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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 (VAI), a sex-specific indicator 
reflecting visceral fat distribution and function, and long-term mortality are limited. This study aimed to investigate 
the association of VAI 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% CIs, 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% CI, 1.00-1.34] and HR 1.15 [95% CI, 1.01–1.31], respectively). 
RCS revealed a U-shaped relationship of log2-transformed VAI to all-cause mortality (P for nonlinearity < 0.001), with 
an inflection point of 0.824. Subgroup analysis indicated that there was a significant interaction of VAI with age on all-
cause mortality (P for interaction = 0.005). Higher VAI 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% CI, 0.91–1.22], 
P = 0.497).

Conclusions  In the nationally representative cohort of US adults, VAI was nonlinearly associated with long-term 
all-cause mortality and the association showed age-related disparities. A higher VAI was related to a higher mortality 
risk in younger adults. These findings underscore the importance of appropriate VAI 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/m2). 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 (​h​t​t​p​​s​:​/​​/​w​
w​w​​n​.​​c​d​c​​.​g​o​​v​/​n​c​​h​s​​/​n​h​​a​n​e​​s​/​C​o​​n​t​​i​n​u​​o​u​s​​N​h​a​n​​e​s​​/​D​e​f​a​u​l​t​.​
a​s​p​x). NHANES protocols were approved by the NCHS 
Research Ethics Review Board before the survey (​h​t​t​p​​s​:​/​​/​
w​w​w​​.​c​​d​c​.​​g​o​v​​/​n​c​h​​s​/​​n​h​a​n​e​s​/​i​r​b​a​9​8​.​h​t​m) and each ​p​a​r​t​i​c​i​p​
a​n​t 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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= [WC (cm)/(39.68 + (1.88×BMI)] × [TG (mmol/L)/1.03] 
× [1.31/HDL-C (mmol/L)] for men; and VAI = [WC (cm)/
(36.58 + (1.89×BMI)] × [TG (mmol/L)/0.81] × [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 (​h​t​t​p​​s​:​/​​/​w​
w​w​​.​c​​d​c​.​​g​o​v​​/​n​c​h​​s​/​​n​h​a​​n​e​s​​/​s​e​a​​r​c​​h​/​d​​a​t​a​​p​a​g​e​​.​a​​s​p​x​​?​C​o​​m​p​o​n​​
e​n​​t​=​L​​a​b​o​​r​a​t​o​​r​y​​%​2​6​C​y​c​l​e​B​e​g​i​n​Y​e​a​r​=​2​0​1​7).

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, HbA1c ≥ 6.5% 

Fig. 1  Flow chart of the study. NHANES, National Health and Nutrition Examination Survey; VAI, visceral adiposity index; CVD, cardiovascular disease
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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, 
log2-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 

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 log2-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 eGFR 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 “P for 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 P values 
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 (log2-
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 P value (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 

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 indexa

Characteristic Overall (n = 21943) Quintiles of visceral adiposity index
Q1 (n = 4388) Q2 (n = 4389) Q3 (n = 4389) Q4 (n = 4389) Q5 (n = 4388) P value

Age, yrs 46.9 (0.2) 43.5 (0.4) 45.8 (0.4) 47.1 (0.4) 49.0 (0.3) 49.5 (0.3) < 0.001
Gender, % 0.015
  Male 49.1 (0.3) 51.9 (0.9) 48.0 (1.0) 47.2 (1.0) 49.1 (0.9) 49.1 (1.0)
  Female 50.9 (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) 5.6 (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) 7.6 (0.5) 5.2 (0.4)
  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 (0.4) 4.9 (0.3) 6.0 (0.4) 7.6 (0.5) 8.0 (0.5)
  9-11th grade 11.3 (0.4) 8.6 (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) 27.2 (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) 37.4 (1.4) 29.6 (1.2) 26.6 (1.2) 24.9 (1.2) 19.7 (1.0)
Hypertension, % 36.7 (0.5) 24.7 (0.9) 31.4 (1.0) 36.4 (1.1) 42.4 (1.1) 49.7 (1.0) < 0.001
Diabetes, % 14.0 (0.4) 6.1 (0.4) 8.7 (0.5) 12.9 (0.6) 17.3 (0.8) 25.6 (0.9) < 0.001
Smoker, % < 0.001
  Never 53.3 (0.6) 59.9 (1.1) 56.3 (1.1) 53.1 (1.1) 51.6 (1.2) 44.8 (1.1)
  Former 25.4 (0.5) 22.9 (0.9) 24.4 (1.0) 26.0 (1.0) 25.3 (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, % 77.4 (0.6) 82.0 (0.8) 78.7 (0.9) 76.4 (1.1) 76.3 (1.1) 73.5 (1.1) < 0.001
CVD, % 8.2 (0.3) 5.0 (0.4) 6.4 (0.4) 8.3 (0.6) 10.1 (0.6) 11.7 (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/1.73m2 95.94 (0.31) 99.84 (0.47) 96.83 (0.48) 95.77 (0.51) 93.97 (0.47) 92.98 (0.46) < 0.001
BMI, kg/m2 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) 0.91 (0.78, 1.05) 1.20 (1.04, 1.37) 1.61 (1.39, 1.85) 2.54 (2.11, 3.30) < 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 (0.46, 0.71) 1.01 (0.91, 1.12) 1.49 (1.36, 1.65) 2.27 (2.03, 2.53) 4.10 (3.37, 5.53) < 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
a 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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Association of VAI with all-cause mortality
Participants were divided into five groups by quintiles of 
VAI: Q1 ≤ 0.803 (n = 4388), 0.803 < Q2 ≤ 1.232 (n = 4389), 
1.232 < Q3 ≤ 1.827 (n = 4389), 1.827 < Q4 ≤ 2.862 (n = 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% CIs 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 log2-trans-
formed VAI with all-cause mortality was nonlinear 
(U-shaped) (P for 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 log2-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. 

Table 2  Association of VAI with all-cause mortality in NHANES 
1999–2018
Outcome Quintiles of VAI, adjusted HR (95% CI)

Q1 Q2 Q3 Q4 Q5
≤ 0.803 0.803–

1.232
1.232–1.827 1.827–

2.862
> 2.862

Total No.a 4388 4389 4389 4389 4388
Deaths No.a 428 601 671 756 870
Model 1 0.73 (0.62, 

0.85) ***
0.94 
(0.80, 
1.10)

1 
[Reference]

1.20 
(1.03, 
1.40) *

1.39 
(1.22, 
1.59) ***

Model 2 0.95 (0.81, 
1.12)

1.04 
(0.91, 
1.20)

1 
[Reference]

1.12 
(0.97, 
1.29)

1.36 
(1.20, 
1.54) ***

Model 3 1.14 (0.96, 
1.34)

1.16 
(1.00, 
1.34) *

1 
[Reference]

1.04 
(0.90, 
1.21)

1.15 
(1.01, 
1.31) *

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

Fig. 2  Hazard ratios (95% CIs) of log2-transformed VAI 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)

 



Page 7 of 10Sun et al. BMC Public Health         (2025) 25:1266 

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 
(P for interaction = 0.005). Thus, subgroup analysis for 
the association of VAI with all-cause mortality stratified 
by age (≥ 60 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 log2-transformed VAI of 0.824, which was equivalent 
to a VAI of 1.770. Both higher or lower VAI values were 

Fig. 3  Subgroup analysis for the association of VAI 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
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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 

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-α 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 VAI 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.

Abbreviations
BMI	� Body mass index
CI	� Confidence interval
CVD	� Cardiovascular disease
eGFR	� Estimated glomerular filtration rate
HDL-C	� High-density lipoprotein cholesterol
HR	� Hazard ratio
NHANES	� National Health and Nutrition Examination Survey
RCS	� Restricted cubic spline
ROC	� Receiver operating characteristic
TG	� Triglyceride
VAI	� Visceral adiposity index
VAT	� Visceral adipose tissue
WC	� Waist circumference
WHR	� Waist-to-hip ratio

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​8​9​-​0​2​5​-​2​2​4​2​8​-​6.

Supplementary Material 1

Acknowledgements
The authors would like to thank all the National Health and Nutrition 
Examination Survey (NHANES) staff and participants for providing the publicly 
available data.

Author contributions
Q.S., S.W. and L.W. conceived the study design. Q.S. and S.W. wrote the 
manuscript. S.W., X.H., and L.G. did the statistical analysis. H.W. and Q.Y. 
provided critical revisions of the draft. All authors read and approved the final 
manuscript.

Funding
This research did not receive any specific grant from funding agencies in the 
public, commercial, or not-for-profit sectors.

Data availability
The datasets used and/or analysed during the current study are available from 
the NHANES website (​h​t​t​p​​s​:​/​​/​w​w​w​​n​.​​c​d​c​​.​g​o​​v​/​n​c​​h​s​​/​n​h​​a​n​e​​s​/​C​o​​n​t​​i​n​u​​o​u​s​​N​h​a​n​​
e​s​​/​D​e​f​a​u​l​t​.​a​s​p​x).

Declarations

Ethics approval and consent to participate
The NHANES protocol was approved by the NCHS Research Ethics Review 
Board (Protocol #98-2018) (​h​t​t​p​​s​:​/​​/​w​w​w​​.​c​​d​c​.​​g​o​v​​/​n​c​h​​s​/​​n​h​a​n​e​s​/​i​r​b​a​9​8​.​h​t​m) 
and was consistent with the Declaration of Helsinki. Each participant signed 
the written informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Geriatric Cardiology, the First Affiliated Hospital with 
Nanjing Medical University, Nanjing 210029, Jiangsu, China
2Department of Medicine, Physiology and Biophysics, UC Irvine Diabetes 
Center, University of California Irvine (UCI), Irvine, CA 92697, USA
3Department of Cardiology, the First Affiliated Hospital with Nanjing 
Medical University, Nanjing 210029, Jiangsu, China

Received: 23 October 2023 / Accepted: 21 March 2025

References
1.	 Powell-Wiley TM, Poirier P, Burke LE, Despres JP, Gordon-Larsen P, Lavie CJ, 

et al. Obesity and cardiovascular disease: A scientific statement from the 
American heart association. Circulation. 2021;143(21):e984–1010. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​1​6​1​​/​C​​I​R​.​​0​0​0​​0​0​0​0​​0​0​​0​0​0​0​9​7​3

2.	 Elagizi A, Kachur S, Lavie CJ, Carbone S, Pandey A, Ortega FB, et al. An 
overview and update on obesity and the obesity paradox in cardiovascular 
diseases. Prog Cardiovasc Dis. 2018;61(2):142–50. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​p​c​
a​d​.​2​0​1​8​.​0​7​.​0​0​3

3.	 Nunan E, Wright CL, Semola OA, Subramanian M, Balasubramanian P, Lovern 
PC, et al. Obesity as a premature aging phenotype - implications for sarcope-
nic obesity. Geroscience. 2022;44(3):1393–405. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​1​3​5​
7​-​0​2​2​-​0​0​5​6​7​-​7

4.	 Fakhouri TH, Ogden CL, Carroll MD, Kit BK, Flegal KM. Prevalence of obesity 
among older adults in the united States, 2007–2010. NCHS Data Brief. 
2012;106:1–8.

5.	 World Obesity Federation. World Obesity Atlas 2023. ​h​t​t​p​​s​:​/​​/​d​a​t​​a​.​​w​o​r​​l​d​o​​b​e​s​i​​t​
y​​.​o​r​​g​/​p​​u​b​l​i​​c​a​​t​i​o​n​s​/​?​c​a​t​=​1​9. Accessed April 28, 2023.

6.	 Seravalle G, Grassi G. Obesity and hypertension. Pharmacol Res. 2017;122:1–7. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​p​h​r​s​.​2​0​1​7​.​0​5​.​0​1​3

https://doi.org/10.1186/s12889-025-22428-6
https://doi.org/10.1186/s12889-025-22428-6
https://wwwn.cdc.gov/nchs/nhanes/ContinuousNhanes/Default.aspx
https://wwwn.cdc.gov/nchs/nhanes/ContinuousNhanes/Default.aspx
https://www.cdc.gov/nchs/nhanes/irba98.htm
https://doi.org/10.1161/CIR.0000000000000973
https://doi.org/10.1161/CIR.0000000000000973
https://doi.org/10.1016/j.pcad.2018.07.003
https://doi.org/10.1016/j.pcad.2018.07.003
https://doi.org/10.1007/s11357-022-00567-7
https://doi.org/10.1007/s11357-022-00567-7
https://data.worldobesity.org/publications/?cat=19
https://data.worldobesity.org/publications/?cat=19
https://doi.org/10.1016/j.phrs.2017.05.013
https://doi.org/10.1016/j.phrs.2017.05.013


Page 10 of 10Sun et al. BMC Public Health         (2025) 25:1266 

7.	 Avgerinos KI, Spyrou N, Mantzoros CS, Dalamaga M. Obesity and cancer risk: 
emerging biological mechanisms and perspectives. Metabolism. 2019;92. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​m​e​​t​a​b​​o​l​.​2​​0​1​​8​.​1​1​.​0​0​1. (121– 35.

8.	 Piche ME, Tchernof A, Despres JP. Obesity phenotypes, diabetes, and cardio-
vascular diseases. Circ Res. 2020;126(11):1477–500. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​C​​I​
R​C​​R​E​S​​A​H​A​.​​1​2​​0​.​3​1​6​1​0​1

9.	 Berrington de Gonzalez A, Hartge P, Cerhan JR, Flint AJ, Hannan L, MacInnis 
RJ, et al. Body-mass index and mortality among 1.46 million white adults. N 
Engl J Med. 2010;363(23):2211–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​5​6​​/​N​​E​J​M​o​a​1​0​0​0​3​6​7

10.	 Prospective Studies C, Whitlock G, Lewington S, Sherliker P, Clarke R, 
Emberson J, et al. Body-mass index and cause-specific mortality in 900 
000 adults: collaborative analyses of 57 prospective studies. Lancet. 
2009;373(9669):1083–96. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​S​​0​1​4​0​-​6​7​3​6​(​0​9​)​6​0​3​1​8​-​4

11.	 Antonopoulos AS, Tousoulis D. The molecular mechanisms of obesity para-
dox. Cardiovasc Res. 2017;113(9):1074–86. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​c​​v​r​/​c​v​x​1​0​6

12.	 Sahakyan KR, Somers VK, Rodriguez-Escudero JP, Hodge DO, Carter RE, 
Sochor O, et al. Normal-Weight central obesity: implications for total and 
cardiovascular mortality. Ann Intern Med. 2015;163(11):827–35. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​7​3​2​6​​/​M​​1​4​-​2​5​2​5

13.	 See R, Abdullah SM, McGuire DK, Khera A, Patel MJ, Lindsey JB, et al. The 
association of differing measures of overweight and obesity with prevalent 
atherosclerosis: the Dallas heart study. J Am Coll Cardiol. 2007;50(8):752–9. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​a​c​c​.​2​0​0​7​.​0​4​.​0​6​6

14.	 Amato MC, Giordano C, Galia M, Criscimanna A, Vitabile S, Midiri M, et al. 
Visceral adiposity index: a reliable indicator of visceral fat function associated 
with cardiometabolic risk. Diabetes Care. 2010;33(4):920–2. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​​2​3​3​7​​/​d​​c​0​9​-​1​8​2​5

15.	 Leite NN, Cota BC, Gotine A, Rocha D, Pereira PF, Hermsdorff HHM. Visceral 
adiposity index is positively associated with blood pressure: A systematic 
review. Obes Res Clin Pract. 2021;15(6):546–56. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​o​r​c​p​.​
2​0​2​1​.​1​0​.​0​0​1

16.	 Qin Y, Qiao Y, Wang D, Li M, Yang Z, Li L, et al. Visceral adiposity index is posi-
tively associated with fasting plasma glucose: a cross-sectional study from 
National health and nutrition examination survey 2017–2020. BMC Public 
Health. 2023;23(1):313. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​8​9​-​0​2​3​-​1​5​2​3​1​-​8

17.	 Jiang K, Luan H, Pu X, Wang M, Yin J, Gong R. Association between visceral 
adiposity index and insulin resistance: A Cross-Sectional study based on US 
adults. Front Endocrinol (Lausanne). 2022;13:921067. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​
f​​e​n​d​o​.​2​0​2​2​.​9​2​1​0​6​7

18.	 Tamosiunas A, Luksiene D, Kranciukaite-Butylkiniene D, Radisauskas R, Sopa-
giene D, Bobak M. Predictive importance of the visceral adiposity index and 
atherogenic index of plasma of all-cause and cardiovascular disease mortality 
in middle-aged and elderly Lithuanian population. Front Public Health. 
2023;11:1150563. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​u​b​h​.​2​0​2​3​.​1​1​5​0​5​6​3

19.	 Yan LJ, Zeng YR, Chan-Shan Ma RN, Zheng Y. J-shaped association between 
the visceral adiposity index and all-cause mortality in patients with chronic 
kidney disease. Nutrition. 2022;103–4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​n​u​t​.​2​0​2​2​.​1​1​1​8​
3​2

20.	 Bao W, Liu B, Rong S, Dai SY, Trasande L, Lehmler HJ. Association between 
bisphenol A exposure and risk of All-Cause and Cause-Specific mortality in 
US adults. JAMA Netw Open. 2020;3(8):e2011620. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​1​​/​j​​a​
m​a​​n​e​t​​w​o​r​k​​o​p​​e​n​.​2​0​2​0​.​1​1​6​2​0

21.	 Qiu Z, Chen X, Geng T, Wan Z, Lu Q, Li L, et al. Associations of serum carot-
enoids with risk of cardiovascular mortality among individuals with type 2 
diabetes: results from NHANES. Diabetes Care. 2022. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​3​3​7​​/​
d​​c​2​1​-​2​3​7​1

22.	 Zhou C, Zhang Y, Yang S, He P, Wu Q, Ye Z, et al. Associations between visceral 
adiposity index and incident nephropathy outcomes in diabetic patients: 
insights from the ACCORD trial. Diabetes Metab Res Rev. 2023;39(3):e3602. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​d​​m​r​r​.​3​6​0​2

23.	 Derezinski T, Zozulinska-Ziolkiewicz D, Uruska A, Dabrowski M. Visceral 
adiposity index as a useful tool for the assessment of cardiometabolic disease 
risk in women aged 65 to 74. Diabetes Metab Res Rev. 2018;34(8):e3052. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​d​​m​r​r​.​3​0​5​2

24.	 Wang S, Shan T, Zhu J, Jiang Q, Gu L, Sun J, et al. Mediation effect of body 
mass index on the association of urinary nickel exposure with serum lipid 
profiles. Biol Trace Elem Res. 2022;1–11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​2​0​1​1​-​0​2​2​-​0​
3​3​7​5​-​4

25.	 Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, et al. 
2018 ESC/ESH guidelines for the management of arterial hypertension. Eur 
Heart J. 2018;39(33):3021–104. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​e​​u​r​h​e​a​r​t​j​/​e​h​y​3​3​9

26.	 ElSayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, et al. 2. 
Classification and diagnosis of diabetes: standards of care in Diabetes-2023. 
Diabetes Care. 2023;46(Suppl 1):S19–40. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​3​3​7​​/​d​​c​2​3​-​S​0​0​2

27.	 Inoue K, Ritz B, Brent GA, Ebrahimi R, Rhee CM, Leung AM. Association of 
subclinical hypothyroidism and cardiovascular disease with mortality. JAMA 
Netw Open. 2020;3(2):e1920745. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​1​​/​j​​a​m​a​​n​e​t​​w​o​r​k​​o​p​​e​n​.​
2​0​1​9​.​2​0​7​4​5

28.	 Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF III, Feldman HI, et 
al. A new equation to estimate glomerular filtration rate. Ann Intern Med. 
2009;150(9):604–12. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​7​3​2​6​​/​0​​0​0​3​​-​4​8​​1​9​-​1​​5​0​​-​9​-​2​0​0​9​0​5​0​5​0​-​0​0​
0​0​6

29.	 Shan Z, Guo Y, Hu FB, Liu L, Qi Q. Association of Low-Carbohydrate and Low-
Fat diets with mortality among US adults. JAMA Intern Med. 2020;180(4):513–
23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​1​​/​j​​a​m​a​​i​n​t​​e​r​n​m​​e​d​​.​2​0​1​9​.​6​9​8​0

30.	 Johnson CL, Paulose-Ram R, Ogden CL, Carroll MD, Kruszon-Moran D, 
Dohrmann SM, et al. National health and nutrition examination survey: 
analytic guidelines, 1999–2010. Vital Health Stat. 2013;2(161):1–24.

31.	 Bland JM, Altman DG. The use of transformation when comparing two 
means. BMJ. 1996;312(7039):1153. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​3​6​​/​b​​m​j​.​3​1​2​.​7​0​3​9​.​1​1​5​3

32.	 Zhang Z. Multiple imputation with multivariate imputation by chained equa-
tion (MICE) package. Ann Transl Med. 2016;4(2):30. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​9​7​8​​/​j​​.​i​s​​
s​n​.​​2​3​0​5​​-​5​​8​3​9​.​2​0​1​5​.​1​2​.​6​3

33.	 Ramirez FD, Chen S, Langan SM, Prather AA, McCulloch CE, Kidd SA, et al. 
Association of atopic dermatitis with sleep quality in children. JAMA Pediatr. 
2019;173(5):e190025. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​1​​/​j​​a​m​a​​p​e​d​​i​a​t​r​​i​c​​s​.​2​0​1​9​.​0​0​2​5

34.	 Abraham TM, Pedley A, Massaro JM, Hoffmann U, Fox CS. Association 
between visceral and subcutaneous adipose depots and incident cardiovas-
cular disease risk factors. Circulation. 2015;132(17):1639–47. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​1​6​1​​/​C​​I​R​C​​U​L​A​​T​I​O​N​​A​H​​A​.​1​1​4​.​0​1​5​0​0​0

35.	 Li M, Hu L, Hu L, Huang X, Liu X, Zhou W, et al. Visceral adiposity index is 
inversely associated with renal function in Normal-Weight adults with 
hypertension: the China H-Type hypertension registry study. J Nutr. 
2021;151(6):1394–400. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​j​​n​/​n​x​a​b​0​2​2

36.	 Chen HY, Chiu YL, Chuang YF, Hsu SP, Pai MF, Yang JY, et al. Visceral adiposity 
index and risks of cardiovascular events and mortality in prevalent Hemodi-
alysis patients. Cardiovasc Diabetol. 2014;13:136. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​
9​3​3​-​0​1​4​-​0​1​3​6​-​5

37.	 Hou B, Shen X, He Q, Chen Y, Xu Y, Chen M, et al. Is the visceral adiposity 
index a potential indicator for the risk of kidney stones? Front Endocrinol 
(Lausanne). 2022;13:1065520. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​e​n​d​o​.​2​0​2​2​.​1​0​6​5​5​2​0

38.	 Ando S, Koyama T, Kuriyama N, Ozaki E, Uehara R. The association of 
daily physical activity behaviors with visceral fat. Obes Res Clin Pract. 
2020;14(6):531–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​o​r​c​p​.​2​0​2​0​.​1​0​.​0​0​4

39.	 Kim JH, Shim KW, Yoon YS, Lee SY, Kim SS, Oh SW. Cigarette smoking 
increases abdominal and visceral obesity but not overall fatness: an observa-
tional study. PLoS ONE. 2012;7(9):e45815. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​
e​.​​0​0​4​5​8​1​5

40.	 Nakanishi K, Nishida M, Ohama T, Moriyama T, Yamauchi-Takihara K. Smok-
ing associates with visceral fat accumulation especially in women. Circ J. 
2014;78(5):1259–63. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​5​3​​/​c​​i​r​c​j​.​c​j​-​1​3​-​1​1​3​4

41.	 Silveira EA, Kliemann N, Noll M, Sarrafzadegan N, de Oliveira C. Visceral obe-
sity and incident cancer and cardiovascular disease: an integrative review of 
the epidemiological evidence. Obes Rev. 2021;22(1):e13088. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​1​1​1​​/​o​​b​r​.​1​3​0​8​8

42.	 Schmid A. The role of meat fat in the human diet. Crit Rev Food Sci Nutr. 
2011;51(1):50–66. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​1​​0​4​0​8​3​9​0​9​0​3​0​4​4​6​3​6

43.	 Saad RK, Ghezzawi M, Horanieh R, Khamis AM, Saunders KH, Batsis JA, et al. 
Abdominal visceral adipose tissue and All-Cause mortality: A systematic 
review. Front Endocrinol (Lausanne). 2022;13:922931. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​
/​f​​e​n​d​o​.​2​0​2​2​.​9​2​2​9​3​1

44.	 Kuk JL, Ardern CI. Influence of age on the association between various mea-
sures of obesity and all-cause mortality. J Am Geriatr Soc. 2009;57(11):2077–
84. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​1​​​1​​​1​/​j​​.​1​​5​​3​2​-​​​5​4​​1​5​.​​2​0​0​9​.​​0​2​4​8​6​.​x

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

https://doi.org/10.1016/j.metabol.2018.11.001
https://doi.org/10.1016/j.metabol.2018.11.001
https://doi.org/10.1161/CIRCRESAHA.120.316101
https://doi.org/10.1161/CIRCRESAHA.120.316101
https://doi.org/10.1056/NEJMoa1000367
https://doi.org/10.1016/S0140-6736(09)60318-4
https://doi.org/10.1093/cvr/cvx106
https://doi.org/10.7326/M14-2525
https://doi.org/10.7326/M14-2525
https://doi.org/10.1016/j.jacc.2007.04.066
https://doi.org/10.1016/j.jacc.2007.04.066
https://doi.org/10.2337/dc09-1825
https://doi.org/10.2337/dc09-1825
https://doi.org/10.1016/j.orcp.2021.10.001
https://doi.org/10.1016/j.orcp.2021.10.001
https://doi.org/10.1186/s12889-023-15231-8
https://doi.org/10.3389/fendo.2022.921067
https://doi.org/10.3389/fendo.2022.921067
https://doi.org/10.3389/fpubh.2023.1150563
https://doi.org/10.1016/j.nut.2022.111832
https://doi.org/10.1016/j.nut.2022.111832
https://doi.org/10.1001/jamanetworkopen.2020.11620
https://doi.org/10.1001/jamanetworkopen.2020.11620
https://doi.org/10.2337/dc21-2371
https://doi.org/10.2337/dc21-2371
https://doi.org/10.1002/dmrr.3602
https://doi.org/10.1002/dmrr.3602
https://doi.org/10.1002/dmrr.3052
https://doi.org/10.1002/dmrr.3052
https://doi.org/10.1007/s12011-022-03375-4
https://doi.org/10.1007/s12011-022-03375-4
https://doi.org/10.1093/eurheartj/ehy339
https://doi.org/10.2337/dc23-S002
https://doi.org/10.1001/jamanetworkopen.2019.20745
https://doi.org/10.1001/jamanetworkopen.2019.20745
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.1001/jamainternmed.2019.6980
https://doi.org/10.1136/bmj.312.7039.1153
https://doi.org/10.3978/j.issn.2305-5839.2015.12.63
https://doi.org/10.3978/j.issn.2305-5839.2015.12.63
https://doi.org/10.1001/jamapediatrics.2019.0025
https://doi.org/10.1161/CIRCULATIONAHA.114.015000
https://doi.org/10.1161/CIRCULATIONAHA.114.015000
https://doi.org/10.1093/jn/nxab022
https://doi.org/10.1186/s12933-014-0136-5
https://doi.org/10.1186/s12933-014-0136-5
https://doi.org/10.3389/fendo.2022.1065520
https://doi.org/10.1016/j.orcp.2020.10.004
https://doi.org/10.1371/journal.pone.0045815
https://doi.org/10.1371/journal.pone.0045815
https://doi.org/10.1253/circj.cj-13-1134
https://doi.org/10.1111/obr.13088
https://doi.org/10.1111/obr.13088
https://doi.org/10.1080/10408390903044636
https://doi.org/10.3389/fendo.2022.922931
https://doi.org/10.3389/fendo.2022.922931
https://doi.org/10.1111/j.1532-5415.2009.02486.x

	﻿The association between visceral adiposity index and long-term all-cause mortality shows age-related disparities: a nationwide cohort study
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study population and design
	﻿Definition of VAI
	﻿Assessment of covariates
	﻿Ascertainment of mortality
	﻿Statistical analysis

	﻿Results
	﻿Baseline characteristics of the study
	﻿Association of VAI with all-cause mortality
	﻿Subgroup analysis stratified by age group
	﻿Sensitivity analyses

	﻿Discussion
	﻿Conclusions
	﻿References


