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Abstract
Background  Testosterone deficiency (TD) and obesity are globally recognized health concerns, with a bidirectional 
causal relationship between them. And a newly discovered obesity indicator, the Weight-Adjusted-Waist Index 
(WWI), has been proposed, demonstrating superior adiposity identification capability compared to traditional body 
mass index (BMI) and waist circumference (WC) indicators. Therefore, we present the inaugural investigation into the 
associations of WWI with total testosterone levels and the risk of TD.

Methods  Data restricted to the National Health and Nutrition Examination Survey (NHANES) between 2013 and 
2016 were analyzed. Only males aged > 20 years who completed body measures and underwent serum sex hormone 
testing were potentially eligible for analysis. Weighted multivariable linear regression and logistic regression analyses 
were employed to investigate the relationships between WWI and total testosterone levels, and the risk of TD, 
respectively. Smooth curve fittings and weighted generalized additive model (GAM) regression were conducted to 
examine the linear relationship among them. Additionally, subgroup analyses with interaction tests were performed 
to assess the stability of the results.

Results  Finally, a total of 4099 participants with complete data on testosterone and WWI were included in the formal 
analysis. The mean age of study participants was 46.74 ± 0.35 years with a TD prevalence of 25.54%. After adjusting 
all potential confounders, the continuous WWI displayed a negative linear relationship with total testosterone levels 
(β=-61.41, 95%CI: -72.53, -50.29, P < 0.0001) and a positive linear relationship with risk of TD (OR = 1.88, 95%CI: 1.47, 
2.39, P < 0.0001). When WWI was transformed into quartiles as a categorical variable, participants in Q4 exhibited 
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Background
Testosterone is an indispensable male sexual hormone 
principally produced by the testicular Leydig cells and 
is primarily regulated by negative feedback of the hypo-
thalamic-pituitary-gonadal axis (HPGA) [1]. Maintain-
ing normal testosterone levels is crucial for regulating a 
range of males’ physiological functions, including male 
reproduction and sexual functions, cardiovascular health, 
metabolic processes, and psychological cognitive func-
tions [2–6]. However, testosterone deficiency (TD) is 
an exceedingly common condition in males afflicting 
approximately 30% of men aged 40 to 79 years, whose 
incidence rose with aging and some prevalent medical 
conditions, such as obesity, diabetes, and hypertension 
[7]. It’s worth noting that besides sexual symptoms like 
decreased libido, erectile dysfunction, and difficulty in 
achieving orgasm, TD can also lead to a range of serious 
nonsexual symptoms including cardiovascular diseases, 
decreased bone mineral destiny, depression, and obesity, 
all of which could adversely lower male’s quality of life [1, 
8]. Therefore, TD has emerged as an increasingly con-
cerning global health issue [9].

Obesity is another globally recognized health issue 
that is increasingly drawing attention, with the pro-
jected global prevalence expected to reach 18% in men 
and surpass 21% in women by 2025 [10]. More criti-
cally, the latest forecasts indicated that by 2023, half of 
the adult population will be categorized as obese [11]. 
Obesity has consistently been identified as a modifiable 
risk factor for the onset of TD [12, 13]. Furthermore, the 
relationship between obesity and TD has been demon-
strated to be bidirectional, creating a detrimental cycle 
[14, 15]. Previous studies have explored the relationship 
between body mass index (BMI) and testosterone lev-
els, indicating that obese individuals tend to have lower 
testosterone levels [16]. Notably, compared to individu-
als with a BMI < 18.5 kg/m2, those with a BMI > 35 kg/m2 
have a significantly increased risk of testosterone defi-
ciency, with an odds ratio (OR) of 2.51 and a 95% con-
fidence interval (CI) of 1.19 to 5.32 [17]. However, as 
research has progressed, BMI as an indicator of obesity 
has been increasingly questioned due to its inability to 

differentiate between lean body mass and fat body mass 
[18]. With the evolution of understanding obesity, vis-
ceral adiposity combined with central obesity are gaining 
increased attention from researchers due to its height-
ened relevance to poor metabolic characteristics [19]. 
Consequently, researchers have attempted to use waist 
circumference (WC) to assess visceral fat and abdominal 
obesity in order to explore their relationship with testos-
terone levels [20]. Despite the proven associations of WC 
with testosterone levels, the strong association between 
WC and BMI makes researchers skeptical of WC’s effec-
tiveness as a reliable indicator of visceral obesity [21]. As 
a result, researchers continue to seek novel indicators 
capable of accurately assessing visceral adiposity, which 
are imperative to thoroughly elucidate the relationship 
between visceral obesity and TD. Furthermore, these 
indicators should be straightforward, time-efficient, cost-
effective and applicable across various clinical settings, 
in stark contrast to technologies such as densitometry 
(dual-energy X-ray absorptiometry, DXA), magnetic res-
onance imaging (MRI), computed tomography (CT), and 
mechanical methods, which are characterized by techni-
cal complexity, time-consuming, and high-cost [22].

A study by Park et al. [23]. was the first to propose a 
novel adiposity index called weight-adjusted-waist index 
(WWI), designed for assessing central obesity, with the 
formula WC/weight1/2. From the calculation formula 
of WWI, it could be concluded that WWI standard-
izes waist circumference (WC) for body weight, which 
allows extraction the benefits of WC while attenuat-
ing the correlation with BMI, thus primarily reflecting 
weight-independent centripetal obesity [24]. Subsequent 
studies have further confirmed the superiority of the 
Weight-to-Height Index (WWI) in accurately assessing 
visceral obesity compared to BMI and WC across a series 
of metabolic diseases [25–27]. Nevertheless, to date, 
the correlation between TD and WWI remains unclear. 
Additionally, whether the strength of the association 
between WWI and TD is greater than that between BMI, 
WC, and TD is also unknown. To address this knowl-
edge gap and provide a more profound understanding 
of the relationship between visceral obesity and TD, we 

lower total testosterone levels (β=-115.4, 95%CI: -142.34, -88.45, P < 0.0001) and a higher risk of TD (OR = 3.38, 95% CI: 
2.10, 5.44, P < 0.001). These associations remained stable in subgroup analyses without significant interaction (all P for 
interaction > 0.05).

Conclusions  This investigation firstly unveiled a negative linear association between WWI and total testosterone 
levels, coupled with a positive linear relationship with the prevalence of TD in U.S. male adults aged 20 years and older. 
Further studies are needed to validate the potential utility of WWI for the early identification and timely intervention 
of TD.

Keywords  Weight-adjusted Waist Index, Testosterone deficiency, Obesity, Testosterone level, NHANES, Cross-sectional 
study
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conducted this population-based study to investigate the 
correlation between WWI and TD, utilizing data from 
the National Health and Nutrition Examination Survey 
(NHANES).

Materials and methods
Survey description and study population
The NHANES is a continuous research program man-
aged by the National Centre for Health Statistics (NCHS). 
Conducted in a two-year cycle, the NHANES aims to 
evaluate the nutritional and overall health of individu-
als of all ages in the U.S. population through interviews, 
physical examinations, and laboratory examinations. A 
sophisticated multistage probability design was employed 
to obtain a nationally representative sample of non-insti-
tutionalized United States residents. The NHANES study 
protocols were reviewed and approved by the Research 
Ethics Review Board of the NCHS, and all survey partici-
pants provided the written informed consent.

For this research, the data were restricted to the con-
tinuous data cycles of 2013–2014 and 2015–2016. All 
men aged 20 years who completed body measures and 

underwent sex hormone testing were selected in the 
cohort. Participants without data on sex hormones and 
body measures were excluded. A total of 4099 partici-
pants were included after further exclusion of men who 
were taking sex hormone medication or had incomplete 
data on potential covariates. The detailed sample selec-
tion process was displayed in Fig. 1.

Exposure variable and outcomes
The WWI (cm/√kg) was designed as the exposure vari-
able, and the results for each participant were rounded 
to two decimal places. The WWI was calculated by the 
formula: WC in centimeters divided by the square root of 
weight (kg) [WWI (cm/√kg) = WC/√Weight)] [23]. WWI 
has shown a strong positive correlation with total body 
fat percentage, total abdominal fat area, and visceral fat 
area, while displaying a negative correlation with appen-
dicular skeletal muscle mass and appendicular lean mass 
[28–30]. The anthropometry examinations of WC and 
weight were conducted in mobile examination center by 
trained health technicians under controlled conditions. 
Weight was measured using a digital scale accurate to 

Fig. 1  Flow chart of study population selection process. NHANES, National Health and Nutrition Examination Survey
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the nearest 0.1  kg, and the WC was measured using a 
retractable steel measuring tape, also accurate to nearest 
0.1  cm. During weighing, each subject wore a standard 
MEC examination gown, stood at the center of the digital 
scale, with hands at their sides and eyes looking straight 
forward. When measuring WC, the process began by 
locating the iliac crests through bilateral palpation. A 
horizontal line was then drawn just above the upper-
most lateral border of the right ilium. Subsequently, the 
right midaxillary line was drawn. The measuring tape was 
positioned in the horizontal plane at the point where the 
two lines intersected. Finally, measurements were taken 
at the end of the individual’s normal expiration. The com-
prehensive procedure, covering protocols, equipment, 
and quality control, is available on the official NHANES 
website.

(https://www.cdc.gov/nchs/nhanes/index.htm). In our 
analysis, WWI was utilized both as a continuous variable 
and categorical variable based on quartiles.

The primary outcome of our analysis were the associa-
tions of WWI with total testosterone level and the occur-
rence of TD. Total testosterone levels were measured 
using isotope dilution liquid chromatography tandem 
mass spectrometry (ID-LC–MS/MS) at a single time 
point in the morning following an overnight fast, based 
on the National Institute for Standards and Technology’s 
(NIST) reference method. All sex steroid hormones were 
measured at Boston Children’s Hospital (Boston, MA, 
USA) by laboratory technicians blinded to participant 
characteristics. Similarly, details regarding the NHANES 
laboratory methodology for testosterone determination 
can be found on the official NHANES website. (https://
www.cdc.gov/nchs/nhanes/index.htm). According to 
American Urological Association guidelines on TD, the 
TD was defined as a total testosterone level below 300ng/
dL, measured on two separate occasions in the morning 
[31].

Selection of covariates
The study identified and adjusted potential covariates 
based on published studies on WWI and factors pertain-
ing to testosterone level and TD. These selected covari-
ates encompassed demographic characteristics such 
as age (20-40y/40-60y/>60y), race/ethnicity (Mexican 
American/Non-Hispanic White/Non-Hispanic Black/
Other Race), marital status (Solitude/ Cohabitation), 
educational level (Less than high school/High school/ 
More than high school), body mass index (BMI), and 
poverty income ratio (PIR) (< 1/≥1). These demographic 
characteristics were primarily obtained through inter-
views and physical examinations. Additionally, impor-
tant health risk factors, including smoking status, alcohol 
consumption, hypertension and diabetes, were also con-
sidered. The smoking status were categorized into three 

groups as never smoker, former smoker, and current 
smoker, based on theirs answers to questions regarding 
whether smoked at least 100 cigarettes in their life time 
and if they were currently smoking cigarettes? Never 
smokers were defined as those who answered no to the 
both questions, while current smoker were identified 
as those who answered yes to the both questions. The 
remaining participants were categorized as former smok-
ers. Participants who reported consuming at least 12 
alcohol drinks per year were categorized as drinkers; oth-
erwise, they were classified as non-drinkers. Participants 
with a diastolic blood pressure ≥ 90mmHg, a systolic 
blood pressure ≥ 140mmHg, a self-reported hyperten-
sion, the prescription of hypertension-lowering medica-
tion was considered hypertensive. Diabetes was defined 
as self-reported diagnosis, current use of insulin or dia-
betes pills, or meeting criteria such as a hemoglobin 
A1c level ≥ 6.5%, fasting plasma glucose level ≥ 126  mg/
dl, or a plasma glucose level ≥ 200 mg/dl at 2 h after oral 
glucose tolerance test (OGTT). Prediabetes was deter-
mined by the absence of diabetes, with criteria including 
a hemoglobin A1c level between 5.7% and 6.4%, a fasting 
plasma glucose level ranging from 100 mg/dl to 125 mg/
dl, or a 2-hour plasma glucose level after OGTT between 
140 mg/dl and 199 mg/dl.

Statistical analyses
Given the sample weighting utilized in the NHANES 
complicated multistage cluster survey design, all sta-
tistical analyses of the present study were conducted by 
incorporating appropriate sampling weights, strata, and 
primary sampling units. The continuous variables were 
expressed as weighted mean ± standard error (SE), and 
the categorical variables were presented as weighted per-
centage and SE. To compare baseline characteristic dif-
ferences across different WWI quartiles, survey-weighted 
linear regression and survey-weighted Chi-square test 
were utilized for continuous and categorical variables, 
respectively. Two regression analyses were employed 
in our analyses: a multivariate linear regression analy-
sis was utilized to assess the relationship between WWI 
and total testosterone levels, with results presented as β 
(95% CI); and a multivariate logistic regression analysis 
was conducted to evaluate the association between WWI 
and TD, with the results presented as the OR (95% CI). 
In both types of regression analyses, unadjusted and mul-
tivariable adjusted models were employed, with WWI 
treated as both a continuous variable and a categorical 
variable. In the multivariable regression models, adjust-
ments were initially made in Model 1 for age, race, edu-
cation, and PIR. Subsequently, in Model 2, additional 
adjustments were introduced for the remaining variables 
based on Model 1, including BMI, marital status, smok-
ing, alcohol consumption, hypertension, and diabetes. 

https://www.cdc.gov/nchs/nhanes/index.htm
https://www.cdc.gov/nchs/nhanes/index.htm
https://www.cdc.gov/nchs/nhanes/index.htm
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Trend tests were performed using weighted linear regres-
sion when WWI was treated as categorical variables 
based on its quartiles in the models.

Smooth curve fitting and generalized additive models 
were employed to investigate whether there was a linear 
relationship between WWI and total testosterone lev-
els, as well as the prevalence of TD. We also employed 
stratified multivariate regression analyses to conduct a 
subgroup analysis, aiming to explore the relationships 
of WWI with total testosterone level and TD in specific 
subgroups. Additionally, stratified analyses were further 
conducted when WWI was transformed into categori-
cal variables (Q1-Q4). To assess heterogeneity among 
different subgroups, including age, BMI, diabetes, and 
hypertension, interaction terms were evaluated using the 
log-likelihood ratio test. Considering the multiple com-
parisons in our statistical analysis, we applied the Bon-
ferroni correction to the p-values. The adjusted threshold 
for statistical significance is set at P < 0.005. All statistical 
analyses were performed using R software (Version 4.0.2) 
and the R package (http://www.R-project.org, The R 
Foundation) (23). Moreover, the EmpowerStats program 
(http://www.empowerstats.com, X&Y Solutions, Inc., 
Boston, MA, USA) significantly contributed to our study.

Results
Participants characteristics at baseline
Table  1 displays a detailed comparison of the base-
line characteristics among the 4099 enrolled males in 
NHANES 2013–2014 and 2015–2016. The study popula-
tion was categorized into quartiles of WWI, denoted as 
Q1 (8.54–10.34  cm/√kg), Q2 (10.34–10.90  cm/√kg), Q3 
(10.90–11.44  cm/√kg), and Q4 (11.44–12.96  cm/√kg). 
The mean age of participants was 46.74 ± 0.35 years, dem-
onstrating a statistical increase with higher WWI quar-
tiles. The mean total testosterone level was 420.22 ± 4.29 
ng/dL, with quartile 4 (340.68 ± 6.51 ng/dL) exhibit-
ing lower testosterone levels than those in quartile 1 
(508.01 ± 7.59 ng/dL). Likewise, the prevalence of TD 
also rose with a higher WWI (Q4: 43.31%, Q3: 28.80%, 
Q2: 21.78%, Q1: 11.67%), averaging at 25.54%. Partici-
pants in WWI quartile 4 were more likely to be obese but 
less likely to be Non-Hispanic Black or have an education 
level beyond high school. Furthermore, a higher preva-
lence rate of hypertension and diabetes was observed in 
WWI quartile 4 compared to quartile 1 (Hypertension: 
60.27% vs. 18.33%; Diabetes: 33.66% vs. 2.91%). Intrigu-
ingly, no statistically significant difference in alcohol con-
sumption was witnessed among the groups.

Associations of WWI with testosterone level and 
testosterone deficiency
To better understand the relationships between the 
WWI, BMI, WC, and weight with total testosterone 

levels and the risk of TD, we conducted detailed multi-
variable regression analyses. The results are presented in 
Table S1. Firstly, the fully adjusted linear regression anal-
ysis results showed that each unit increase in BMI, WC, 
and weight corresponded to decreases in total testoster-
one levels of -7.79 (-10.49, -5.09), -3.74 (-4.53, -2.95), and 
− 1.82 (-2.40, -1.24), respectively. Similarly, when these 
variables were converted into quartiles, participants 
in Q4 compared to Q1 showed total testosterone level 
decreases of -106.87 (-168.44, -71.30), -106.12 (-164.29, 
-102.94), and − 74.19 (-104.28, -44.10), respectively. Sec-
ondly, the fully adjusted logistic regression analysis indi-
cated that each unit increase in BMI, WC, and weight 
corresponded to increased risks of TD of 1.12 (1.10, 
1.15), 1.02 (1.01, 1.06), and 1.01 (1.00, 1.03), respectively. 
When these variables were converted into quartiles, par-
ticipants in Q4 compared to Q1 showed risks of TD as 
2.47 (1.32, 6.87), < 0.0001; 2.31 (2.11, 4.62), < 0.0001; and 
2.61 (1.61, 4.22), 0.001, respectively. Moreover, in both 
unadjusted and minimally adjusted models, these results 
remained statistically significant. Additionally, the trend 
tests for the quartile variables showed values less than 
0.05, indicating significant trends. These associations 
with total testosterone levels and the risk of TD are all 
weaker compared to those with WWI. Table  2 displays 
the associations of WWI with total testosterone level and 
risk of TD. Weighted linear regression analyses demon-
strated consistent negative associations between WWI 
and total testosterone level in all models (non-adjusted 
model: β=-80.94, 95%CI: -87.90, -73.99, P < 0.0001; 
Model 1: β=-96.67, 95%CI: -105.99, -87.36, P < 0.0001; 
Model 2: β=-61.41, 95%CI: -72.53, -50.29, P < 0.0001). 
This negative association remained statistically signifi-
cant across all models when we grouped the continuous 
WWI into quartiles (Q4, Q3, and Q2 compared to Q1; all 
P < 0.0001).

Subsequently, weighted logistic regression analyses 
were performed to investigate the association between 
WWI and occurrence of TD. The results indicated a 
positive association between WWI and risk of TD in 
all models (non-adjusted model: OR = 2.33, 95%CI: 
1.97, 2.76, P < 0.0001; Model 1: OR = 2.67, 95%CI: 2.21, 
3.23, P < 0.0001; Model 2: OR = 1.88, 95%CI: 1.47, 
2.39, P < 0.0001). Participants in WWI quartile 4 had 
a significantly 338% higher risk of TD than those in 
WWI quartile 1, with all potential covariates adjusted 
(Model 2, OR = 3.38, 95% CI: 2.10, 5.44, P < 0.001, P for 
trend < 0.001). Both linear and logistic regression analy-
ses indicated that the strength of the association between 
WWI and total testosterone levels and the risk of TD is 
significantly higher than that of traditional obesity assess-
ment indicators such as BMI, WC, and weight. Figure 2 
displays smooth curve fittings investigating the nonlinear 
associations of the WWI with total testosterone level and 

http://www.R-project.org
http://www.empowerstats.com
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Table 1  Baseline characteristics of participants from NHANES 2013–2016 study by WWI quartiles, weighted
WWI Total Quartile 1 Quartile 2 Quartile 3 Quartile 4 P value

8.54–10.34 10.34–10.90 10.90-11.44 11.44–12.96
Participants number 4099 1025 1024 1027 1023
Age, years 46.74 ± 0.35 34.89 ± 0.62 44.97 ± 0.55 51.41 ± 0.61 58.12 ± 0.65 < 0.0001
BMI, kg/m2 29.00 ± 0.15 24.63 ± 0.16 28.28 ± 0.19 30.23 ± 0.23 33.82 ± 0.25 < 0.0001
WC, cm 102.38 ± 0.42 87.20 ± 0.45 99.69 ± 0.42 107.22 ± 0.51 118.72 ± 0.57 < 0.0001
Weight, kg 89.97 ± 0.54 78.56 ± 0.70 88.64 ± 0.72 93.19 ± 0.87 101.85 ± 0.98 < 0.0001
Total testosterone, ng/dl 420.22 ± 4.29 508.01 ± 7.59 414.83 ± 6.51 401.91 ± 7.91 340.68 ± 6.51 < 0.0001
Age group, % < 0.0001

20-40y 37.61(0.02) 68.60(2.19) 37.27(1.93) 24.72(1.63) 14.60(2.05)
40-60y 37.30(0.02) 26.19(2.02) 45.64(2.22) 44.80(1.96) 32.41(1.83)
> 60y 25.09(0.02) 5.21(0.98) 17.09(1.87) 30.47(1.87) 52.99(1.90)

Race, % < 0.0001
Mexican American 9.12(0.01) 5.49(0.98) 10.03(1.64) 11.10(1.54) 10.23(2.23)
Non-Hispanic White 67.80(0.05) 63.25(3.07) 68.05(2.51) 65.97(2.98) 74.99(2.73)
Non-Hispanic Black 9.53(0.01) 16.86(2.03) 7.71(1.09) 7.94(1.06) 4.61(0.77)
Other Race 13.55(0.01) 14.40(1.52) 14.21(1.43) 14.99(1.80) 10.18(1.17)

Education, % < 0.001
Less than high school 14.16(0.01) 10.67(1.15) 12.03(1.34) 16.44(1.83) 18.47(2.05)
High school 22.82(0.02) 20.55(1.72) 23.08(1.94) 23.96(1.70) 23.98(2.18)
More than high school 63.03(0.04) 68.77(2.17) 64.89(2.56) 59.60(2.26) 57.55(2.74)

BMI, % < 0.0001
Normal (< 25 kg/m2) 25.22(0.01) 56.31(2.05) 20.73(1.38) 12.80(1.46) 6.63(0.98)
Overweight (25–30 kg/m2) 38.13(0.02) 34.97(2.29) 48.50(2.54) 39.65(2.10) 27.70(1.55)
Obese (> 30 kg/m2) 36.65(0.02) 8.72(1.20) 30.77(2.29) 47.54(2.42) 65.67(1.60)

PIR, % 0.0343
<1 12.92(0.01) 14.79(1.72) 10.43(0.99) 12.02(1.20) 14.66(2.13)
≥1 87.08(0.05) 85.21(1.72) 89.57(0.99) 87.98(1.20) 85.34(2.13)

Marital status, % < 0.0001
Solitude 32.11(0.01) 42.85(2.42) 26.60(1.56) 27.10(1.74) 31.30(1.30)
Cohabitation 67.89(0.04) 57.15(2.42) 73.40(1.56) 72.90(1.74) 68.70(1.30)

Smoke, % < 0.0001
Never 50.18(0.03) 59.91(2.17) 53.77(2.08) 45.83(1.97) 38.80(2.86)
Former 29.46(0.02) 16.40(1.80) 26.64(1.78) 34.02(2.14) 43.71(2.38)
Current 20.36(0.01) 23.69(1.69) 19.59(1.59) 20.16(1.63) 17.49(1.42)

Alcohol, % 0.5641
No 8.12(0.01) 9.20(1.96) 8.49(1.68) 7.37(1.28) 7.17(0.94)
Yes 91.88(0.04) 90.80(1.96) 91.51(1.68) 92.63(1.28) 92.83(0.94)

Hypertension, % < 0.0001
No 61.12(0.03) 81.67(1.75) 64.80(1.99) 53.85(1.97) 39.73(2.34)
Yes 38.88(0.02) 18.33(1.75) 35.20(1.99) 46.15(1.97) 60.27(2.34)

Diabetes, % < 0.0001
No 74.60(0.04) 92.47(1.01) 81.03(1.79) 67.33(2.02) 53.09(2.20)
Prediabetes 9.66(0.01) 4.61(0.80) 9.18(1.28) 12.48(1.61) 13.26(1.28)
Yes 15.75(0.01) 2.91(0.63) 9.79(1.28) 20.19(1.86) 33.66(2.12)

Testosterone deficiency, % < 0.0001
No 74.46(0.03) 88.33(1.39) 78.22(1.59) 71.20(1.76) 56.69(2.85)
Yes 25.54(0.02) 11.67(1.39) 21.78(1.59) 28.80(1.76) 43.31(2.85)

Abbreviations: WWI: weight-adjusted waist index; BMI, body mass index; WC, waist circumference; PIR, ratio of family income to poverty

Weighted mean ± standard error for continuous variables: comparisons were performed by the weighted linear regression model

Weighted percentage for categorical variable: comparisons were performed by the weighted chi-square test
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risk of TD. These associations were generally stable and 
linear. Specifically, there was a negative linear correla-
tion between WWI and total testosterone level (Fig. 2A), 
while the risk of testosterone deficiency exhibited a posi-
tive linear correlation with WWI (Fig. 2B).

Subgroup analysis
Table  3 lists the subgroup analyses stratified by age, 
BMI, diabetes, and hypertension, considering WWI as 
a continuous variable. The negative association between 
WWI and total testosterone level remained signifi-
cant among all subgroups without interactions (all p for 
interaction > 0.05). Similarly, the positive association 

between WWI and risk of TD also remained signifi-
cant among all subgroups without interactions (all p for 
interaction > 0.05). When the WWI was divided into 
quartiles, the results of subgroup analyses were listed in 
Table  4. The negative relationship between total testos-
terone levels and WWI quartiles remained consistent 
when comparing Q4 with Q1. The positive relationship 
between the risk of TD and WWI quartiles remained 
stable in most subgroups, except for the BMI subgroup. 
In BMI subgroup, the positive association was only sig-
nificant among overweight and obese participants with 
a BMI ≥ 25  kg/m2 (Overweight: Q4 vs. Q1: OR = 3.66, 
95%CI: 1.73, 7.75, P < 0.0001; Obese: Q4 vs. Q1: OR = 2.77, 

Table 2  The association between WWI and testosterone level from NHANES 2013–2016, weighted
WWI Non-adjusted model Model 1 Model 2
Total testosterone (ng/dl)-β (95%CI) p-value
Continuous -80.94 (-87.90, -73.99), < 0.0001 -96.67 (-105.99, -87.36), < 0.0001 -61.41( -72.53, -50.29), < 0.0001
Quartile 1 Reference Reference Reference
Quartile 2 -93.18 (-113.23, -73.12), < 0.0001 -101.43 (-122.50, -80.35), < 0.0001 -57.21 ( -78.23, -36.19), < 0.0001
Quartile 3 -106.1 (-126.99, -85.20), < 0.0001 -121.59 (-142.03, -101.16), < 0.0001 -62.23 ( -82.74, -41.72), < 0.0001
Quartile 4 -167.33 (-185.03, -149.64), < 0.0001 -189.64 (-212.11, -167.16), < 0.0001 -115.4 (-142.34, -88.45), < 0.0001
P for trend < 0.0001 < 0.0001 < 0.0001
Testosterone deficiency-OR (95% CI) p-value
Continuous 2.33(1.97,2.76), < 0.0001 2.67(2.21,3.23), < 0.0001 1.88 (1.47,2.39), < 0.0001
Quartile 1 Reference Reference Reference
Quartile 2 2.11 (1.59, 2.79), < 0.0001 2.31 (1.73, 3.08), < 0.0001 1.53 (1.14, 2.06), 0.01
Quartile 3 3.06 (2.33, 4.02), < 0.0001 3.57 (2.70, 4.71), < 0.0001 2.00 (1.49, 2.67), < 0.001
Quartile 4 5.78 (3.93, 8.51), < 0.0001 7.20 (4.75, 10.92), < 0.0001 3.38 (2.10, 5.44), < 0.001
P for trend < 0.0001 < 0.0001 < 0.001
Abbreviations: WWI: weight-adjusted waist index; BMI, body mass index; WC, waist circumference; PIR, ratio of family income to poverty; OR, odds ratio; CI, 
confidence interval; β: effect size for linear regression

Notes: Non-adjusted model with no covariates adjusted; Model 1 was adjusted for age, race, education, and PIR; Model 2 was furtherly adjusted for BMI, marital 
status, smoking, alcohol consumption, hypertension, and diabetes based on Model 1

Fig. 2  Graphics of smooth curve fittings between WWI and total testosterone level and testosterone deficiency. Blue bands represent the 95% CI from 
the fit. The solid rad line represents the smooth curve fit between variables
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95%CI: 1.07, 7.16, P = 0.039). All interaction terms indi-
cated no dependence on theses subgroup for these asso-
ciations (all p for interaction > 0.05).

Discussion
The present study investigated the association between 
WWI and total testosterone level as well as risk of TD 
using NHANES, a representative national data set. Our 
results showed a strong and negative association between 
the WWI and total testosterone level. A positive associa-
tion between WWI and risk of TD was also identified in 
all three models. Subgroup analysis and interaction test 
showed that these associations between WWI and total 
testosterone level as well as risk of TD were stable. To our 
knowledge, this is the first large-scale study to investigate 
the relationship between WWI and total testosterone 
level as well as risk of TD using nationally representative 
data.

There is a strong link between obesity and TD, and 
several studies have shown a significant negative correla-
tion between the degree of obesity and total testosterone, 
free testosterone, and bioavailable testosterone (free and 
bound to albumin) [32–36], an association that is stable 
across age groups [37]. Several other clinical studies have 
also reported a negative correlation between obesity 
level and total testosterone [16, 38–41], which was not 

affected by metabolic syndrome [42]. Specifically, several 
studies have demonstrated a relationship between mea-
sures of obesity and testosterone, with plasma total tes-
tosterone, free testosterone, and SHBG levels negatively 
correlating with WC [35, 36], and BMI and WC associ-
ated with testosterone deficiency in males with diabetes 
[39, 40]. Common comorbidities of male obesity include 
hypogonadism (low testosterone levels and accompany-
ing signs and symptoms) [43, 44]. In addition, a meta-
analysis showed that testosterone levels in men can be 
significantly elevated after weight loss through exercise, 
diet, or bariatric surgery [45].

Currently, several explanations for the association 
between obesity and TD have been proposed. First, obe-
sity can directly affect testosterone levels. Adipocytes 
express high levels of aromatase, which enzymatically 
cleaves testosterone to estrogen, reducing testosterone 
levels in the body. At the same time, estrogen can nega-
tively feedback on the hypothalamic-pituitary (HP) axis, 
inhibiting gonadotropin-releasing hormone (GnRH) and 
subsequently luteinizing hormone (LH), which leads to a 
decrease in testosterone levels, and this creates a negative 
obesity-hypogonadism cycle [46]. Additionally, adipo-
cytes may produce pro-inflammatory factors to regulate 
testosterone production. Elevated adiposity is strongly 
associated with increased plasma pro-inflammatory 

Table 3  Subgroup analysis of the association between continuous WWI and testosterone level as well as testosterone deficiency, 
weighted
Subgroup Cases/participants Total testosterone (ng/dl)-β (95%CI) p-value Testosterone deficiency-OR (95% CI) 

p-value
β (95%CI) P for interaction OR (95%CI) P for interaction

Age group 0.118 0.173
20-40y 1435/4099 -72.84 ( -87.96, -57.73), < 0.0001 2.28 (1.61, 3.23), < 0.001
40-60y 1354/4099 -55.64 ( -78.42, -32.86), < 0.001 1.72 (1.20, 2.47), 0.006
>60y 1310/4099 -55.11 ( -84.69, -25.52), 0.01 1.74 (1.09, 2.76), 0.023

BMI 0.139 0.915
Normal (< 25 kg/m2) 1115/4099 -78.63 (-111.14, -46.11), < 0.001 1.74 (1.05, 2.89), 0.003
Overweight (25-<30 kg/

m2)
1550/4099 -62.46 (-79.37, -45.55), < 0.0001 1.93 (1.24, 3.00), 0.006

Obese (≥ 30 kg/m2) 1434/4099 -51.54 (-77.35, -25.73), < 0.001 1.95 (1.40, 2.70), < 0.001
Smoke 0.517 0.069

Never 1946/4099 -59.83(-73.11, -46.55), < 0.0001 2.24(1.76,2.85), < 0.001
Former 1222/4099 -67.50(-88.35, -46.65), < 0.0001 1.98(1.33,2.95), 0.002
Current 931/4099 -60.37(-83.36, -37.37), < 0.0001 1.29(0.80,2.08), 0.28

DM 0.086 0.899
No 2686/4099 -62.90 ( -75.82, -49.98), < 0.0001 1.89 (1.47, 2.43), < 0.001
Borderline 406/4099 -41.09 ( -78.68, -3.52), 0.034 2.36 (1.12, 5.00), 0.027
Yes 825/4099 -67.34 (-101.60, -33.08), < 0.001 1.86 (1.10, 3.15), 0.025

Hypertension 0.184 0.420
No 2368/4099 -63.82 ( -78.42, -49.23), < 0.0001 1.98 (1.50, 2.61), < 0.001
Yes 1731/4099 -57.45 ( -81.21, -33.70), < 0.001 1.79 (1.24, 2.60), 0.005

Abbreviations: WWI: weight-adjusted waist index; BMI, body mass index; WC, waist circumference; PIR, ratio of family income to poverty; DM: diabetes mellitus; OR, 
odds ratio; CI, confidence interval; β: effect size for linear regression

Notes: All subgroup analyses were performed in Model 2 with age, race, education, PIR, BMI, marital status, smoking, alcohol consumption, hypertension, and 
diabetes adjusted
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Subgroup Quar-
tile 1

Quartile 2 Quartile 3 Quartile 4 P for 
trend

P for in-
teraction

Total testosterone (ng/dl)-β (95%CI)p-value
Age group 0.140

20-40y Ref -50.70( -79.45, -21.94), 0.002 -97.69(-124.70, -70.68), 
< 0.001

-124.27(-153.78, -94.75), 
< 0.001

< 0.0001

40-60y Ref -56.06( -94.11, -18.01), 0.007 -39.71( -83.89, 4.47), 0.074 -105.64(-150.10, -61.17), 
< 0.001

< 0.001

>60y Ref -60.49(-124.00, 3.01), 0.060 -68.89(-131.79, -6.00), 0.034 -128.66(-200.76, -56.57), 0.002 < 0.001
BMI 0.450

Normal (< 25 kg/m2) Ref -65.48(-116.22, − 14.73), 
0.015

-54.14(-115.91, 7.62), 0.081 -135.71(-203.04, -68.38), 
< 0.001

0.003

Overweight 
(25-<30 kg/m2)

Ref -62.03( -94.60, -29.45), 0.001 -63.08( -96.07, -30.09), 0.001 -112.29(-151.22, -73.36), 
< 0.001

< 0.0001

Obese (≥ 30 kg/m2) Ref -32.54( -71.64, 6.56), 0.095 -45.96( -82.05, -9.87), 0.016 -104.22(-155.21, -53.23), 
< 0.001

< 0.0001

Smoke 0.258
Never Ref -49.09( -77.06, -21.12), 0.002 -71.49( -98.37, -44.60), 

< 0.0001
-106.7(-137.70, -75.71), 
< 0.0001

< 0.0001

Former Ref -80.84(-137.90, -23.77), 
0.009

-68.99(-116.88, -21.10), 
0.009

-151.81(-206.32, -97.31), 
< 0.001

< 0.0001

Current Ref -51.4( -90.88, -11.92), 0.015 -43.98( -78.28, -9.68), 0.016 -93.52(-143.85, -43.20), 0.002 0.002
DM 0.095

No Ref -57.93( -81.20, -34.67), 
< 0.001

-70.35( -95.73, -44.97), 
< 0.001

-114.11(-143.22, -85.01), 
< 0.001

< 0.0001

Borderline Ref -2.96( -62.61, 56.68), 0.916 21.88( -52.56, 96.31), 0.536 -68.22(-134.46, -1.98), 0.044 0.043
Yes Ref -61.38(-114.88, -7.89), 0.028 -60.96(-101.53, -20.38), 

0.006
-126.37(-185.73, -67.01), 
< 0.001

0.001

Hypertension 0.141
No Ref -59.87( -90.00, -29.73), 

< 0.001
-72.87( -97.46, -48.28), 
< 0.001

-112.50(-145.94, -79.06), 
< 0.001

< 0.0001

Yes Ref -38.16( -76.51, 0.18), 0.052 -35.20( -69.89, -0.52), 0.047 -106.73(-153.98, -59.48), 
< 0.001

< 0.001

Testosterone deficiency-OR (95% CI) p-value
Age group 0.127

20-40y Ref 1.05 (0.62, 1.80), 0.841 2.72 (1.50, 4.91), 0.003 4.28 (2.35, 7.78), < 0.001 < 0.0001
40-60y Ref 1.80 (0.95, 3.41), 0.068 1.49 (0.77, 2.87), 0.213 3.18 (1.43, 7.08), 0.008 0.018
>60y Ref 2.62 (0.51, 13.50), 0.225 3.09 (0.68, 14.04), 0.131 4.86 (0.90, 26.23), 0.063 0.028

BMI 0.114
Normal (< 25 kg/m2) Ref 1.76 (0.69, 4.47), 0.214 1.06 (0.45, 2.56), 0.874 2.21 (0.88, 5.54), 0.085 0.228
Overweight 

(25–30 kg/m2)
Ref 1.70 (0.99, 2.92), 0.052 1.97 (0.97, 4.01), 0.059 2.77 (1.07, 7.16), 0.038 0.039

Obese (> 30 kg/m2) Ref 1.14 (0.60, 2.15), 0.671 1.98 (0.99, 3.94), 0.052 3.66 (1.73, 7.75), 0.002 < 0.0001
Smoke 0.069

Never Ref 1.68(1.11,2.52), 0.018 2.94(2.07,4.18), < 0.0001 4.55(2.91,7.12), < 0.0001 < 0.0001
Former Ref 1.94(0.92, 4.09), 0.078 1.79(0.90, 3.58), 0.092 4.32(1.81,10.33), 0.003 0.002
Current Ref 0.75(0.31, 1.81), 0.492 0.84(0.42, 1.69), 0.602 1.11(0.41, 3.00), 0.827 0.703

DM 0.616
No Ref 1.41 (1.00, 1.98), 0.051 2.00 (1.44, 2.78), < 0.001 3.28 (1.86, 5.81), < 0.001 < 0.001
Borderline Ref 2.56 (0.50, 13.08), 0.235 3.27 (0.70, 15.42), 0.122 6.70 (1.35, 33.24), < 0.024 0.015
Yes Ref 5.50 (1.27, 23.86), 0.026 4.79 (1.09, 21.06), 0.040 9.13 (2.06, 40.50), 0.007 0.008

Hypertension 0.731

Table 4  Subgroup analysis of the association between WWI quartiles and testosterone level as well as testosterone deficiency, 
weighted
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cytokines [47, 48], and related studies have found that 
pro-inflammatory cytokines are significantly higher and 
anti-inflammatory cytokines are lower in overweight and 
obese individuals than in healthy lean individuals [49]. 
Obesity particularly increases the pro-inflammatory fac-
tors interleukin-1 (IL-1), IL-6, and tumor necrosis fac-
tor-alpha (TNFα), which in turn stimulate the liver to 
produce other cytokines [50]. Inflammatory factors such 
as IL-6 and TNFα also have a role in inhibiting hypo-
thalamic adrenocorticotropic hormone secretion, which 
reduces testosterone levels [14]. The alternative expla-
nation is that a fat-derived hormone, leptin, plays a role 
between obesity and testosterone. Increased body fat in 
obese individuals dramatically raises leptin levels, which 
suppresses central kisspeptin levels, leading to decreased 
hypothalamic GnRH levels, reduced pituitary LH/FSH 
levels, and ultimately, decreased testosterone secretion in 
the testes [14, 51, 52]. In addition, elevated leptin levels 
can directly inhibit testosterone production in testicular 
cells, thus further reducing testosterone levels [51].

A number of metrics have been used as measures of 
obesity to predict correlations with associated health 
risks, such as body weight, BMI, WC, and waist-to-hip 
ratio, but these parameters do not comprehensively char-
acterize obesity, and there are variations in the strength 
of prediction in different diseases [53–55]. In fact, it is 
not obesity that is associated with testosterone levels in 
men, but rather the amount of fat, especially where it is 
distributed. Studies have reported a negative correlation 
between testosterone levels and body fat, with hypogo-
nadal men having an increase in fat mass, abdominal or 
central obesity, despite a decrease in lean body mass [56–
59]. Traditional indicators of obesity, such as BMI, are 
unable to distinguish between lean and fat body weights, 
and their accuracy has been consistently questioned in 
recent years [60–62]. Therefore, studies investigating 
relevant metrics to measure aspects of body composi-
tion may more accurately reveal the relationship between 
obesity and testosterone. In recent years, visceral fat has 
been proposed to more accurately reflect metabolic dys-
function, and it is often associated with abdominal obe-
sity [19]. WWI is an indicator based on WC and weight 
calculation, mainly reflecting the actual situation of cen-
tral obesity. Central obesity is mainly caused by the accu-
mulation of visceral fat, which is closely associated with 

endocrine and metabolic diseases [63, 64]. Moreover, 
researches also indicated strong relationship between TD 
and visceral adiposity [14]. Thus, compared to other obe-
sity measures, the WWI primarily reflects the accumula-
tion of visceral fat [28]. Given the relationship between 
adipose tissue and testosterone levels, WWI may be 
a more detailed reflection of the association between 
obesity and TD, and our study demonstrated a close 
association between WWI and TD. This study provides 
new ideas for future studies exploring the relationship 
between obesity and total testosterone level as well as 
TD. Further studies could extend the research population 
to children to investigate the impact of WWI on testos-
terone levels in children. Additionally, future research 
could evaluate the effectiveness of obesity interventions 
in improving TD.

Several results from the subgroup analyses merit fur-
ther discussion, including those from different BMI 
subgroups, smoking status, and history of hypertension 
and diabetes. We found that among obese participants 
(BMI ≥ 30 kg/m²), the decrease in total testosterone lev-
els associated with each unit increase in WWI was less 
pronounced compared to other groups, and the risk of 
TD was also lower. This may be because participants with 
higher BMI are more likely to engage in physical exer-
cise and dietary control to reduce their weight, which 
can increase testosterone levels, thereby weakening the 
observed association. For the smoking status subgroup, 
our results were consistent with previous related studies 
[65]. Among smokers, the decrease in total testosterone 
levels per unit increase in WWI was less pronounced, 
and the risk of testosterone deficiency did not reach sta-
tistical significance. The possible reasons are as follows: 
exposure to nicotine and other toxins in smokers can 
directly impair testicular function, leading to decreased 
testosterone levels [66]. Additionally, smoking com-
petes with eating for rewards, potentially reducing food 
intake and consequently obesity among smokers [67]. 
This might explain the weakened relationship between 
WWI and testosterone levels and the risk of testoster-
one deficiency in the smoking group. As for participants 
with diabetes, they are at a higher risk of TD compared 
to non-diabetics. This is due to the fact that, in addition 
to obesity, diabetic patients often have insulin resistance, 
hyperuricemia, and hyperlipidemia, all of which are 

Subgroup Quar-
tile 1

Quartile 2 Quartile 3 Quartile 4 P for 
trend

P for in-
teraction

No Ref 1.57 (1.06, 2.32), 0.027 2.12 (1.40, 3.20), 0.002 3.95 (2.47, 6.31), < 0.0001 < 0.0001
Yes Ref 1.33 (0.68, 2.59), 0.372 1.66 (0.90, 3.05), 0.097 2.72 (1.30, 5.68), 0.012 0.008

Abbreviations: WWI: weight-adjusted waist index; BMI, body mass index; WC, waist circumference; PIR, ratio of family income to poverty; DM: diabetes mellitus; OR, 
odds ratio; CI, confidence interval; β: effect size for linear regression

Notes: The continuous WWI was categorized into quartiles (Quartile 1, Quartile 2, Quartile 3, and Quartile 4). All subgroup analyses were performed in Model 2 with 
age, race, education, PIR, BMI, marital status, smoking, alcohol consumption, hypertension, and diabetes adjusted

Table 4  (continued) 
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significant risk factors for TD. Therefore, these factors 
further increase the risk of TD in diabetic patients [68]. 
Contrary to the above, we found that hypertensive partic-
ipants are at a lower risk of TD compared to non-hyper-
tensives. There is currently no evidence to suggest that 
hypertension causes TD, but TD is a significant risk fac-
tor for hypertension [69]. This implies that hypertensive 
patients might supplement with testosterone to improve 
the effectiveness of hypertension treatment, thereby miti-
gating the association between WWI and risk of TD in 
these participants. However, we must remember that 
these subgroup explanations need further research for 
validation.

There are some limitations in our study. First, since this 
study is cross-sectional, causality cannot be explored. 
Second, despite adjusting for some relevant confound-
ers, we were unable to completely exclude fluctua-
tions in other confounding variables, and therefore our 
results should be treated with caution. Third, the wide 
CI observed in the subgroup analyses may be due to the 
small sample size within each stratum, suggesting that 
the apparent interaction with age might be influenced by 
the insufficient number of participants in each age group. 
Fourth, the study lacks data on free testosterone and bio-
available testosterone, limiting the comprehensiveness of 
our findings. Additionally, due to the limitations of the 
NHANES database, our diagnosis of TD relies solely on 
a total testosterone level below 300 ng/dL without con-
sidering the symptoms and/or signs associated with TD. 
It is important to recognize that TD is not merely a bio-
chemical diagnosis but also involves a spectrum of symp-
toms such as depression and decreased energy. Finally, 
the NHANES database represents only populations from 
the US. Whether the relationship between WWI and 
testosterone exists in other national or regional popu-
lations needs to be verified by more studies. However, 
this study also has several strengths worth highlighting. 
Firstly, this is the largest study to date and the first to 
investigate the relationship between WWI and both tes-
tosterone levels and the risk of TD. The large sample size 
ensured that we could perform analyses across differ-
ent subgroups, thereby increasing the robustness of our 
results. Secondly, the high-quality NHANES data allowed 
us to include potential covariates that might influence 
the relationship between WWI and testosterone lev-
els. Additionally, we compared the strength of the asso-
ciations between WWI, BMI, WC, and weight with total 
testosterone levels and the risk of TD, thereby enriching 
the data and expanding its clinical applicability. Lastly, 
we carefully considered weighting in our data analysis, 
enhancing the representativeness of our sample and the 
reliability of our findings.

Conclusion
Analyzing a nationally representative sample, our study 
revealed a negative association between WWI and total 
testosterone level, coupled with a positive association 
between WWI and risk of TD. Importantly, these asso-
ciations remained stable across participants with differ-
ent age, BMI, hypertension, and diabetes statuses. These 
findings suggest that WWI could be a valuable tool in 
public health and clinical practice for early identification 
and intervention in high-risk populations. Incorporat-
ing WWI measurements into routine clinical evaluations 
could help healthcare providers better assess central 
obesity and its impact on hormonal health, improving 
patient outcomes. However, further prospective stud-
ies are imperative in the future to validate our find-
ings and delve into the underlying mechanisms of these 
associations.
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