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Objective: To explore the association between the composite metabolic index
(ZJU index) and hypertension using data from the National Health and
Nutrition Examination Survey (NHANES).

Methods: NHANES data from 2003 to 2018 were analyzed. Participants were
categorized into hypertension and non-hypertension groups. Logistic
regression models evaluated the relationship between ZJU index and
hypertension. Restricted cubic spline (RCS) and threshold effect analyses
assessed nonlinear associations. Subgroup and interaction analyses tested
robustness and heterogeneity. The predictive ability of the ZJU index across
age groups was evaluated using receiver operating characteristic (ROC) curves.
Results: After adjusting for covariates, each unit increase in ZJU index was
associated with a 7% higher odds of hypertension (OR=1.07; 95% Cl. 1.06-
1.07). Participants with higher ZJU index values had significantly increased risk
compared to the reference group (OR=23.73; 95% CI: 3.25-4.29). RCS
analyses indicated a nonlinear positive association, with a threshold inflection
point at 53.22. Subgroup analyses confirmed consistent associations across all
subgroups, while significant interactions were observed for age, education,
diabetes history, and smoking status (P<0.05). The ZJU index showed
moderate predictive ability in individuals under 60 years (AUC = 0.691) and low
predictive value in those aged 60 and above (AUC = 0.604).

Conclusions: An elevated ZJU index is significantly associated with increased
hypertension risk among U.S. adults, with a nonlinear dose-response
relationship observed.
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1 Introduction

The disease burden of hypertension, a major public health problem worldwide, has
risen significantly over the past few decades (1). Despite advances in diagnostic and
therapeutic techniques and medications, many people still fail to have their blood
pressure diagnosed in a timely manner or effectively controlled (2, 3). This situation
not only increases the health burden of individual patients, but also has a broad impact
on cardiovascular disease (CVD) morbidity and mortality (4-7). Hypertension is one of
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the most important controllable risk factors for complications such
as ischemic heart disease, stroke, and renal failure, and poses a
serious threat to public health (8-11). Although existing
strategies have made some progress in improving early detection,
relevant risk assessment tools still face many challenges,
especially in the development of non-invasive and cost-effective
assessment methods (12-15). Therefore, there is an urgent need
to find novel metabolism-related markers to optimize early risk
identification and stratification strategies for hypertension.
Among the various metabolic indices developed to assess
cardiometabolic risk, the homeostasis model assessment of
insulin resistance (HOMA-IR) and the triglyceride-glucose (TyG)
index have been widely utilized (16-19). However, these markers
typically focus on a single metabolic pathway such as insulin
resistance or dysglycemia, and may not fully reflect the complex,
health

hypertension. In recent years, the ZJU index has received

multidimensional nature of metabolic related to
increasing attention as an emerging comprehensive metabolic
marker. The index is able to reflect the metabolic health level of
an individual in a multidimensional way by integrating several
metabolism-related indexes, including body mass index (BMI),
(FBG), (TG),
aminotransferase/aspartate aminotransferase ratio (ALT/AST),
and a gender correction factor (20, 21). Unlike HOMA-IR or

TyG, the ZJU index simultaneously incorporates factors of

fasting blood glucose triglyceride alanine

obesity, glucose and lipid metabolism, liver function, and sex
differences, thus providing a more comprehensive depiction of an
individual’s metabolic status. Each of these components is closely
associated with established mechanisms underlying hypertension,
such as insulin resistance, systemic inflammation, obesity, and
hepatic dysfunction (22, 23). For example, the ALT/AST ratio
serves as a surrogate for liver injury, and abnormalities in liver
function are often accompanied by hyperactivation of
inflammatory responses and endothelial dysfunction, all of which
have a significant impact on blood pressure regulation (24-26).
The ZJU index has previously been shown to demonstrate
superior efficacy over traditional metabolic indices (such as the
visceral adiposity index and the fatty liver index) in the
assessment of risk for nonalcoholic fatty liver disease (NAFLD)
(27). The index has also been shown to be effective in the
assessment of risk for type 2 diabetes mellitus. It has also shown
potential value in the prediction of type 2 diabetes and
cardiovascular comorbidities (28). However, existing studies have
paid less attention to the specific relationship between the ZJU
index and hypertension, especially its nonlinear effect in blood
pressure and its applicability as a risk stratification tool, which
still needs further validation.

Nevertheless, most existing research has either focused on
indices such as HOMA-IR and TyG or studied the ZJU index in
the context of liver disease and diabetes, while the direct
association between the ZJU index and hypertension remains
largely unexplored. To our knowledge, no previous study has
systematically examined the potential nonlinear relationship
between the ZJU index and hypertension, or evaluated its
performance as a risk stratification tool in diverse populations.
Therefore, the present study, utilizing a representative U.S. adult
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population from the National Health and Nutrition Examination
Survey (NHANES), aims to fill this research gap by investigating
the association between the ZJU index and hypertension, as well
as its predictive value for hypertension risk. This work is
expected to provide important evidence to support the
development of more accurate early risk assessment and

management strategies for hypertension.

2 Methods
2.1 Study design and population

The present study utilized data from the ongoing NHANES,
which is conducted by the National Center for Health Statistics,
a division of the Centers for Disease Control and Prevention
(CDC). For more detailed information regarding NHANES,
please refer to the CDC’s dedicated website (http://www.cdc.gov/
NHANES
sampling methodologies to gather comprehensive data from a

nchs/nhanes/). employs multi-stage probability
representative sample of the non-institutionalized U.S. civilian
population. Ethical approval for the original NHANES data
collection was granted by the Institutional Review Board of the
National Center for Health Statistics (NCHS), with informed
consent obtained from all participants. In accordance with ethical
guidelines, de-identified NHANES data are publicly accessible. In
this study, researchers who were not involved in the initial
NHANES program accessed and analyzed the data; thus,
secondary analysis did not necessitate additional ethical approval.

Data from eight survey cycles spanning 2003 to 2018 were
selected to investigate the relationship between the ZJU index
and the prevalence of hypertension. Figure 1 illustrates the
participant selection process. Initially, individuals without ZJU

(n=61950) those with incomplete
data (n=90) excluded. Additionally,
individuals under the age of 20 (n=4901), those with missing
dringking status and PIR data (n =4820) were excluded from the
analysis. Participants with missing data on PIR and drinking

index records and

hypertension were

status were excluded because these variables are important
socioeconomic and lifestyle factors, respectively. Incomplete data
on these could lead to residual confounding and reduced model
validity, as both factors are known to influence hypertension risk
and were included as essential covariates in the regression
models. The resulting dataset comprised 14,084 individuals with
complete information, of whom 5,976 had hypertension.

2.2 Definition of ZJU index

The ZJU index was calculated as originally proposed by [Wang
et al. (21)]:

ZJU index = FPG (mmol/L) + BMI(kg/m?) + 3*ALT(U/L)/AST
(U/L)ratio (+2 if female) + TG (mmol/L) (21, 28, 29).
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Participants fom NHANES
2003-2018(n=85845)
d Without ZJU index data
! (n=61950)
v
Remained participants
(n=23895)
Missing hypertension data
. (n=90)
Remained participants
(n=23805)
> Age<20 (n=4901)
Remained participants
(n=18904)
Missing value of drinking status
> and PIR (n=4820)
v
Remained participants
(n=14084)

The flowchart of study participants.

2.3 Definition of hypertension

Blood pressure measurements were taken by trained health
professionals using a mercury sphygmomanometer in the Mobile
Examination Centre (MEC). Measurements were taken in a
sitting position, mainly using the right arm, unless otherwise
stated. After participants rested for 5min, 3 consecutive blood
pressure readings were taken and the average of these 3 readings
was used for subsequent analysis. Hypertension was defined as
systolic blood pressure >140 mmHg, diastolic blood pressure
>90 mmHg, or self-reported physician-diagnosed hypertension or
use of antihypertensive medication (30).

2.4 Covariables

To minimise potential confounding when analysing the
relationship between the ZJU index and hypertension, we used a
multivariate adjustment model. Covariates included in the
multivariate models were selected based on previous literature
and known associations with both metabolic indices and

hypertension, aiming to adjust for potential confounding.

Frontiers in Cardiovascular Medicine 03

Demographic (age, gender, race, education level, PIR), health
status (diabetes, cardiovascular disease, cancer), laboratory
measures (LDL, HDL, TC), and lifestyle factors (smoking,
alcohol consumption) were all included, as each has been
independently associated with hypertension risk in prior large-
scale epidemiological studies.PIR is calculated by dividing
household or individual income by the poverty threshold
adjusted annually for inflation and family size, serving as a
measure of socioeconomic status. Participants are categorized
into three groups based on PIR: low income (PIR <1), middle
income (PIR=1-4), and high income (PIR>4) (31).Diabetes
was determined by self-reported physician diagnosis, use of
insulin or oral hypoglycaemic agents, and fasting plasma glucose
>7.0 mmol/L or HbAlc>6.5%
(including congestive heart failure, coronary heart disease,

(32). Cardiovascular disease

angina, myocardial infarction and stroke). Smoking status is
divided into three categories: never smoker (less than 100
cigarettes), former smoker (100 cigarettes, former smoker) and
current smoker (100 cigarettes, current smoker) (33). Drinking
status is defined as having consumed alcohol in the past year.
Variable information from the NHANES database (https://www.
cdc.gov/nchs/nhanes/).
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2.5 Statistical analysis

To comply with NCHS guidelines, sample weights were applied
to  statistical estimates to
deinstitutionalised ~ US

demographic and baseline characteristics were summarised using

accurately  represent  the

civilian  population.  Participants’
the standard deviation mean of continuous variables + percentage
of categorical variables. Means and proportions were compared
differences between

to assess subjects with and without

hypertension.Missing values for variables are listed in
Supplementary Table S1.

Continuous variables use multiple interpolation to process
missing values, and categorical variables use mode filling to
process missing values. There was no significant difference
between the data before and after interpolation, indicating that
the interpolation program did not change the distribution
of variables.

The association was first examined for one variable. The
association between ZJU index and hypertension was further
analysed by multivariate logistic regression. Three models were
used: Model 1 unadjusted; Model 2 adjusted for age, sex and
race; Model 3 adjusted for all variables including age, sex, race,
educational level, marital status, PIR, smoking status, alcohol
consumption, total cholesterol, LDL, HDL, diabetes, cancer,
cardiovascular disease.

Restricted cubic spline (RCS) is used to explore potential
nonlinear associations between ZJU index and hypertension
because of their flexibility and interpretability in modeling dose-
response relationships in observational studies.RCS outperforms
other nonlinear methods such as polynomials or smoothed spline
to avoid overfitting and allow intuitive visualization. Inflection
points in nonlinear relationships are identified by recursive
likelihood.
segmented regression models were fitted with candidate nodes
and the node that yielded the highest log likelihood was selected
as the inflection point. To verify the robustness of the association

algorithms that maximize model Specifically,

between ZJU and hypertension, categorical covariates were
subgroup analyzed using hierarchical multiple regression, which
was combined with an interaction test to explore the variability
between different subgroups. The predictive power of the ZJU
index to identify hypertension was assessed using receiver
operating characteristic (ROC) analysis and area under the curve
(AUC) values. A P value of 0.05 or less was considered
statistically significant. R software (version 4.2.2) (http://www.
Rproject.org) and EmpowerStats software (version 6.0) (http://
www.empowerstats.com) should be used for all analyses.

3 Results
3.1 Baseline characteristics of participants
Our analysis included 14,084 participants, of whom 5,976 were

hypertensive. Baseline characteristics Table 1 shows significant
differences between participants with and without hypertension.
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TABLE 1 Baseline characteristics of participants, weighted.

Hypertension

Variable

value

No Yes
(n=8,108) (n=5,976)

Age(years) 41.77 £0.53 57.05+0.52 <0.0001
BMI(kg/mz) 27.65+0.20 30.97+£0.25 <0.0001
TC(mmol/L) 5.02+0.03 5.09 +0.04 0.0046
LDL(mmol/L) 2.98+0.03 2.96+0.03 0.2687
HDL(mmol/L) 1.43 £0.02 1.37 £0.02 <0.0001
FPG(mmol/L) 5.55+0.04 6.33£0.07 <0.0001
TG(mmol/L) 1.37 £ 0.04 1.69 £ 0.05 <0.0001
ALT(U/L) 25.24+048 26.52+0.57 0.0013
AST(U/L) 2490 +0.39 26.67 £0.55 <0.0001
ZJU index 38.57+£0.23 42.96 +0.31 <0.0001
Age (%) <0.0001
<60 years 86.38 53.90

>60 years 13.62 46.10

Gender (%) 0.1247
Male 48.59 49.98

Female 51.41 50.02

Race (%) <0.0001
Mexican American 9.57 5.10

Other Hispanic 5.53 3.29

Non-Hispanic White 69.60 73.55

Non-Hispanic Black 8.57 12.33

Other Race 6.73 5.73

Education Level (%) <0.0001
Below high school 15.09 18.70

High school 20.95 26.27

Above high school 63.96 55.03

Marital status (%) <0.0001
Married/living with partner 64.68 65.64
Widowed/divorced/separated 14.08 24.77

Never married 21.24 9.59

PIR (%) 0.0145
<1 13.88 12.91

>1, <4 48.95 52.38

>4 37.17 34.71

Drinking status (%) <0.0001
Yes 78.69 72.83

No 2131 27.17

Smoking status (%) <0.0001
Never 56.01 48.37

Former 21.72 32.70

Current 22.28 18.93

Diabetes (%) <0.0001
Yes 6.30 24.76

No 93.70 75.24

Cardiovascular disease (%) <0.0001
Yes 19.22 48.59

No 80.78 51.41

Cancer (%) <0.0001
Yes 6.48 14.52

No 93.52 85.48

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.
PIR, poverty-income ratio; BMI, body mass index; TC, total cholesterol; LDL, low-density
lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol; FPG, fasting blood
glucose; TG, triglyceride; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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TABLE 2 Associations between ZJU index and the prevalence of hypertension.

Exposure Model 1 Model 2 Model 3

OR (95%Cl) P-value OR (95%Cl) P-value OR (95%Cl) P-value

ZJU 1.07 (1.06, 1.07) <0.0001 1.08 (1.07, 1.09) <0.0001 1.07 (1.06, 1.07) <0.0001
ZJU categorical

Ql 1 1 1

Q 1.79 (1.61, 1.98) <0.0001 1.60 (1.42, 1.81) <0.0001 1.56 (1.38, 1.76) <0.0001
Q3 2.41 (2.18, 2.67) <0.0001 2.36 (2.10, 2.66) <0.0001 2.12 (1.87, 2.41) <0.0001
Q4 3.97 (3.59, 4.39) <0.0001 4.89 (4.34, 5.52) <0.0001 3.73 (3.25, 4.29) <0.0001
P for trend <0.0001 <0.0001 <0.0001

Data are presented as OR, 95% CI and P-value.

Model 1 adjust for: none.

Model 2 adjust for: gender, age, race.

Model 3 adjust for: gender; age; race; education level; marital status; PIR; drinking status; smoking status; TC; LDL; HDL; diabetes; CVD; cancer.

Hypertensive patients were older (57.05 vs. 41.77 vyears, TABLE 3 Generalized additive modeling and smoothed curve fitting.
P<0.0001), had higher body mass index (30.97 kg/m* vs. o - Adjusted OR (95% CI) P-val

27.65 kg/m?, P <0.0001), fasting glucose, triglycerides, and yperiension Juste £ WS
ZJU index

ZJU index, and lower high-density lipoprotein levels
Fitting by the standard linear model | 1.07 (1.06, 1.07) | <0.0001

(1.37 mmol/L vs. 1.43 mmol/L, P <0.0001). Hypertension was
associated with a higher prevalence of diabetes (24.76% vs.

Fitting by the two-piecewise linear model

6.30%), cardiovascular disease (48.59% vs. 19.22%) and cancer nilection point 53

(14.52% 6.48%, all p<0.0001). Sociod hic (o0 index <5322 L0 (107, 1.09) <0001
e v OA a, p - ’ OCI_O CMOGIAPRIC 11 index >53.22 1.02 (1.00, 1.04) 0.0606

differences such as educational attainment, marital status and P for Log-likelihood ratio 0001

ethnicity were also significant, reflecting the multifactorial
Adjusted as Model 3: gender; age; race; education level; marital status; PIR; drinking status;

etiology of hypertension. smoking status; TC; LDL; HDL; diabetes; CVD; cancer.

Lo . and is connected to form a continuous line. Adjust for all
3.2 Association between ZJU index and variables (Model 3).

prevalence of hypertension

The results of our multivariate logistic regression analysis are
detailed in Table 2. The ZJU index was significantly and
positively associated with the prevalence of hypertension. In
model 1, unadjusted for covariates, the OR was 1.07 (95% CI:
1.06-1.07, p <0.0001) per unit increase in ZJU index. In model
3, adjusted for demographic, socioeconomic and clinical factors,
the correlation remained significant (OR: 1.07, 95% CI: 1.06-
1.07, p <0.0001). When analyzed by quartile, participants in the

3.3 Subgroup analysis

We assessed the stability and heterogeneity of the association
between ZJU index and hypertension by subgroup analysis and
interaction test analysis. For subgroup analysis, we included all
categorical covariates in the study: stratified by gender, age, race,
marital status, education, PIR, smoking status, drinking status,

highest quartile (Q4) had a significantly higher risk of developing diabetes, cancer, and cardiovascular disease. The results are

hypertension than those in the lowest quartile (Q1) (OR: 3.73,
95% CI: 3.25-4.29, p <0.0001).

Restricted cubic spline (RCS) was used to characterize the
nonlinear relationship between ZJU index and prevalence of

shown in Table 4, where the association between ZJU index and
hypertension remained significantly positive in all subgroups. In
addition, interaction tests showed significant associations between
age, education, smoking status, and diabetes subgroups

hypertension. Threshold effect analyses were fitted using a (interaction P<0.05).

segmented regression model with candidate nodes, and the node

that yielded the highest log likelihood was selected as the

inflection point, which was 53.22, as shown in Table 3. Figure 2. 34 Diagnostic value of ZJU index and its

The results showed that the risk of hypertension increassed ~COmMponNents in hypertension

nonlinearly with increasing ZJU index, with a clear inflection

point at a ZJU value of approximately 53.22. Below this value, The effectiveness of the ZJU index and its components in

the risk increases significantly and the curve steepens, while  discriminating individuals with hypertension was assessed using

above 53.22, the risk increases relatively slowly. the ROC curve and AUC values (Figure 3). In a subgroup of
The area between the upper and lower dashed lines is indicated  participants younger than 60 years, the AUC values of the ZJU

as the 95% CI. Each point shows the magnitude of the Z]JU Index  index, BMI, FPG, TG, ALT and AST were 0.6911 (0.6792,
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1.0

HBP

FIGURE 2

LDL; HDL; diabetes; CVD; cancer

Association between ZJU and hypertension. Adjusted for gender; age; race; education level; marital status; PIR; drinking status; smoking status; TC;

0.7031), 0.6782 (0.6661, 0.6903), 0.6602 (0.6476, 0.6729), 0.5982
(0.5854, 0.6109), 0.5797 (0.5669, 0.5924) and 0.5537 (0.5405,
0.5668). It is worth noting that the ZJU index has the highest
AUC (Table 5). In contrast, in participants aged 60 years and
older, the diagnostic utility of these measures decreased, but the
AUC value of the ZJU index remained the highest (AUC = 0.604)
(Table 6). In summary, the AUC for the ZJU Index was 0.604 in
those over 60 years of age, indicating limited ability to
distinguish between hypertensives and non-hypertensives in this
subgroup. Although the ZJU Index performed slightly better in
participants under 60 years of age (AUC=0.691), this again
represents only a moderate ability to differentiate.

4 Discussion

In this study, we analyzed for the first time the association
between the ZJU index and hypertension in adults aged 20 years
and older in the United States, and showed that the ZJU index
was significantly and nonlinearly positively associated with the
prevalenceof hypertension. This association was consistently
significant in both unadjusted and multivariable-adjusted models.
When it was below the threshold of 53.22, for every one-unit
increase in the ZJU index, the prevalence of hypertension
increased by 8% (OR=1.08, 95% CIL. 1.07-1.09, P <0.0001);
When it was above the threshold of 53.22, the prevalence of
hypertension increased by 2%, but there was no statistical
significance (P =0.0606). Subgroup analyses verified that this
association was consistently significant across most demographic
and clinical subgroups, and a significant interaction between age,
education level, smoking status, and diabetes was observed

Frontiers in Cardiovascular Medicine

(P <0.05). Receiver operating characteristic curve (ROC) analysis
indicated that the ZJU index had certain potential for predicting
the risk of hypertension in the young population (AUC = 0.691),
while the correlation weakened in the elderly population
(AUC =0.604), suggesting the need for further research on age-
related metabolic changes and their impact on the ZJU index.

The ZJU index integrates several metabolic components, and
each reflects a distinct biological pathway potentially implicated
in hypertension. Among them, triglycerides (TG) serve as classic
markers of disturbed lipid metabolism and have been widely
shown to be associated with hypertension risk through
mechanisms related to endothelial dysfunction and systemic
inflammation (34, 35). Elevated TG not only disrupts nitric oxide
bioavailability but also stimulates the release of pro-inflammatory
cytokines such as IL-6 and TNF-o, which together compromise
vascular health and promote the development of arterial stiffness
and higher blood pressure (36-40).

Furthermore, fasting blood glucose (FBG), another component
of the ZJU index, indicates glucose metabolism abnormalities and
is a surrogate for underlying insulin resistance. Elevated FBG and
insulin resistance together can activate both the sympathetic
nervous system and the renin-angiotensin-aldosterone system
(RAAS),
peripheral resistance, and ultimately disturbed cardiovascular

resulting in increased sodium retention, higher
homeostasis (41-44).Notably, insulin resistance also intensifies
oxidative stress, further impairing endothelial function and
exacerbating vascular rigidity, which together contribute to the
pathophysiological groundwork of hypertension (45, 46).

In addition, BMI, as a measure of overall and central adiposity,
represents another important determinant of cardiometabolic

risk (47-49). Central obesity leads to excessive secretion of
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TABLE 4 Subgroup analysis.

10.3389/fcvm.2025.1608648

Variable OR (95%Cl) P value P for interaction
Gender 0.1647
Male 1.08 (1.07, 1.09) <0.0001

Female 1.07 (1.06, 1.08) <0.0001

Age 0.0013
<60 1.07 (1.06, 1.08) <0.0001

>60 1.05 (1.04, 1.06) <0.0001

Race 0.3522
Mexican American 1.07 (1.05, 1.09) <0.0001

Other Hispanic 1.06 (1.04, 1.08) <0.0001

Non-Hispanic White 1.07 (1.06, 1.08) <0.0001

Non-Hispanic Black 1.06 (1.05, 1.08) <0.0001

Other Race 1.09 (1.06, 1.11) <0.0001

Education level 0.0013
Below high school 1.05 (1.04, 1.07) <0.0001

High school 1.06 (1.04, 1.08) <0.0001

Above high school 1.08 (1.07, 1.09) <0.0001

Marital status 0.836
Married/living with partner 1.07 (1.06, 1.08) <0.0001

Widowed/divorced/separated 1.07 (1.06, 1.09) <0.0001

Never married 1.07 (1.05, 1.08) <0.0001

PIR 0.1308
<1 1.06 (1.05, 1.07) <0.0001

>1, <4 1.07 (1.06, 1.08) <0.0001

>4 1.08 (1.07, 1.10) <0.0001

Drinking status 0.5894
Yes 1.07 (1.06, 1.08) <0.0001

No 1.08 (1.06, 1.09) <0.0001

Smoking status <0.0001
Never 1.09 (1.08, 1.10) <0.0001

Former 1.07 (1.05, 1.09) <0.0001

Current 1.04 (1.03, 1.06) <0.0001

Diabetes 0.0404
Yes 1.06 (1.04, 1.07) <0.0001

No 1.08 (1.07, 1.09) <0.0001

Cancer 0.4991
Yes 1.06 (1.03, 1.09) <0.0001

No 1.07 (1.06, 1.08) <0.0001

Cardiovascular disease 0.0828
Yes 1.06 (1.05, 1.08) <0.0001

No 1.08 (1.07, 1.09) <0.0001

A multivariate logistic regression model was used to adjust all covariates, except for the specific variables used to define each subgroup.

pro-inflammatory mediators like leptin, TNF-o, and IL-6, thus
escalating systemic inflammation and vascular injury (50-52).
Notably, increased visceral fat further activates the RAAS and
enhances  aldosterone  production, augmenting  sodium
reabsorption and blood volume, which in turn elevate blood
pressure (53, 54). These interrelated pathways underscore the
multifactorial influence of obesity on hypertension.

A vparticularly noteworthy aspect of the ZJU index is the
inclusion of the serum ALT/AST ratio, which has garnered
attention as a sensitive indicator of liver metabolic status and a
potential link to broader cardiometabolic risk. Recent studies
have highlighted that an elevated ALT/AST ratio, commonly

Frontiers in Cardiovascular Medicine

suggestive of non-alcoholic fatty liver disease (NAFLD), is
associated not only with hepatic dysfunction, but also with
systemic metabolic disturbances, including insulin resistance and
chronic low-grade inflammation (55-58). Importantly, NAFLD
and elevated liver enzymes can trigger oxidative stress and the
release of pro-inflammatory cytokines, thereby exacerbating
endothelial dysfunction and arterial stiffness. Hepatic metabolic
stress may thus contribute to an unfavorable vascular milieu,
reducing the capacity for blood pressure regulation and
promoting the onset of hypertension (53, 59, 60). Moreover,
accumulating evidence suggests the ALT/AST ratio is closely
linked to dysregulated lipid and glucose metabolism—central
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FIGURE 3
ROC of ZJU index in patients with hypertension (A: <60 years old; B: >60 years old).

TABLE 5 ROC curve of ZJU index and other related indicators to distinguish hypertension (age <60 years).

Variable AUC(95%Cl) Best threshold Specificity Sensitivity
ZJU 0.6911 (0.6792,0.7031) 41,6659 0.7102 0.5813
BMI 0.6782 (0.6661,0.6903) 29.4750 0.6773 0.5890
FPG 0.6602 (0.6476,0.6729) 5.4595 0.6122 0.6233
TG 0.5982 (0.5854,0.6109) 1.2250 05746 05701
ALT 0.5797 (0.5669,0.5924) 21.5000 05352 0.5975
AST 0.5537 (0.5405,0.5668) 21.5000 04517 0.6325

TABLE 6 ROC curve of ZJU index and other related indicators to distinguish hypertension (age >60 years).

Variable AUC(95%Cl) Best threshold Sensitivity
ZJU 0.6044 (0.5870, 0.6217) N 38.1272 05213 06340
BMI 0.5938 (0.5764, 0.6113) 27.5950 0.5619 05808
FPG 0.5844 (0.5670, 0.6018) 5.9535 0.6472 05003
TG 0.5433 (0.5254, 0.5611) 1.3380 05775 0.4905
AST 0.5128 (0.4951, 0.5305) 25.5000 0.6707 0.3633
ALT 0.4991 (0.4815, 0.5167) 24.5000 0.7383 02926

Abbreviations: BMI, body mass index; FPG, fasting blood glucose; TG, triglyceride; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

features underlying hypertension pathogenesis (61, 62). By
reflecting this liver-metabolic axis, the ALT/AST ratio serves as
more than a liver marker: it is a bridge connecting hepatic,
metabolic, and vascular health within the context of
hypertension risk.

Moreover, sex differences are systematically accounted for in
the ZJU index to reflect known epidemiological and physiological
disparities in hypertension prevalence. Premenopausal women,
for instance, commonly possess a lower risk of hypertension

compared to men, primarily attributable to estrogen’s protective

Frontiers in Cardiovascular Medicine

effects on vascular endothelium and regulation of oxidative stress
and RAAS activity (63-65). However, with menopause, the
reduction of estrogen and subsequent rise in visceral adiposity
reverses this advantage, heightening women’s susceptibility to
hypertension. Concurrently, men are often at higher risk of
hypertension at younger ages, a trend linked to greater visceral
fat accumulation and increased oxidative stress following puberty
(66, 67). Through sex adjustment, the ZJU index can adaptively
accommodate these distinct physiological characteristics across
diverse groups.
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Despite the ZJU index’s comprehensive construction, its
predictive capability for hypertension remains moderate in our
analysis. In particular, the index possessed better discriminative
value in younger adults (AUC =0.691) than in older individuals
(AUC=10.604), and only a modest improvement over simpler
measures BMI (AUC=0.678) was
Consequently, the added complexity introduced by using the

such as observed.
integrated index must be weighed against its incremental
benefits in practice. Furthermore, our results showed that
when compared to established risk stratification tools, such as
ZJju
index did not demonstrate superior predictive performance in

the Framingham hypertension risk score, the
our study population (68, 69). Therefore, these findings
indicate the necessity for further refinement and external
validation of the ZJU index before it can be widely applied in
clinical settings.

Strengths of this study include the use of a large, nationally
representative sample, providing strong evidence for the
ZJU
populations. In addition, the analysis of nonlinear associations
and identification of key thresholds provided useful insights

potential applicability of the index in different

for public health and clinical applications. The consistency of
results across most subgroups highlights the versatility of the
index in capturing metabolic risk factors in populations.
However, several limitations must be recognized. First, as a
cross-sectional study, reverse causality cannot be completely
ruled out; that is, hypertension itself may affect metabolic
indices, rather than inversely, and longitudinal studies are
needed to confirm the temporal dynamics of this association.
Second, despite adjustment for multiple covariates, residual
confounders of unmeasured factors (e.g., unrecorded lifestyle
variables or genetic susceptibility) may still be present and
Third, the
diagnostic relevance of the ZJU index in older adults suggests

influence the observed associations. reduced
that it may not fully capture age-specific hypertension risk and
that further refinements or additional markers are needed for
this population. Despite these limitations, this study provides a
valuable basis for further research and highlights the potential
utility of the ZJU index in hypertension risk stratification
and management.

5 Conclusion

In this nationally representative cross-sectional study, we
observed a significant association between the ZJU index and
hypertension risk in adults, with stronger associations present
individuals. However, as this

among younger analysis is

observational in nature, no causal relationships can be
established. Future research should focus on prospective cohort
studies to assess the temporal and predictive value of the ZJU
index in hypertension development, as well as intervention trials
to evaluate whether risk stratification or management based on
the ZJU index improves outcomes. Additionally, studies on index
different populations enhance its

optimization for may

clinical utility.
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