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Hypertension, a major global health issue and leading cause of death, is often under-assessed by
traditional metrics like Body Mass Index which fail to capture comprehensive cardiovascular risks
associated with obesity. The Cardiometabolic Index (CMI), which evaluates abdominal obesity and
dyslipidemia, offers a more accurate assessment of visceral fat and metabolic dysfunction. In this
study, we analyzed data from 45,250 participants from the National Health and Nutrition Examination
Survey spanning 1999 to 2020. Using multivariable logistic regression, we explored the association
between CMI and hypertension, employing Restricted Cubic Spline analysis to assess non-linear
relationships and two-piecewise linear regression to identify threshold effects. Subgroup analyses
confirmed the consistency of our findings across various demographic and clinical characteristics.
Findings confirmed that hypertensive participants exhibited significantly higher CMI levels (median
0.46 vs. 0.73), with adjusted logistic regression showing a notable association between increased

CMI and hypertension prevalence (OR1.30, 95% Cl 1.25-1.35, P<0.01), characterized by a nonlinear
L-shaped curve with a critical threshold identified at a CMI value of 1.37. Subgroup analysis revealed a
more pronounced impact of CMI on hypertension in females. These results underscore CMI’s potential
to enhance cardiovascular risk assessment across diverse U.S. populations.
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Hypertension is a major global health concern, affecting approximately 1.28 billion individuals worldwide
and representing a significant challenge for public health systems!. As the leading cause of mortality globally,
hypertension exerts profound impacts on vital organs, including the heart, brain, and kidneys, while also
inflicting substantial distress on patients and their families* . In the United States (U.S.), nearly half of the adult
population (48.1%, roughly 119.9 million people) suffers from high blood pressure®. The financial implications
are staggering, with the total economic burden in the U.S. projected to rise by $130.4 billion from 2010 to 2030,
encompassing both direct healthcare costs and indirect losses such as reduced productivity®. Therefore, early
detection and effective management of risk factors for hypertension are essential to prevent its progression.
Given the significant role of obesity as both a precursor and a risk factor for hypertension, it is vital to explore
the intricate relationship between adiposity and cardiovascular risks’~’. Traditional measures such as Body Mass
Index (BMI) are widely used to assess cardiovascular risks associated with obesity. However, BMI does not
effectively reflect the actual distribution of body fat or distinguish between fat and lean mass increases'®!!.
The Cardiometabolic Index (CMI), introduced by Japanese researcher Wakabayashi in 2015, is calculated from
the waist-to-height ratio (WHR) and the triglyceride-to-HDL cholesterol ratio (TG/HDL-C)!. This index, by
integrating markers of abdominal obesity and dyslipidemia, has been validated as a robust and independent
discriminator of clinical adiposity, offering a more precise correlation with metabolic abnormalities compared
to conventional anthropometric indicators!*!4. Studies focusing on CMI have confirmed its utility in identifying
a spectrum of obesity-related and cardiovascular conditions, including diabetes, nonalcoholic fatty liver disease,
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kidney disease, atherosclerosis, and ischemic stroke!®!>15-18, Although a previous study has established a positive
correlation between CMI and hypertension incidence!, this was limited to a rural Chinese cohort, potentially
skewing the results due to unique regional dietary and lifestyle factors. Additionally, significant physiological
differences in body composition and blood lipid profiles exist between Chinese and American populations?,
suggesting that findings from one may not directly apply to the other. Given this context, there is a clear need
for research within a diverse U.S. demographic to determine if the association between CMI and hypertension
observed in China extends to the U.S.

This study seeks to investigate the relationship between CMI and the prevalence of hypertension among U.S.
adults using extensive National Health and Nutrition Examination Survey (NHANES) datasets from 1999 to
2020. By doing so, it aims to bridge the research gap on whether CMI can effectively predict hypertension in the
American population, potentially informing targeted prevention strategies and improving clinical outcomes for
a condition that impacts millions silently across the globe.

Methods

Study population

The NHANES, conducted annually since 1999 by the U.S. Centers for Disease Control and Prevention (CDC),
employs complex, multistage, stratified sampling that disproportionately includes minorities and older adults.
Ethical approval for NHANES was obtained from the National Center for Health Statistics Ethics Review Board.
Data collection methods, including household questionnaires, telephone interviews, and medical examinations,
ensured participants’ informed consent. More details on the survey’s methodology are available on the CDC
website (https://www.cdc.gov/nchs/nhanes/index.htm).

Our study utilizes NHANES data from 1999 to 2020, focusing on a representative sample of the U.S. civilian,
non-institutionalized population. The initial participant pool comprised 116,876 individuals who provided
informed consent. Using stringent inclusion criteria, we excluded those under 20 years (52,563), pregnant
women (1,635), individuals with a history of cancer, and those with incomplete data on hypertension diagnosis
(72), CMI (8,645), or other relevant covariates (2,588). Finally, 45,250 individuals participated in the study
(Fig. 1).

Calculation of cardiometabolic index

The CMI was calculated by dividing triglycerides in millimoles per liter by high-density lipoprotein cholesterol
in millimoles per liter and then multiplying the result by the ratio of waist circumference in centimeters to height
in centimeters. The formula for calculating CMI is presented as follows?!:
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Fig. 1. Flow chart of study participants selection.
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CMI =

Based on this index, participants were categorized into four groups according to quartiles. More specifically, the
first quartile (Quartile 1) served as the reference, including Quartile 1 (CMI<0.33), Quartile 2 (0.33 < CMI < 0.60),
Quartile 3 (0.60 < CMI<1.10), and Quartile 4 (CMI >1.10).

Blood pressure measurement and definition of hypertension

Blood pressure was measured during two separate sessions: at home by a trained research assistant and at a mobile
examination clinic by a skilled clinician, with three readings taken at each session. Participants were instructed
to rest quietly for five minutes before measurements were taken. To calculate the average blood pressure, the
protocol specifically excluded the first reading from each session to eliminate the initial measurement variability.
If only one reading was obtained, that reading was used as the average. For diastolic pressure, any reading
recorded as zero was excluded from the average calculation. If all diastolic readings were zero, the average
diastolic pressure was recorded as zero. The average of the second and third measurements from each session
was then used to establish systolic and diastolic blood pressures.

Hypertension was diagnosed based on the average blood pressure readings meeting any of the following
criteria: a systolic blood pressure of 130 mm Hg or higher, a diastolic blood pressure of 80 mm Hg or higher,
a self-reported history of hypertension diagnosed by a physician, or current use of medication to lower blood
pressure?. The threshold of 130/80 mmHg for diagnosing hypertension aligns with the standards set by the
American Heart Association®.

Definition of covariates

The covariates were selected based on previous literature and substantive reasoning that suggested their potential
association with both CMI levels and hypertension prevalence. Standardized questionnaires were utilized to
gather information on various factors, including age, sex, race, BMI, waist circumference, height, systolic blood
pressure (SBP), diastole blood pressure (DBP), educational level, marital status, smoking status, diabetes mellitus
history, cardiovascular disease (CVD) history, and chronic kidney disease (CKD)history. Race was categorized
into five groups: Non-Hispanic White, Non-Hispanic Black, Mexican American, Other Hispanic, and Other.
Marital status was categorized into three groups: never married, married/ living with partner, and widowed/
divorced/separated. Education was stratified into three levels: less than high school, high school or equivalent,
and more than high school. Participants were classified as never smokers, former smokers, or current smokers
based on their responses to questions about smoking at least 100 cigarettes during their lifetime and whether
they were currently smoking. CVD was assessed by a set of self-reported questionnaires. Diabetes mellitus
was defined based on any of the following criteria: self-reported diagnosis, use of insulin or hypoglycemic
medications, hemoglobin Alc (HbAlc) levels of 6.5% or higher, fasting blood glucose (FBG) levels of 7.0
mmol/L or higher, or a 2-hour postprandial glucose (2hPG) level of 11.1 mmol/L or higher?!. Prediabetes was
identified by HbAc levels between 5.7% and 6.4%, FBG levels between 5.6 mmol/L and 6.9 mmol/L, or 2hPG
levels between 7.8 mmol/L and 11.0 mmol/L**. CVD was diagnosed based on participant reports of a physician’s
confirmation of coronary heart disease, congestive heart failure, heart attack, stroke, or anginazs. CKD is defined
as persistent kidney abnormalities for at least three months, indicated by an eGFR<60 mL/min/1.73 m” or
a urine albumin-to-creatinine ratio 230 mg/g®®. The eGFR is calculated using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation based on serum creatinine?’, while urinary albumin and
creatinine levels are measured via solid-phase fluorescence immunoassay and enzymatic methods, respectively.
Detailed information on specimen collection, processing, quality assurance, and monitoring are described in the
section of the biospecimen program in NHANES.

Statistical analysis

Following NHANES analysis guidelines, data from 1999 to 2020 were integrated for this study. To account for
the varying survey cycles, we constructed combined sample weights by utilizing the 4-year weights for the 1999-
2002 period and 2-year weights for each subsequent survey cycle. These adjustments ensure that the analysis
appropriately reflects the complex, stratified sampling design of NHANES and maintains representativeness
across the entire study period.

Our analysis incorporated the complex sampling design of the NHANES, adhering to the guidelines for
utilizing NHANES data. Descriptive statistics were presented based on the normality of continuous variables,
which was assessed using histograms (Supplementary Fig. 1). Continuous variables with normal distributions
were expressed as weighted means + standard deviations (SD), while non-normally distributed variables were
reported as weighted medians (95% confidence intervals, CI). Categorical variables were presented as weighted
percentages (95% CI). Depending on the data distribution, continuous variables were analyzed using t-tests or
Mann-Whitney U tests, and categorical variables were analyzed using weighted Chi-square tests. P-values were
weighted to account for the survey design.

We examined the association between CMI levels and hypertension prevalence using both univariate and
multivariate logistic regression. For multivariate logistic regression, initial models were unadjusted, while
subsequent models accounted for various confounders. Model I adjusted for age, sex, and race, while Model II
included additional variables such as age, sex, race, marital status, educational level, smoking status, TC, and
history of diabetes mellitus, CVD, and CKD.

A dose-response relationship was explored using restricted cubic spline (RCS) analysis to assess the non-
linear associations and potential thresholds. The RCS model included 3 nodes, chosen based on recommended
practices to ensure sufficient flexibility while avoiding overfitting®>*3. The model’s fit was compared through a
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log-likelihood ratio test between a single linear model and a segmented regression model. The inflection point
of the segmented model was identified using a recursive method.

Subgroup analyses were conducted based on key demographic and health attributes, including age, sex, race,
marital status, educational level, smoking status, diabetes mellitus, CVD, and CKD. Interaction effects were
evaluated using the likelihood ratio test to determine statistical significance (P-interaction).

To ensure the robustness of the results, sensitivity analyses were conducted using data processed through
multiple imputation for missing values. The mice package in R was employed to perform multiple imputation,
generating five imputed datasets. The results of multivariate logistic regression analyses of the association
between CMI and hypertension were then reevaluated using these imputed datasets, confirming the stability of
the findings.

All analyses were performed using R statistical software (http://www.R-project.org), with statistical
significance set at a two-sided P-value of less than 0.05.

Results

Characteristics of participants

This study enrolled 45,250 participants, representing 169,174,501 non-institutionalized adults (20 years of age
and older) in the U.S., with 50.01% male and 66.94% identifying as non-Hispanic white. The median age was
45 years (interquartile [IQR]: 32-57), and the median CMI was 0.58 (IQR: 0.32-1.08). Among the participants,
53.16% (n=24,053) were diagnosed with hypertension. Characteristics stratified by hypertension status are
detailed in Table 1.

Compared to participants without hypertension, those with the condition had higher levels of mean CMI
(0.73£0.01 vs. 1.100.01), mean age (39.31+0.18vs. 52.32+0.19), BMI (27.20+0.07 vs. 30.47+0.08 kg/m?),
waist circumference (93.41+0.18 vs. 103.59£0.19), height (168.81+0.10 vs. 169.08+0.11), SBP (111.72+£0.11
mmHg vs. 132.07+0.18 mmHg), DBP (67.21+0.12 mmHg vs. 76.61+0.18 mmHg), TC (4.93+0.01 vs.
5.18+0.01), and TG (1.46+0.01 vs. 1.92+0.02), while had lower level of HDL-C (1.39+0.01 vs. 1.34+0.00)
(P<0.05). Those with hypertension were more likely to be male, less educated, of non-Hispanic white or black
race, and were often former smokers, while were less likely to be never married (P<0.05). They also had a higher
prevalence of diabetes mellitus, CVD, and CKD (P<0.05).

Association between CMI and hypertension

In exploring the link between CMI and the incidence of hypertension, our univariate logistic regression revealed
a significant association, with the details elucidated in Supplementary Table 2. Multivariate logistic regression
analysis was also conducted to evaluate the association between the CMI and the risk of hypertension, as detailed
in Table 2. The analysis demonstrated a positive correlation between CMI and hypertension across various
models. When treated as a continuous variable, each unit increase in CMI was associated with a significant
increase in the odds of developing hypertension. Specifically, the odds ratios (OR) increased by 47% in the
crude model, 41% in Model I, and 30% in Model II, each adjustment demonstrating a statistically significant
trend (P<0.01). CMI was also analyzed as a categorical variable based on quartiles. The risk of hypertension
escalated with higher CMI quartiles. In the fully adjusted model (Model II), participants in the highest quartile
(Quartile 4) were at a greater risk compared to those in lower quartiles, with ORs of 2.71 for Quartile 4, 1.98 for
Quartile 3, 1.46 for Quartile 2, and 1 (reference) for Quartile 1, indicating a significant trend across quartiles (P
for trend <0.01). The crude model adjusted for no covariates, Model I adjusted for age, sex, and race, and Model
II incorporated comprehensive adjustments for age, sex, race, marital status, educational level, smoking status,
TG, and history of diabetes mellitus, CVD, and CKD. Each successive model refinement highlighted the robust
association between elevated CMI levels and the increased likelihood of hypertension.

Detection of dose-response relationship between CMI and prevalence of hypertension

An RCS regression analysis was performed to examine the dose-response relationship between CMI and the
odds of hypertension. The analysis revealed a non-linear L-shaped curve after adjusting for age, sex, race,
marital status, educational level, smoking status, TC, and history of diabetes mellitus, CVD, and CKD (Fig. 2).
This analysis indicated a significant non-linearity in the relationship (P for non-linearity <0.01). Further
analysis employing a two-piecewise linear regression model identified a critical threshold in the CMI effect
on hypertension odd. As shown in Table 3, a CMI value of 1.37 marks this threshold. Below this threshold
(CMI<1.37), the odds of hypertension prevalence increased by 137% for each unit increase in CMI (OR=2.27,
95% CI: 2.14-2.40, P<0.01). Above this threshold (CMI > 1.37), the association plateaued, and the adjusted OR
was 1.01 (95% CI: 0.98-1.03, P=0.57), suggesting no significant relationship. In addition, RCS analyses between
CMI and SBP, as well as CMI and DBP, exhibited non-linear L-shaped trends that closely resembled the dose-
response relationship observed between CMI and hypertension (Supplementary Fig. 2).

Subgroup analysis

We conducted detailed subgroup analyses stratified by age, sex, race, marital status, educational level, smoking
status, diabetes mellitus, CVD and CKD to investigate the association between CMI levels and hypertension,
alongside performing interaction tests (Fig. 3). The analyses demonstrated a consistent and positive association
between higher CMI values and the prevalence of hypertension across most subgroups, with these associations
being statistically significant. Notably, the effect of CMI on hypertension was significantly moderated by sex,
indicating a distinct interaction (P for interaction<0.01). In contrast, other variables did not significantly alter
the relationship between CMI and hypertension (P for interaction >0.05), underscoring the robustness of CMI
as a predictor of hypertension across diverse demographic and clinical profiles.
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Hypertension
Characteristic Overall (n=45,250) Without (n=21,197) With (n=24,053) P-value
Age, years 45.00 (32.00, 57.00) 37.00 (28.00, 49.00) 52.00 (41.00, 64.00) <0.01
BMI, kg/m? 28.78+0.07 27.20+0.07 30.47+0.08 <0.01
Waist circumference, cm 98.32+0.17 93.41+0.18 103.59+0.19 <0.01
Height, cm 168.94+0.08 168.81+0.10 169.08 £0.11 0.04
SBP, mmHg 121.54+0.15 111.72+0.11 132.07£0.18 <0.01
DBP, mmHg 71.75+0.14 67.21+£0.12 76.61+0.18 <0.01
TC, mmol/L 5.05+0.01 4.93+0.01 5.18+0.01 <0.01
TG, mmol/L 1.31(0.88,2.01) 1.14 (0.79, 1.73) 1.52(1.03, 2.30) <0.01
HDL-C, mmol/L 1.37+£0.00 1.39+0.01 1.34+0.00 <0.01
CMI 0.58 (0.32, 1.08) 0.46 (0.27, 0.85) 0.73 (0.41, 1.30) <0.01
Sex <0.01
Female 49.99% (48.24%, 51.74%) | 53.41% (52.70%, 54.13%) | 46.32% (45.50%, 47.13%)
Male 50.01% (48.29%, 51.73%) | 46.59% (45.87%, 47.30%) | 53.68% (52.87%, 54.50%)
Race <0.01
Non-Hispanic White 66.94% (63.10%,70.78%) | 66.06% (64.09%,68.03%) | 67.88% (65.77%,70.00%)
Non-Hispanic Black 10.90% (10.00%,11.80%) | 9.03% (8.17%, 9.89%) 12.91% (11.59%,14.22%)
Mexican American 8.77% (7.80%, 9.74%) 10.45% (9.27%,11.64%) 6.96% (6.00%, 7.93%)
Other hispanic 6.08% (5.27%, 6.88%) 6.89% (5.97%,7.81%) 5.20% (4.42%,5.99%)
Other 7.32% (6.73%, 7.90%) 7.57% (6.90%,8.24%) 7.04% (6.38%,7.70%)
Marital status <0.01
Never married 18.84% (17.99%, 19.69%) | 24.49% (23.28%, 25.71%) | 12.77% (12.08%, 13.46%)
Married/Living with partner | 64.05% (61.44%, 66.66%) | 62.86% (61.68%, 64.03%) | 65.34% (64.31%, 66.37%)
Widowed/divorced/separated | 17.11% (16.33%, 17.89%) | 12.65% (12.06%, 13.24%) | 21.89% (21.11%, 22.67%)
Educational level <0.01
Less than high school 5.55% (5.15%, 5.95%) 4.83% (4.41%, 5.25%) 6.32% (5.79%, 6.84%)
High school or equivalent 35.24% (33.55%, 36.93%) | 32.38% (31.05%, 33.72%) | 38.31% (37.13%, 39.49%)
More than high school 59.21% (56.89%, 61.53%) | 62.79% (61.27%, 64.30%) | 55.37% (54.06%, 56.69%)
Smoking status <0.01
Never 54.70% (52.86%, 56.54%) | 57.70% (56.41%, 58.99%) | 51.48% (50.50%, 52.46%)
Current 21.52% (20.50%, 22.55%) | 22.75% (21.73%, 23.77%) | 20.21% (19.49%, 20.93%)
Former 23.78% (22.61%, 24.95%) | 19.56% (18.64%, 20.47%) | 28.31% (27.49%, 29.12%)
Diabetes mellitus <0.01
No 81.22% (78.43%, 84.01%) | 89.90% (89.31%, 90.50%) | 71.91% (71.01%, 72.81%)
Prediabetes 6.91% (6.45%, 7.37%) 4.97% (4.56%, 5.37%) 9.00% (8.41%, 9.59%)
Yes 11.87% (11.34%, 12.39%) | 5.13% (4.74%, 5.52%) 19.09% (18.43%, 19.75%)
CVD <0.01
No 92.70% (89.65%, 95.76%) | 97.16% (96.84%, 97.49%) | 87.92% (87.30%, 88.54%)
Yes 7.30% (6.82%, 7.77%) 2.84% (2.51%, 3.16%) 12.08% (11.46%, 12.70%)
CKD <0.01
No 87.46% (84.47%, 90.46%) | 93.73% (93.31%, 94.14%) | 80.75% (80.02%, 81.48%)
Yes 12.54% (11.97%, 13.10%) | 6.27% (5.86%, 6.69%) 19.25% (18.52%, 19.98%)

Table 1. General characteristics of included participants (n =45,250) according to the presence or absence

of hypertension. Values indicate the weighted mean + SD or weighted median (95% CI) or weighted % (95%
CI). The results are weighted based on the survey. BMI body mass index, SBP systolic blood pressure, DBP
diastole blood pressure, TC total cholesterol, TG triglyceride, HDL-C high-density lipoprotein cholesterol, CMI
cardiometabolic index, CVD cardiovascular disease, CKD chronic kidney disease. P values are weighted.

Sensitivity analysis

Sensitivity analysis using multiple imputed data reaffirmed the positive association between CMI and
hypertension, consistent with the findings from the weighted logistic regression. This relationship was evident
across both non-adjusted and adjusted models. In the fully adjusted Model II, each unit increase in CMI was
linked to a 30% higher likelihood of developing hypertension. Furthermore, the odds of hypertension escalated
with higher CMI quartiles, with ORs of 1.33 (95% CI: 1.24-1.42) for Q2, 1.76 (95% CI: 1.63-1.91) for Q3,
and 2.44 (95% CI: 2.27-2.63) for Q4 (Supplementary Table 4). These findings underscore the robustness and

reliability of our results derived from the sampling-weighted logistic regression analysis.

Scientific Reports |

(2025) 15:4007

| https://doi.org/10.1038/s41598-025-87029-0

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

2.0 4

Adjusted OR (95%Cl)
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Crude model Model I Model I
Exposure OR (95% CI) P-value | OR (95% CI) P-value | OR (95% CI) P-value
CMI (continuous) 1.47 (1.41, 1.54) | <0.01 1.41 (1.36, 1.47) | <0.01 1.30 (1.25, 1.35) | <0.01
CMI (categories)
Quartile 1 Ref Ref Ref
Quartile 2 1.68 (1.56, 1.81) | <0.01 1.52 (1.40, 1.65) | <0.01 1.46 (1.34, 1.58) | <0.01
Quartile 3 247 (2.28,2.68) | <0.01 | 2.19(2.00,2.40) | <0.01 | 1.98(1.81,2.17) | <0.01
Quartile 4 3.62(3.35,3.91) | <0.01 3.30 (3.04,3.58) | <0.01 2.71 (2.50,2.95) | <0.01
P for trend <0.01 <0.01 <0.01

Table 2. Multivariate logistic regression analysis of CMI for hypertension prevalence. Crude model: adjust for
none. Model I: adjust for age, sex, and race. Model II: adjust for age, sex, race, marital status, educational level,
smoking status, TC, and history of diabetes mellitus, CVD, and CKD. The results are weighted based on the
survey. OR odds ratio, CI confidence interval, Ref reference, CMI cardiometabolic index, TC total cholesterol,
CVD cardiovascular disease, CKD chronic kidney disease. P values are weighted.

P overall < 0.01
P for non-linearity < 0.01

R S e it SR

37 25 5.0 75 10.0
cmi

-

Fig. 2. Association between CMI and hypertension performed by restricted cubic spline analysis. Red lines
represent the odds ratio, and red transparent areas represent the 95% confidence intervals. The results are
weighted based on the survey. OR odds ratio, CI confidence interval, CMI cardiometabolic index.

Discussion

To the best of our knowledge, this cross-sectional study is the first to investigate the association between CMI and
hypertension within the U.S. population. Utilizing data from 45,250 participants from the NHANES, we analyzed
the association between CMI levels and the prevalence of hypertension. Our results indicate that individuals
with hypertension exhibited significantly higher CMI levels compared to their non-hypertensive counterparts.
Additionally, an increase in CMI was associated with a higher likelihood of developing hypertension, evident
in both continuous and categorical analyses of CMI. The relationship between CMI levels and hypertension
was characterized by a nonlinear, L-shaped curve, with a critical inflection point identified at a CMI value of
1.37. Subgroup analyses further validate the consistent and significant association across various demographic
and clinical subgroups, with sex showing a notable interaction effect, suggesting variations in CMI’s impact on
hypertension between male and female.
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Exposure Adjusted OR (95% CI) | P-value
Threshold value=1.37

CMI<1.37 2.27 (2.14, 2.40) <0.01
CMI>1.37 1.01 (0.98, 1.03) 0.57
Effect difference 0.44 (0.42, 0.48) <0.01

P for log likelihood ratio test <0.01

Table 3. The results of two-piecewise linear regression model between CMI and hypertension. Two-piecewise
linear regression model were adjusted for adjust for age, sex, race, marital status, educational level, smoking
status, TC, and history of diabetes mellitus, CVD, and CKD. The results are weighted based on the survey.

OR odds ratio, CI confidence interval, CMI cardiometabolic index, TC total cholesterol, CVD cardiovascular
disease, CKD chronic kidney disease. P values are weighted.

Subgroup Count Percent Adjusted OR (95% CI) P value P for interaction
Overall 45250 100.00% - 1.30(1.25,1.35) <0.01
Age 0.29
<65 36015 85.71% L 1.20(1.18,1.23) <0.01
265 9235 14.29% e 1.26 (1.16, 1.37) <0.01
Sex <0.01
Female 22492 49.99% - 1.43 (1.37, 1.50) <0.01
Male 22758 50.01% - 1.18 (1.15,1.22) <0.01
Race 0.07
Non-Hispanic White 18585 66.94% - 1.10 (1.06, 1.14) <0.01
Non-Hispanic Black 9730 10.90% . 1.15 (1.05, 1.26) <0.01
Mexican American 8060 8.77% - 1.03 (0.99, 1.08) 0.16
Other Hispanic 4068 6.08% = 1.04 (0.98, 1.09) 0.18
Other 4807 7.32% - 1.05 (0.97, 1.13) 0.20
Marital status 0.54
Never married 8512 18.84% e 1.08 (1.00, 1.16) 0.04
Married/ Living with partner 27352 64.05% - 1.06 (1.03, 1.09) <0.01
Separated/ Divorced/ Widowed 9386 17.11% - 1.10(1.04, 1.16) <0.01
Educational level 0.20
Less than High School 5093 5.55% - 1.02 (0.96, 1.08) 0.57
High school or Equivalent 16990 35.24% Ll 1.07 (1.03, 1.12) <0.01
More than High School 23167 59.21% L 1.08 (1.04, 1.12) <0.01
Smoking status 0.98
Never 25074 54.70% - 1.07 (1.03, 1.11) <0.01
Current 9649 21.52% cl 1.07 (1.02, 1.11) <0.01
Former 10527 23.78% o 1.07 (1.02, 1.13) <0.01
Diabetes mellitus 0.45
No 34400 81.22% - 1.09 (1.06, 1.13) <0.01
Borderline 3239 6.91% He— 1.04 (0.95, 1.14) 0.40
Yes 7611 11.87% L 1.07 (1.03, 1.11) <0.01
CVD 0.87
No 40933 92.70% - 1:24.(1.21,1:27) <0.01
Yes 4317 7.30% o 1.25(1.13, 1.39) <0.01
CKD 0.87
No 37867.00 87.46% - 1.25(1.21,1.28) <0.01
Yes 7383.00 12.54% - 1.24 (1.16, 1.32) <0.01
0 0s 1 15

Adjusted odds ratio (95% Cl)

Fig. 3. Association between CMI and hypertension in various subgroups. Results are expressed as
multivariable-adjusted odds ratio after controlling covariates that include age, sex, race, marital status,
educational level, smoking status, TC, and history of diabetes mellitus, CVD, and CKD, except for the variable
used in each specific subgroup analysis, which was not adjusted for in its own analysis. The results are weighted
based on the survey. OR odds ratio, CI confidence interval, Ref reference, CMI cardiometabolic index, TC total
cholesterol, CVD cardiovascular disease, CKD chronic kidney disease.

CMLI, which assesses visceral fat and metabolic dysfunction, has demonstrated its efficacy in predicting
cardiovascular diseases and diabetes!>!%!”. Our study confirms that higher CMI values are significantly correlated
with an increased prevalence of hypertension, corroborating previous findings from the Chinese population'.
Extending this validation to the U.S. population underscores CMI’s broad applicability, reinforcing its value as
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a predictive tool for hypertension across diverse demographic groups. This positive relationship between CMI
and hypertension can be explained through various physiological mechanisms, primarily the effects of visceral
adiposity and associated metabolic dysfunctions. Firstly, visceral fat, unlike subcutaneous fat, is metabolically
active and secretes a range of adipokines and inflammatory cytokines such as adiponectin, leptin, interleukin-6,
and tumor necrosis factor-a?>*’. These compounds contribute to systemic inflammation, insulin resistance,
heightened sympathetic nerve activity, and activation of the renin-angiotensin-aldosterone system (RAAS)3!-%.
Such changes compromise endothelial function and promote sodium and water reabsorption in the tubules,
culminating in increased blood pressure. Moreover, the accumulation of fat around the kidneys can compress
renal structures, impairing renal blood flow and enhancing sodium retention®. This disruption stimulates
compensatory mechanisms that elevate blood pressure, a process that is intensified by increased sympathetic
and RAAS activity, further deteriorating renal function, and escalating arterial pressure’’. Additionally, visceral
adiposity as quantified by CMI is closely linked to dyslipidemia, characterized by elevated triglycerides and
reduced HDL cholesterol. This lipid imbalance impairs endothelial function, diminishing nitric oxide production
and baroreflex sensitivity, which disrupts blood pressure regulation®®%. It also reduces the distensibility of
large elastic arteries, weakening the windkessel effect!, and subsequently raising systolic blood pressure. These
interconnected pathways underscore the multifaceted role of CMI as a significant predictor of hypertension,
highlighting its potential for targeted interventions to mitigate hypertension risk in varied populations.

To our knowledge, the previous study among the Chinese population had not investigated the potential
curvilinear relationship between CMI and hypertension'®. This study is the first to examine the nonlinear
association. After adjusting for confounding factors, our analysis revealed an L-shaped nonlinear curve
describing the relationship between CMI and hypertension. We identified a threshold CMI value of 1.37. Below
this threshold, there was a significant increase in the odds of hypertension. Above this threshold, the trend for
hypertension odds leveled off, showing no significant association. Interestingly, a similar L-shaped nonlinear
association has been observed between the Visceral Adiposity Index (VAI) and hypertension, further supporting
our findings*!. Since both CMI and VAI are measures of visceral fat, this consistency across different adiposity
indices strengthens the robustness of the identified relationship between CMI and hypertension. The emergence
of this association may be due to the body’s compensatory mechanisms for maintaining blood pressure
homeostasis either becoming overwhelmed or reaching their maximum efficiency, highlighting a delicate
balance between pathological processes and the body’s compensatory responses.

In addition to the findings above, our results revealed a significant interaction effect of sex on the association
between CMI levels and hypertension, indicating that the impact of CMI on hypertension odds is notably more
pronounced in females than in males. This disparity may stem from differences in biological characteristics
and lifestyle behaviors between the sexes*?. Although it might seem counterintuitive, considering that pre-
menopausal women are generally thought to be at lower risk for cardiovascular diseases due to estrogen’s
protective effects, elevated CMI presents a unique risk factor. This elevation typically indicates increased visceral
fat accumulation, leading to metabolic disruptions such as insulin resistance and inflammation®"3*3>3, These
metabolic disturbances can significantly diminish the protective cardiovascular effects of estrogen, unexpectedly
making premenopausal women more susceptible to hypertension compared to men as CMI rises*. This risk
becomes even more pronounced after menopause, when the sharp decrease in estrogen levels reduces its
protective roles, such as promoting nitric oxide production, essential for vasodilation and arterial flexibility*4,
and increases the activity of the RAAS, resulting in greater sodium retention and higher blood pressure®.
Furthermore, studies suggest that women tend to experience more severe anxiety symptoms under stress*¢47,
which can exacerbate the activation of the sympathetic nervous system and elevate cortisol secretion, potentially
contributing to increased blood pressure?®. Women are also more likely to engage in emotional eating behaviors
when stressed, which has been linked to elevated blood pressure?*. These factors may further explain our
findings that the impact of CMI on hypertension odds is more significant in females than in males. While
our findings provide insights into the observed sex differences, they highlight the need for further research
to explore the underlying mechanisms of this interaction and to investigate the role of lifestyle behaviors and
biological factors in shaping the association between CMI and hypertension.

This study is the first to investigate the association between the CMI and hypertension across a large and
diverse sample of the U.S. population, utilizing data from 45,250 participants from the NHANES database.
However, it is important to note some limitations in our study. The cross-sectional design limits our ability
to infer causality, and there may be residual confounding from factors not measured in the dataset. While the
findings are relevant for the U.S. population, caution should be exercised when generalizing these results to other
populations, which may differ in environmental and health dynamics. Additionally, the reliance on self-reported
diagnoses of hypertension could introduce some measurement bias. These points highlight the need for ongoing
research, especially longitudinal studies, to further validate the predictive power of CMI and refine hypertension
risk assessment strategies.

Conclusion

In conclusion, this study underscores the CMI as a significant predictor of hypertension risk within the U.S.
population, using comprehensive data from 45,250 NHANES participants. It uniquely reveals an L-shaped
nonlinear relationship between CMI and hypertension, highlighting a critical threshold effect and notable sex-
specific differences. These findings pave the way for further research to validate CMT’s utility in clinical settings
and suggest its potential inclusion in routine health evaluations to enhance hypertension management across
diverse demographic groups.
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Data availability
The data utilized in this study are derived from the NHANES: https://wwwn.cdc.gov/nchs/nhanes/Default.aspx,
and the data used are publicly available. The corresponding author can be contacted for data.
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