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Abstract 

Background  Hypertension is a prevalent chronic disease affecting over 1.2 billion people worldwide, representing 
a major modifiable risk factor for cardiovascular diseases. The Waist-to-Height Ratio (WHtR) and Triglyceride to High-
Density Lipoprotein Cholesterol (TG/HDL-C) ratio are established metabolic indicators linked to the risk of cardio-
vascular and metabolic diseases. Recently, a Cardiometabolic Index (CMI), combining WHtR and TG/HDL-C ratios, 
has been proposed to provide a comprehensive assessment of metabolic health. This study investigates the associa-
tion between CMI and hypertension using data from the National Health and Nutrition Examination Survey (NHANES).

Methods  The study utilized NHANES data from nine cycles spanning 2001 to 2018, encompassing 20,049 partici-
pants aged over 20. Exclusions were made for individuals with incomplete CMI or hypertension data, and pregnant 
women. CMI was calculated by multiplying the WHtR by the TG/HDL-C ratio. Hypertension was defined according 
to American Heart Association guidelines. The relationship between CMI and hypertension was evaluated using 
multivariate logistic regression analyses, with additional subgroup analyses conducted based on demographic factors. 
Nonlinear relationships were analyzed using smoothing curve fitting techniques.

Results  The study identified a significant positive correlation between CMI and hypertension risk, with an increase 
of one unit in CMI associated with a 9% heightened risk of hypertension (OR: 1.09, 95% CI: 1.05, 1.13). The association 
remained significant across various demographic subgroups. A nonlinear relationship was observed, with a critical 
CMI threshold of 2.64. Below this threshold, higher CMI values were associated with a progressively higher prevalence 
of hypertension, whereas beyond this threshold, further increases in CMI did not significantly correlate with an ele-
vated risk of hypertension.

Conclusion  The study demonstrates that CMI is significantly associated with hypertension risk and may serve 
as a valuable tool for early screening and risk assessment, particularly in identifying individuals at higher risk 
before reaching the critical CMI threshold. These results underscore the importance of addressing metabolic health 
in the prevention and management of hypertension. Future research should focus on longitudinal studies to establish 
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causality, explore the clinical utility of CMI in hypertension screening, and examine its applicability in diverse 
populations.

Keywords  Hypertension, Cardiometabolic Index, Waist-to-Height Ratio, Triglyceride to High-Density Lipoprotein 
Cholesterol (TG/HDL-C) ratio, Metabolic health

Introduction
Hypertension stands as one of the most prevalent chronic 
conditions globally, impacting more than 1.2 billion indi-
viduals, which accounts for one-third of the adult popula-
tion [1]. It has emerged as one of the most significant and 
costly public health challenges, and also serves as a pri-
mary modifiable risk factor for cardiovascular diseases. 
Premature deaths due to hypertension have increased by 
56.1% in the last decade [2]. Identifying and understand-
ing potential metabolic risk factors are essential for its 
prevention and management [3]. Common indicators of 
metabolic abnormalities include the waist-to-height ratio 
(WHtR) and the triglyceride to high-density lipopro-
tein cholesterol ratio (TG/HDL-C) [4, 5]. WHtR reflects 
central obesity and is a dependable predictor of cardio-
vascular and metabolic disease risk, whereas the TG/
HDL-C ratio indicates lipid metabolism disorders [6]. 
Elevated TG/HDL-C ratios are linked to a higher risk of 
atherosclerosis and cardiovascular events [7]. Recently, a 
new Cardiometabolic Index (CMI) has been proposed to 
provide a more comprehensive assessment of an individ-
ual’s metabolic health by combining the WHtR and TG/
HDL-C ratios [8, 9]. The CMI integrates two relevant risk 
factors, abdominal obesity and dyslipidemia, by multiply-
ing the WHtR by the TG/HDL-C ratio, theoretically pro-
viding stronger predictive power for risk.

Given the importance of both central obesity and lipid 
imbalances in predicting metabolic health, combining 
WHtR and TG/HDL-C into a single composite index 
(CMI) offers the potential for a more comprehensive risk 
assessment. While WHtR serves as a reliable marker for 
central obesity [10, 11], TG/HDL-C reflects lipid metab-
olism disturbances commonly associated with cardio-
vascular diseases [12]. Their combination into the CMI 
may provide a more robust and integrated understand-
ing of metabolic health. Previous studies have demon-
strated that composite indices, which integrate multiple 
metabolic risk factors, can outperform single metrics in 
predicting outcomes such as cardiovascular events and 
diabetes [13, 14]. These findings suggest that composite 
indices like CMI could provide superior risk stratifica-
tion, enhancing their clinical utility.

This study employed data from the National Health 
and Nutrition Examination Survey (NHANES) data-
base to explore the association between CMI and 
hypertension. The onset of hypertension is frequently 

linked to a range of metabolic abnormalities, such as 
insulin resistance, lipid metabolism disorders, and 
elevated visceral fat [15–17]. Therefore, examining the 
relationship between CMI and hypertension may help 
reveal the metabolic basis of hypertension and provide 
new perspectives and tools for early prevention and 
management. We hypothesized that CMI, as a com-
posite measure of WHtR and the TG/HDL-C ratio, 
is significantly associated with hypertension risk. By 
analyzing the correlation between CMI and hyperten-
sion in different populations, we aim to determine the 
value of CMI in early screening and risk assessment of 
hypertension, thereby supporting clinical practice. This 
research will enhance the comprehension of the link 
between metabolic health and hypertension, and assist 
in the timely identification and treatment of those at 
high risk for hypertension.

Methods
Study population
This research utilized data from the NHANES, a survey 
designed to represent the U.S. population, conducted 
by the Centers for Disease Control and Prevention [18, 
19]. Approval for study procedures was granted by the 
Research Ethics Review Board of the National Center 
for Health Statistics (NCHS). Informed consent in writ-
ing was obtained from all participants at enrollment 
[20]. The survey covered nine cycles over 18  years, 
from 2001 to 2018. We excluded individuals under 
20  years old (41,150 participants), those with incom-
plete or missing CMI data (29,536 participants), those 
without hypertension data (89 participants), and preg-
nant women (527 participants). Pregnant women were 
excluded because the physiological changes during 
pregnancy could significantly affect metabolic parame-
ters such as blood pressure, lipid profiles, and increased 
waist circumference, all of which could confound the 
relationship between the CMI and hypertension [21, 
22]. Individuals under 20  years old were excluded 
because hypertension in younger individuals is less 
common and may be influenced by different patho-
physiological factors. Including them could distort the 
results and misrepresent the relationship between CMI 
and hypertension in adults. Consequently, the study 
comprised 20,049 participants (Fig. 1).
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Assessment of CMI
The CMI was the primary independent variable in our 
exposure assessment. The determination of CMI fol-
lowed a previously established method. Specifically, the 
Waist-to-Height Ratio (WHtR), calculated by dividing 
the waist circumference (in centimeters) by height (in 
centimeters), is a well-established indicator of central 
obesity. It has been shown to predict cardiovascular risk 
and metabolic disturbances more effectively than other 
anthropometric measures, such as BMI [23]. Addition-
ally, the Triglyceride to High-Density Lipoprotein Cho-
lesterol (TG/HDL-C) ratio serves as a reliable marker 
of dyslipidemia and lipid metabolism disorders, both 
of which are strongly linked to hypertension and other 
cardiovascular conditions [24]. These two indices were 
selected because, together, they provide a comprehensive 
assessment of metabolic health, integrating both obesity-
related and lipid-related risk factors [25]. The CMI was 
calculated by multiplying the WHtR by the TG/HDL-C 
ratio, resulting in a unitless index that reflects combined 
metabolic health [26]. The CMI has been previously used 
in studies evaluating metabolic health and cardiovascular 

risks. The formula for CMI is: CMI = WHtR × (TG/
HDL-C ratio).

Definition of hypertension
Blood pressure measurements were taken by trained 
examiners following the American Heart Associa-
tion guidelines, as detailed on the NHANES website. 
The average blood pressure was determined from three 
readings taken consecutively in a calm environment. 
Hypertension was defined according to any of the fol-
lowing criteria: an average systolic blood pressure (SBP) 
of 140 mmHg or higher, an average diastolic blood pres-
sure (DBP) of 90  mmHg or higher, self-reported hyper-
tension, or the use of antihypertensive medication. We 
relied on clinic-based blood pressure measurements 
for the definition of hypertension, as per the guidelines 
of the American Heart Association [27]. While ambula-
tory blood pressure monitoring (ABPM) or home blood 
pressure monitoring (HBPM) would provide a more 
accurate and continuous assessment of blood pressure, 
clinic-based measurements remain a common practice 
in large-scale epidemiological studies like NHANES [28, 
29]. We acknowledge that clinic-based measurements 
may either underestimate or overestimate hypertension 
in some cases. Specifically, clinic measurements might 
overestimate the true prevalence of hypertension due 
to the "white coat effect," where individuals’ blood pres-
sure may be elevated temporarily due to anxiety in a 
clinical setting [30]. On the other hand, they could also 
underestimate hypertension by failing to capture isolated 
instances of elevated blood pressure that occur intermit-
tently or under specific conditions, which might not be 
reflected in a single clinic measurement. These measure-
ment inconsistencies could lead to misclassification of 
hypertension status, potentially diluting or exaggerating 
the observed association between CMI and hyperten-
sion [31, 32]. Therefore, while clinic-based measurements 
are widely used and practical in large-scale studies, the 
potential for error should be considered when interpret-
ing the results.

Covariables
Various demographic and health-related factors were 
included as covariates in the study. These factors 
included age, race, gender, education level, income-to-
poverty ratio (PIR), smoking and alcohol consumption 
habits, and the presence of conditions such as diabetes, 
coronary heart disease (CHD), chronic obstructive pul-
monary disease (COPD), chronic kidney disease (CKD). 
Additional covariates included hemoglobin A1c (HbA1c) 
levels, Alanine Aminotransferase (ALT) and Aspartate 
Aminotransferase (AST) levels, total cholesterol (TC), 
low-density lipoprotein cholesterol (LDL-C), and body 

Fig. 1  Flowchart of participant selection
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mass index (BMI). Self-reported variables such as smok-
ing and alcohol consumption were obtained from partici-
pant questionnaires, which may be subject to recall bias 
and inaccuracies. Clinically measured variables such as 
BMI, cholesterol levels, and HbA1c were obtained from 
NHANES laboratory assessments, which are generally 
more reliable. However, some measurement errors might 
still occur due to differences in equipment calibration or 
testing protocols. Despite these limitations, we believe 
that the comprehensive approach used in NHANES data 
collection minimizes such biases.

Statistical analysis
The relationship between CMI quartiles and demo-
graphic characteristics was examined using t-tests and 
chi-square tests. Multivariate linear and logistic regres-
sion analyses were employed to assess the association 
between CMI and hypertension, identifying linear cor-
relations. Additionally, CMI was categorized into quar-
tiles, and a trend test was performed to examine its linear 
relationship with hypertension. Subgroup analyses were 
conducted to explore this relationship across various 
demographics, including gender, age, race, BMI, and dia-
betes status. Interaction tests were performed to evaluate 
the consistency of associations across these subgroups. 
Nonlinear relationships were analyzed using smooth-
ing curve fitting techniques. All statistical analyses were 
performed using R (version 4.3.3) and EmpowerStats 
(version 6.0), with statistical significance defined as a 
two-sided p-value of less than 0.05.

Results
Baseline characteristics
The study encompassed 20,049 participants aged over 
20, with an average age of 49.95 ± 17.74 years. The cohort 
consisted of 50.27% females and 44.78% non-Hispanic 
whites. The mean CMI was 0.79 ± 1.13, with distribution 
across quartiles as follows: Quartile 1: 0.20 ± 0.06, Quar-
tile 2: 0.41 ± 0.06, Quartile 3: 0.70 ± 0.12, and Quartile 4: 
1.87 ± 1.85. Hypertension was diagnosed in 42.45% of the 
participants. Individuals in the highest CMI quartile were 
predominantly male, non-Hispanic White, with lower 
educational levels and higher PIR. Additionally, these 
participants had a higher prevalence of CHD, diabetes, 
COPD, CKD, and hypertension compared to those in 
the lowest CMI quartile. Elevated CMI values correlated 
with increases in HbA1c, ALT, AST, TG, TC, and LDL-C, 
as outlined in Table 1.

Association between CMI and hypertension
As presented in Table  2, multivariate logistic regres-
sion analyses identified a significant positive associa-
tion between CMI and hypertension risk across all three 

models. After full adjustment, each unit increase in CMI 
was linked to a 9% higher risk of hypertension (OR: 1.09, 
95% CI: 1.05, 1.13). Each unit increase in CMI represents 
a significant shift in the likelihood of developing hyper-
tension, and this association holds clinical relevance. 
A 9% increased risk per unit change suggests that even 
modest increases in CMI may be important indica-
tors for healthcare providers to monitor, as it could sig-
nify a need for early interventions to prevent the onset 
of hypertension. This highlights the potential of CMI as 
a simple, practical tool for early risk stratification. When 
CMI was analyzed by quartiles, participants in the high-
est quartile had a 50% higher risk of hypertension com-
pared to those in the lowest quartile (OR: 1.50, 95% CI: 
1.34, 1.68). A sensitivity analysis was also performed 
by adjusting the diagnostic threshold for hypertension 
from 140/90 mmHg to 130/80 mmHg. The results of this 
analysis, presented in Supplementary Table  1, demon-
strate that the association between CMI and hyperten-
sion remains consistent, reinforcing the robustness of our 
findings. A generalized model using smooth curve fitting 
demonstrated a nonlinear relationship between CMI and 
hypertension, as depicted in Fig. 2. Further analysis using 
a two-piece logistic regression model confirmed this non-
linear association (p = 0.006 for the log-likelihood ratio 
test), identifying a CMI threshold of 2.64 (Table 3). Below 
this threshold, hypertension prevalence increased with 
CMI (OR: 1.32; 95% CI: 1.22–1.42) Conversely, for CMI 
values of 2.64 or higher, further increases in CMI were 
not associated with a higher prevalence of hypertension 
(OR: 0.75; 95% CI: 0.52,1.08). This threshold effect may 
be explained by the physiological processes underlying 
metabolic health [33]. Below the threshold, increases 
in CMI reflect rising levels of central obesity and lipid 
abnormalities, which are known to contribute to hyper-
tension through mechanisms such as insulin resistance, 
inflammation, and endothelial dysfunction [34]. How-
ever, beyond this threshold, compensatory mechanisms, 
such as improved lipid metabolism or metabolic adapta-
tions, may attenuate the impact of further increases in 
CMI [35]. Future research should explore these potential 
biological mechanisms, including how genetic factors 
or other comorbidities might influence this nonlinear 
relationship.

Subgroup analyses
Subgroup analyses and interaction tests were con-
ducted to evaluate the consistency of the CMI-hyper-
tension association across various demographic 
groups, including age, gender, race, BMI, and diabetes 
status (Fig.  3). However, this association is not con-
sistent in terms of findings. Significant interactions 
were observed for race (P for interaction = 0.0145) 
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Table 1  Weighted baseline characteristics of the study population according to CMI Quartiles

Characteristics CMI P-value

Q1 (N = 5012) Q2 (N = 5012) Q3 (N = 5012) Q4 (N = 5013)

Age (years) 45.80 ± 18.14 50.15 ± 18.12 51.92 ± 17.54 51.94 ± 16.37  < 0.001

Gender, (%)  < 0.001

  Male 1952 (38.95%) 2391 (47.71%) 2586 (51.60%) 3041 (60.66%)

  Female 3060 (61.05%) 2621 (52.29%) 2426 (48.40%) 1972 (39.34%)

Race/Ethnicity, (%)  < 0.001

  Non-Hispanic White 2103 (41.96%) 2203 (43.95%) 2175 (43.40%) 2496 (49.79%)

  Mexican American 512 (10.22%) 759 (15.14%) 977 (19.49%) 1115 (22.24%)

  Non-Hispanic Black 1448 (28.89%) 1155 (23.04%) 884 (17.64%) 521 (10.39%)

  Other races 949 (18.93%) 895 (17.86%) 976 (19.47%) 881 (17.57%)

Education level, (%)  < 0.001

  Some college or above 3050 (60.85%) 2638 (52.63%) 2403 (47.94%) 2147 (42.83%)

  High school 1040 (20.75%) 1155 (23.04%) 1184 (23.62%) 1229 (24.52%)

  Less than high school 922 (18.40%) 1219 (24.32%) 1425 (28.43%) 1637 (32.66%)

PIR, (%)  < 0.001

  ≤ 1.3 1645 (32.82%) 1493 (29.79%) 1342 (26.78%) 1253 (25.00%)

  > 1.3, < = 3.5 2161 (43.12%) 2171 (43.32%) 2269 (45.27%) 2144 (42.77%)

  > 3.5 1206 (24.06%) 1348 (26.90%) 1401 (27.95%) 1616 (32.24%)

Smoke, (%)  < 0.001

  Never Smoker 3054 (60.93%) 2803 (55.93%) 2610 (52.08%) 2305 (45.98%)

  Former Smoker 1027 (20.49%) 1209 (24.12%) 1309 (26.12%) 1496 (29.84%)

  Current Smoker 931 (18.58%) 1000 (19.95%) 1093 (21.81%) 1212 (24.18%)

Alcohol Use, (%)  < 0.001

  Never 602 (12.01%) 645 (12.87%) 642 (12.81%) 639 (12.75%)

  Former 521 (10.40%) 756 (15.08%) 882 (17.60%) 1004 (20.03%)

  Mild 2137 (42.64%) 2031 (40.52%) 1991 (39.72%) 1836 (36.62%)

  Moderate 897 (17.90%) 664 (13.25%) 589 (11.75%) 557 (11.11%)

  Heavy 855 (17.06%) 916 (18.28%) 908 (18.12%) 977 (19.49%)

Hypertension, (%)  < 0.001

  No 3529 (70.41%) 2990 (59.66%) 2663 (53.13%) 2357 (47.02%)

  Yes 1483 (29.59%) 2022 (40.34%) 2349 (46.87%) 2656 (52.98%)

CHD, (%)  < 0.001

  No 4888 (97.53%) 4841 (96.59%) 4764 (95.05%) 4701 (93.78%)

  Yes 124 (2.47%) 171 (3.41%) 248 (4.95%) 312 (6.22%)

Diabetes, (%)  < 0.001

  No 4594 (91.66%) 4253 (84.86%) 3867 (77.15%) 3356 (66.95%)

  Yes 418 (8.34%) 759 (15.14%) 1145 (22.85%) 1657 (33.05%)

COPD, (%)  < 0.001

  No 4841 (96.59%) 4795 (95.67%) 4776 (95.29%) 4751 (94.77%)

  Yes 171 (3.41%) 217 (4.33%) 236 (4.71%) 262 (5.23%)

CKD, (%)  < 0.001

  No 4384 (87.47%) 4215 (84.10%) 4046 (80.73%) 3819 (76.18%)

  Yes 628 (12.53%) 797 (15.90%) 966 (19.27%) 1194 (23.82%)

BMI (Kg/m2)  < 0.001

  < = 25 674 (13.45%) 1486 (29.65%) 2216 (44.21%) 2822 (56.29%)

  > 25, < = 30 1392 (27.77%) 1853 (36.97%) 1880 (37.51%) 1702 (33.95%)

  > 30 2946 (58.78%) 1673 (33.38%) 916 (18.28%) 489 (9.75%)

CMI 0.20 ± 0.06 0.41 ± 0.06 0.70 ± 0.12 1.87 ± 1.85  < 0.001

HbA1c (%) 5.43 ± 0.65 5.63 ± 0.90 5.83 ± 1.14 6.09 ± 1.39  < 0.001
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Mean ± SD for continuous variables: the P value was calculated by the weighted linear regression model. (%) for categorical variables: the P value was calculated by 
the weighted chi-square test

Abbreviation: BMI body mass index, PIR poverty income ratio, CKD chronic kidney disease, COPD Chronic Obstructive Pulmonary Disease, CHD coronary heart disease, 
CMI cardiometabolic index, HbA1c Hemoglobin A1c, ALT Alanine Aminotransferase, AST Aspartate Aminotransferase, Triglyceride Triglycerides, Total cholesterol Total 
Cholesterol, HDL-cholesterol High-Density Lipoprotein Cholesterol, LDL-cholesterol Low-Density Lipoprotein Cholesterol

Table 1  (continued)

Characteristics CMI P-value

Q1 (N = 5012) Q2 (N = 5012) Q3 (N = 5012) Q4 (N = 5013)

ALT (IU/L) 21.54 ± 33.70 23.13 ± 16.35 25.99 ± 16.97 31.01 ± 34.22  < 0.001

AST (IU/L) 25.06 ± 31.38 24.65 ± 20.72 25.03 ± 15.29 27.19 ± 18.97  < 0.001

Triglyceride (mmol/L) 0.67 ± 0.20 1.03 ± 0.25 1.45 ± 0.35 2.81 ± 2.14  < 0.001

Total cholesterol (mmol/L) 4.76 ± 0.96 4.92 ± 1.02 5.04 ± 1.06 5.35 ± 1.22  < 0.001

HDL- cholesterol(mmol/L) 1.79 ± 0.43 1.46 ± 0.29 1.26 ± 0.25 1.04 ± 0.22  < 0.001

LDL- cholesterol(mmol/L) 2.66 ± 0.79 2.99 ± 0.88 3.11 ± 0.94 3.09 ± 0.96  < 0.001

Table 2  Association between CMI and hypertension

Model 1: no covariates were adjusted

Model 2: age, gender, and race were adjusted

Model 3: age, gender, race, education level, PIR, smoking behavior, drinking behavior, CHD, Diabetes, COPD, CKD, HbA1c, ALT, AST, and BMI were adjusted

Exposure Model 1 [OR (95% CI)] Model 2 [OR (95% CI)] Model 3 [OR (95% CI)]

Continuous CMI 1.26 (1.21, 1.30) < 0.0001 1.32 (1.27, 1.37) < 0.0001 1.09 (1.05, 1.13) < 0.0001

CMI classification

Quartile 1 Reference Reference Reference

Quartile 2 1.61 (1.48, 1.75) < 0.0001 1.49 (1.36, 1.64) < 0.0001 1.15 (1.04, 1.27) 0.0067

Quartile 3 2.10 (1.93, 2.28) < 0.0001 2.02 (1.84, 2.22) < 0.0001 1.26 (1.13, 1.40) < 0.0001

Quartile 4 2.68 (2.47, 2.91) < 0.0001 3.04 (2.76, 3.35) < 0.0001 1.50 (1.34, 1.68) < 0.0001

Fig. 2  Nonlinear association between CMI and hypertension. The figure shows the relationship between the Cardiometabolic Index (CMI) 
and the prevalence of hypertension, as analyzed using a smoothing curve fitting technique. The solid red line represents the smoothed curve fit, 
illustrating the nonlinear association between CMI and hypertension risk. The shaded blue area around the curve indicates the 95% confidence 
interval, which provides an estimate of the uncertainty in the relationship. The figure highlights a critical CMI threshold of 2.64, below which the risk 
of hypertension increases with higher CMI values. Beyond this threshold, the relationship between CMI and hypertension weakens, as indicated 
by the plateau of the curve
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and diabetes status (P for interaction = 0.0011). In 
individuals without diabetes, the risk of hyperten-
sion increased by 14% per 1 unit increase in CMI. In 
contrast, among those with diabetes, the association 
between CMI and hypertension became a non-sig-
nificant positive relationship. Similarly, in both Non-
Hispanic White and Non-Hispanic Black populations, 
the risk of hypertension increased by 15% per 1 unit 
increase in CMI, whereas in Mexican American and 
Other races, the association was not statistically sig-
nificant. However, the relationship between CMI and 
hypertension remained consistent across age, sex, and 
BMI subgroups (P > 0.05 for interaction).

Discussion
Our analysis of NHANES data revealed a significant 
positive association between CMI and the risk of hyper-
tension, which remained strong even after adjusting for 
confounding factors. Subgroup analyses confirmed this 
association across various demographics. We also found 
a nonlinear relationship, with a critical threshold at a 
CMI of 2.64. Our results endorse the use of CMI as an 
effective tool for early hypertension screening and risk 
evaluation, integrating measures of central obesity and 
lipid metabolism disorders to inform targeted preventive 
strategies.

As far as we know, this study is the first to investigate 
the connection between CMI and hypertension. Previous 
studies have demonstrated that the WHtR [36, 37] and 
the TG/HDL-C [38] are independently associated with 
cardiovascular and metabolic disease risks. Notably, an 
elevated WHtR has been linked with a heightened likeli-
hood of developing coronary heart disease, diabetes, and 
increased overall mortality [39, 40]. Conversely, the TG/
HDL-C ratio serves as an indicator of lipid metabolism 
disorders and has been associated with a higher risk of 
atherosclerosis and cardiovascular events [41, 42]. An 
elevated TG/HDL-C ratio is recognized as an indicator 
of insulin resistance, which is strongly associated with 
metabolic syndrome and cardiovascular diseases [43]. 
Although these studies have respectively highlighted the 
links between WHtR and TG/HDL-C with cardiovas-
cular diseases, our research is the first to combine these 
two indices into a comprehensive measure, the CMI, 

Table 3  Results of two-piecewise logistic-regression model

Two-piecewise logistic-regression model was used to calculate the threshold 
effect of the CMI. If the log likelihood ratio test > 0.05, it means the two-
piecewise logistic regression model is not superior to the single-line logistic 
regression model

Adjustment Model was adjusted for age, gender, race, education level, PIR, 
smoking behavior, drinking behavior, CHD, Diabetes, COPD, CKD, HbA1c, ALT, 
AST, and BMI

Outcome: HYPERTENSION (dichotom)

Risk factor of interest: CMI (Index, dimensionless)

* Inflection point (K) of CMI 2.64

* Effect size OR (95% CI) for CMI < K 1.32 (1.22, 1.42)

* Effect size OR (95% CI) for CMI ≥ K 0.75 (0.52, 1.08)

P for log likelihood ratio test 0.006

Fig. 3  Subgroup analysis of the association between CMI and hypertension. Age, gender, race, education level, PIR, smoking behavior, 
drinking behavior, CHD, Diabetes, COPD, CKD, HbA1c, ALT, AST, and BMI were adjusted. In the subgroup analyses, the model is not adjusted 
for the stratification variable itself
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potentially enhancing the predictive power for hyperten-
sion risk. Currently, several established risk prediction 
models, such as the Framingham Risk Score [44] and 
Arteriosclerotic Cardiovascular Disease (ASCVD) Risk 
Calculator [45], are commonly used to assess the likeli-
hood of hypertension and cardiovascular events. These 
models primarily consider factors like age, gender, blood 
pressure, and cholesterol levels to predict risk. Addition-
ally, hypertension management guidelines, such as those 
from the American Heart Association (AHA) [46] and 
the European Society of Cardiology (ESC) [47], focus on 
controlling blood pressure through lifestyle modifica-
tions and pharmacotherapy, based on these traditional 
risk factors. However, these models may not fully account 
for the complex interplay between multiple metabolic 
pathways and their combined effect on hypertension risk. 
Incorporating CMI into existing risk prediction mod-
els could enhance their ability to identify individuals at 
high risk of hypertension earlier, particularly those whose 
metabolic disturbances may not be captured by tradi-
tional single-factor models. Unlike the use of WHtR or 
TG/HDL-C ratio alone, CMI integrates two critical meta-
bolic abnormalities-central obesity and lipid metabolism 
disorders-providing a more comprehensive assessment 
of metabolic health [48, 49]. Through this comprehen-
sive evaluation method, we can more accurately identify 
high-risk individuals, supporting early intervention and 
management in clinical practice. In contrast, previous 
studies that focused solely on single metabolic indicators 
might underestimate or overlook the impact of interac-
tions between different metabolic pathways on hyperten-
sion risk [50, 51]. Therefore, our study has significant 
methodological advantages, contributing to a more com-
prehensive understanding of the complexity of metabolic 
health and its impact on hypertension. Integrating CMI 
into hypertension management guidelines could lead to 
more personalized treatment strategies, enabling clini-
cians to identify patients who might benefit from early 
interventions targeting multiple metabolic risk fac-
tors, rather than focusing on blood pressure alone. This 
approach could ultimately improve patient outcomes 
by addressing the root causes of hypertension in a more 
holistic manner.

Additionally, CMI not only integrates two important 
metabolic indicators but also considers their potential 
interactions, making it more sensitive and specific in pre-
dicting hypertension risk [4]. In contrast, previous studies 
that focused solely on single metabolic indicators might 
underestimate or overlook the impact of interactions 
between different metabolic pathways on hypertension 
risk. Therefore, our study has significant methodologi-
cal advantages, contributing to a more comprehensive 
understanding of the complexity of metabolic health 

and its impact on hypertension. By considering these 
interactions, CMI can offer a more nuanced approach to 
managing hypertension, providing a clearer pathway for 
clinicians to address the underlying metabolic factors 
contributing to the disease.

Further analyses identified a non-linear correlation 
between CMI and hypertension, demonstrating that 
when CMI values were below 2.64, the prevalence of 
hypertension rose as CMI values increased. However, 
when CMI values exceeded 2.64, the association between 
increasing CMI and hypertension risk was not significant. 
This finding provides a new perspective on the complex 
relationship between metabolic health and hypertension. 
Our results lay the foundation for future research, sug-
gesting further investigation into the application of CMI 
in different populations and assessing whether combining 
CMI with other metabolic indices can improve predictive 
accuracy. Additionally, longitudinal studies are needed to 
better understand the causal relationship between CMI 
and hypertension, providing more robust evidence for 
clinical practice. Several mechanisms may explain the 
positive association identified between CMI and hyper-
tension in our study. First, a higher WHtR reflects central 
obesity, which is closely associated with increased vis-
ceral fat [52]. Visceral fat contributes to insulin resistance 
and metabolic syndrome, both recognized as significant 
risk factors for hypertension [53–55]. Similarly, a higher 
TG/HDL-C ratio signals lipid metabolism disorders, 
linked to a heightened risk of atherosclerosis and ensuing 
cardiovascular events [56, 57]. The combination of these 
factors in CMI may more comprehensively reflect meta-
bolic health, thereby enhancing its predictive power for 
hypertension. Chronic inflammation and oxidative stress 
associated with central obesity, lipid metabolism disor-
ders, and thyroid dysfunction may collectively promote 
the development and progression of hypertension. These 
interconnected metabolic disturbances, including the 
impaired thyroid function that often contributes to dys-
lipidemia and metabolic slowdowns, can amplify the risk 
of hypertension [58]. Thus, utilizing CMI as a compre-
hensive index can more effectively identify and manage 
individuals at high risk. Central obesity is not only related 
to hypertension but also associated with various cardio-
vascular diseases and metabolic disorders [59, 60]. Excess 
visceral adipose tissue can lead to adipocyte hypertrophy 
and dysfunction, triggering a cascade of inflammatory 
responses [61]. Adipocytes release pro-inflammatory 
cytokines, including tumor necrosis factor-alpha (TNF-
α) and interleukin-6 (IL-6), which trigger systemic 
inflammation, ultimately affecting vascular function and 
raising the risk of hypertension [62]. Moreover, the accu-
mulation of visceral fat is directly linked to fatty liver 
and insulin resistance, which are fundamental aspects 
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of metabolic syndrome and important risk factors for 
hypertension [63, 64]. Conversely, a higher TG/HDL-C 
ratio indicates dyslipidemia, characterized by elevated 
triglyceride levels and reduced high-density lipoprotein 
cholesterol. Dyslipidemia is intimately associated with 
the progression of atherosclerosis, the fundamental path-
ological underpinning of hypertension and cardiovascu-
lar diseases [65]. High triglyceride levels contribute to the 
generation of small, dense low-density lipoprotein (LDL) 
particles, which tend to deposit within arterial walls, 
leading to the formation of atherosclerotic plaques [66]. 
Meanwhile, low high-density lipoprotein levels reduce 
the protective effects on arterial walls, further increas-
ing the risk of atherosclerosis [67]. Additionally, lipid 
metabolism disorders may affect blood pressure regula-
tion through oxidative stress and endothelial dysfunction 
[68]. Oxidative stress arises from an imbalance between 
the generation of reactive oxygen species and their clear-
ance, resulting in cellular and tissue damage [69]. Lipid 
peroxidation is a major manifestation of oxidative stress, 
which not only directly damages vascular endothelial 
cells but also promotes inflammatory responses and the 
progression of atherosclerosis, indirectly affecting blood 
pressure regulation [70]. Research has demonstrated a 
significant correlation between elevated triglyceride lev-
els, reduced high-density lipoprotein levels, and markers 
of oxidative stress, which may contribute to the increased 
risk of hypertension associated with the TG/HDL-C ratio 
[71]. Furthermore, central obesity and lipid metabolism 
disorders are often accompanied by insulin resistance, 
which has a complex interaction with hypertension [72]. 
Insulin resistance can lead to elevated plasma insulin lev-
els, which not only increase blood volume through renal 
sodium retention but also directly influence blood pres-
sure by activating the sympathetic nervous system and 
promoting vascular smooth muscle cell proliferation 
[73]. Moreover, insulin resistance leads to an increase in 
insulin-like growth factor-1 (IGF-1) levels, which are inti-
mately linked to vascular remodeling and atherosclerosis, 
thereby further elevating the risk of hypertension [74]. 
It is noteworthy that the predictive power of CMI for 
hypertension comes not only from the additive effects of 
single metabolic abnormalities but also from the poten-
tial interactions between these indices. Central obesity 
and lipid metabolism disorders may synergize through 
shared metabolic pathways and pathological mecha-
nisms, contributing to the development and progres-
sion of hypertension. For example, chronic inflammation 
induced by central obesity may exacerbate lipid metabo-
lism disorders, while lipid metabolism disorders may fur-
ther worsen insulin resistance and oxidative stress [75, 
76]. These interacting factors ultimately lead to elevated 
blood pressure. Therefore, CMI as a comprehensive 

index can more fully reflect an individual’s metabolic 
health status and, by integrating multiple metabolic 
abnormalities, improve the accuracy of hypertension pre-
diction. In summary, the relationship between CMI and 
hypertension may be mediated through multiple complex 
mechanisms, including central obesity, lipid metabolism 
disorders, chronic inflammation, oxidative stress, and 
insulin resistance. These mechanisms not only indepen-
dently contribute to the development of hypertension 
but also interact to further exacerbate the risk. Our study 
highlights the importance of CMI as a comprehensive 
metabolic health assessment index, providing new per-
spectives and methods for future hypertension preven-
tion and treatment strategies.

This study exhibits several key strengths. Firstly, the 
utilization of a large, nationally representative sample 
from NHANES significantly enhances the generaliz-
ability and representativeness of the findings. Secondly, 
extensive adjustments for multiple potential confound-
ers were conducted, thereby improving the reliability of 
the results. The identification of a nonlinear relationship 
between CMI and hypertension provides more nuanced 
insights into the impact of metabolic health on hyper-
tension risk. Nonetheless, this study is subject to certain 
limitations. Given its cross-sectional design, causal infer-
ences between CMI and hypertension cannot be estab-
lished. Additionally, some potential confounders, such as 
dietary habits, physical activity levels, and other unmeas-
ured variables, were not fully controlled, which may 
have influenced the observed associations. The poten-
tial for residual confounding remains a concern, as these 
unmeasured factors could affect the relationship between 
CMI and hypertension. Future studies could address 
these limitations by incorporating longitudinal data to 
better capture causal pathways and by including addi-
tional covariates such as physical activity and diet, which 
may provide a more comprehensive understanding of the 
factors influencing hypertension risk.

Conclusion
In conclusion, our study suggests that the CMI is signifi-
cantly associated with the risk of hypertension and may 
be a useful tool for early screening and risk assessment. 
Given the findings from a nationally representative sam-
ple, incorporating CMI into clinical practice could aid 
in identifying individuals at risk for hypertension at an 
earlier stage, allowing for timely interventions. Promot-
ing the use of CMI in public health initiatives could help 
address hypertension on a broader scale. Future research 
should focus on longitudinal studies to further establish 
the causal relationship between CMI and hypertension 
and explore its applicability across different populations.
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