lowest HR values in the fully-adjusted model (Model
3), so Q3 was used as the reference group. Compared
with Q3, the HRs with 95% ClIs for all-cause mortal-
ity across the quintiles were 1.14 (0.96, 1.34), 1.16 (1.00,
1.34), 1.04 (0.90, 1.21) and 1.15 (1.01, 1.31) in the fully-
adjusted model, suggesting that the association of VAI
with all-cause mortality was nonlinear (Table 2).

In addition, RCS plot was consistent with the above
results and revealed that the association of log,-trans-
formed VAI with all-cause mortality was nonlinear
(U-shaped) (Pfor nonlinearity <0.001), with the inflec-
tion point of 0.824,, equivalent to a VAI of 1.770 (Fig. 2).
Then we used 2-piecewise Cox regression analysis with
a log,-transformed VAI of 0.824 as the inflection point
(Additional file 1: Supplementary Table S2). The results
showed that, consistent with the cubic splines, when VAI
was below the inflection point, each 1-fold increase in
VAI was significantly associated with a 14% decrease (HR
0.86 [95% CI, 0.77-0.96], P=0.007) in all-cause mortality.

P for nonlinearity <0.001

Inflection point: 0.824

-2 0

2
Log2(Visceral adiposity index)

Fig. 2 Hazard ratios (95% Cls) of log,-transformed VAl with all-cause mortality in all analytical participants. Analysis was adjusted for age (continuous),
gender (male or female), race (Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Black, or other race), education level (< 9th grade,
9-11th grade, high school, college, or graduate or above), family income to poverty ratio (continuous), hypertension (yes or no), diabetes (yes or no),
smoking status (never, former, or current smoker), drinking status (yes or no), eGFR (continuous) and CVD (yes or no) (Model 3)
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Subgroup Quintiles HR (95% CI) P value P—interaction
Age: i 0.005
1
=60yrs Q1 1.13(0.95, 1.35) r-é—-—c 0.156
Q2 1.13 (0.97, 1.31) |§—l—| 0.129
Q4 0.98 (0.83, 1.15) I—Ii—l 0.768
1
Q5 1.05 (0.91, 1.22) b—éi—! 0.497
<60 yrs Q1 1.24 (0.81, 1.90) l—é—l—c 0.323
Q2 1.36 (0.93, 1.98) "é_'—' 0.113
1
Q4 1.42 (1.03, 1.97) il—I—! 0.035
Q5 1.56 (1.12,2.18) i —_— 0.009
i

hazard ratio

Fig. 3 Subgroup analysis for the association of VAl with all-cause mortality. Analysis was adjusted for age (continuous), gender (male or female), race
(Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Black, or other race), education level (< 9th grade, 9-11th grade, high school, col-
lege, or graduate or above), family income to poverty ratio (continuous), hypertension (yes or no), diabetes (yes or no), smoking status (never, former, or
current smoker), drinking status (yes or no), eGFR (continuous) and CVD (yes or no) (Model 3) when they were not the strata variables

However, each 1-fold increase in VAI was associated with
a 10% increase (HR 1.10 [95% CI, 1.01-1.19], P=0.029)
in all-cause mortality when VAI exceeded the inflection
point.

Subgroup analysis stratified by age group

Interaction tests revealed that only the age group (older
adults [>60 years], or younger adults [<60 years]) had a
significant interaction with VAI on all-cause mortality
(Pfor interaction=0.005). Thus, subgroup analysis for
the association of VAI with all-cause mortality stratified
by age (260 or <60 years) were further performed and
illustrated in Fig. 3. Compared with participants in Q3,
participants in Q4 and Q5 had a significantly higher risk
of all-cause mortality among younger (aged <60 years)
adults (HR 1.42 [95% CI, 1.03-1.97], P=0.035 and 1.56
[95% CI, 1.12-2.18], P=0.009, respectively), rather than
older (aged over 60 years) adults (HR 0.98 [95% CI, 0.83—
1.15], P=0.768 h 1.05 [95% CI, 0.91-1.22], P=0.497,
respectively), suggesting an age-related disparity in the
relationship between VAI and all-cause mortality.

Sensitivity analyses

In the sensitivity analyses, we first re-performed the
statistical analysis using data without covariates mul-
tiple imputation, and the association between VAI and
all-cause mortality remained unchanged (Additional
file 1: Supplementary Table S3). Second, we used the
DAG method to re-select covariates and determined 6
covariates that were further included in the regression
models, including age, gender, race, diabetes, smoking
status and drinking status (Supplementary Fig. S1). The

results still did not change (Supplementary Table S4).
After excluding participants who died within the first 2
years of follow-up, VAI was also nonlinearly related to
all-cause mortality (Supplementary Table S5). The same
occurred when we further adjusted BMI or WC in the
regression model (Supplementary Table S6), indicating
that the relationship between VAI and all-cause mortal-
ity was independent of BMI or WC. Besides, after mul-
tivariable adjustments (model 3), the AUC values of VAI,
BMI and WC at 9.3 years (median follow-up) were sim-
ilar (VAI vs. BMI vs. WC, 0.8859 vs. 0.8860 vs. 0.8859,
all P>0.05) (Supplementary Fig. S2). Furthermore, RCS
curves illustrated that the nonlinear (U-shaped) relation-
ship between VAI and all-cause mortality still held after
excluding participants with smoking (Supplementary Fig.
S3), alcohol drinking (Supplementary Fig. S4) or history
of CVD (Supplementary Fig. S5) at baseline. In addi-
tion, participants in Q5 was also associated with a higher
risk of all-cause mortality after excluding participants
with >10 years of follow-up (Supplementary Table S7).
Finally, when we excluded participants with extreme val-
ues (>95%, or <5%) of VAI the nonlinear association still
remained unchanged (Supplementary Table S8).

Discussion

In the large sample cohort of US nationally representa-
tive population, we found that VAI, an indicator reflect-
ing visceral fat of the body, was nonlinearly associated
with all-cause mortality in the general adults after mul-
tivariable adjustments. The risk of death was lowest at
a log,-transformed VAI of 0.824, which was equivalent
to a VAI of 1.770. Both higher or lower VAI values were
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associated with a higher risk of death. Subgroup analysis
revealed that the association showed age-related dispari-
ties. Specifically, higher VAI levels were associated with
higher all-cause mortality in younger adults rather than
older adults.

To our knowledge, this is one of the first studies to
explore the relationship of VAI to long-term mortality
in the US general population. The most paramount find-
ing of this study was that VAI had a nonlinear associa-
tion with all-cause mortality and the inflection point was
also determined. Since the calculation of VAI is easy, this
study further underscores the potential importance of
VAI management to help physicians identify high-risk
individuals.

Previous cross-sectional and case-control studies have
identified the relationships between VAI and recognized
cardiovascular risk factors, such as blood pressure [15],
fasting glucose [16], blood lipids [34], worsen renal func-
tion [35] and insulin resistance [17]. However, prospec-
tive studies on the associations between VAI and human
health outcomes were inconsistent. Tamosiunas and col-
leagues found that VAI was positively associated with
all-cause mortality among middle-aged and elderly Lith-
uanians [18]. Similarly, in a study of 464 prevalent hemo-
dialysis patients, VAI was associated with a higher risk of
a composite event of death and new-onset cardiovascu-
lar events [36]. However, another study in patients with
chronic kidney disease indicated a J-shaped association
between VAI and all-cause death and the risk of death
was higher in patients with visceral fat deficiency than
those with excessive visceral fat deposition [19]. Most of
these studies included participants with specific diseases
[19, 36] or specific age groups [18] and did not cover the
entire general population, thus, differences in the study
population might partly explain the different conclusions.
Based on the weighted Cox regression and cubic splines,
we found a nonlinear relationship between VAI and long-
term mortality among the US general adults. Besides,
the risk of all-cause mortality declined as VAI increased
when VAI was below 1.770, whereas higher VAI was
associated with increased all-cause mortality when VAI
exceeded the inflection point, again demonstrating a
nonlinear relationship. In addition to the large sample
and long follow-up, we also extended this relationship to
the entire general population and identified the inflection
point of VAI on mortality.

Although the specific mechanisms underlying VAI
and mortality are not fully elucidated, several mecha-
nisms and explanations have been proposed. First, as
mentioned above, VAI has a clear relationship with car-
diovascular risk factors [15, 16, 34]. Therefore, an exces-
sive VAI (reflecting excess visceral fat) can influence
the aforementioned risk factors and thus lead to higher
mortality. Second, the calculation of VAI incorporates
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both anthropometric and metabolic parameters and
may indirectly reflect other non-classical risk factors,
such as altered adipocytokines production, enhanced
lipolysis and increased plasma free fatty acids, which
can induce inflammatory responses in a variety of cells
and increase the release of inflammatory cytokines such
as tumor necrosis factor-a and interleukin-6 [14, 37],
thereby increasing mortality. Third, studies have shown
that VAI is positively associated with sedentary time [38]
and tobacco use [39, 40], and negatively associated with
standing and walking time [38]. These findings suggest
that increased VAI may reflect poorer lifestyle and health
status, which is recognized as an important predictor
of mortality. Fourth, abundant evidence demonstrates
that visceral obesity increases the risk of cancers, such
as colorectal, pancreatic and gastroesophageal cancers,
and thus increases the risk of death [41]. Nevertheless,
too low VAL level, reflecting little visceral fat or overall
fat, may also be harmful and increase the risk of certain
health problems. Adipose tissue plays multiple roles such
as energy storage, maintenance of body temperature,
organ protection and hormone production [42]. Too lit-
tle visceral fat is associated with diseases such as muscle
wasting and malnutrition, suggesting that low VAI may
also predict poor health. A deeper exploration of fat dis-
tribution and function will undoubtedly contribute to a
better understanding of the relationship between obesity
and health.

Our study also revealed that there was a significant
interaction of VAI with age on all-cause mortality. Spe-
cifically, the positive association between VAI and death
was observed in younger adults rather than older adults.
A systematic review of 12 cohorts revealed that high vis-
ceral adipose tissue (VAT) areas appeared to be associ-
ated with increased all-cause mortality in individuals
younger than 65 years, possibly mediated by metabolic
complications rather than independent effects, and this
relationship was weak and might disappear in older
adults [43]. Similarly, a large cohort study declared that
overall and abdominal obesity were associated with
higher mortality risk in younger adults, whereas this
association was null or inverse in older adults [44]. That
is, the adverse effects of obesity on mortality risk were
apparent only in younger adults. Our findings were con-
sistent with these studies and suggested that although
visceral obesity was consistently associated with health
outcomes in adults, aging might potentially modify this
association [41].

The present study has several strengths. First, the
nationally representative data from NHANES cohort
enabled us to generalize our findings to a broader
population. Besides, the multiple models and a series
of sensitivity analyses ensured the robustness of the
results. Nevertheless, several limitations should also be
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acknowledged. First, in NHANES, biochemical test was
performed only once in each participant, thus, we were
unable to assess the impact of changes in VAI over time
on the outcome. Second, as with all observational stud-
ies, the possibility of residual and unknown confound-
ers could not be completely excluded, although a range
of confounders were adjusted. Third, VAI is derived from
anthropometric and metabolic indicators and has not
been clinically classified or defined with a clear cut-off
value in clinical practice. Although our study provides an
inflection point of VAI for mortality, how to utilize this
inflection point and explore its applicability in different
populations certainly warrants further research. Fourth,
the subgroup analysis in this study was a post hoc analy-
sis and should be considered exploratory and interpreted
with caution [21]. Fifth, the observational study design
limited the causal inferences. Finally, this study aimed to
explore the relationship between VAI and all-cause mor-
tality and we found that this nonlinear association was
independent of BMI or WC, which are commonly used
obesity-related measures, and therefore VAI was use-
ful in predicting mortality. However, given the compa-
rable discriminative performance for all-cause mortality
among the three parameters as indicated by AUC values
at 9.3 years, as well as the simplicity and accessibility of
BMI and WC, the incremental value of VAI relative to
these established anthropometric measures merits fur-
ther investigation.

Conclusions

Our study showed that VAI was nonlinearly associ-
ated with all-cause mortality in US adults. Higher VAI
levels were associated with higher all-cause mortality
in younger adults (<60 years) rather than older adults.
These findings highlight the important role of appropri-
ate VAI on long-term health outcomes and the modi-
fication role of aging. Further studies are warranted to
validate our findings in other populations.
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