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Background: The ZJU index is a composite metabolic score that integrates blood glucose, body mass index (BMI), liver enzyme
ratios (ALT/AST), and triglyceride levels, originally developed to predict non-alcoholic fatty liver disease. However, its relationship
with infertility remains unclear. This study aims to examine the association between the ZJU index and infertility in reproductive-aged
women.

Methods: We conducted a cross-sectional study using data from the 2013-2018 National Health and Nutrition Examination Survey
(NHANES). Multivariable logistic regression models were applied to evaluate the relationship between the ZJU index and infertility.
Restricted cubic spline (RCS) regression was also used to explore potential non-linear associations. Subgroup analyses were conducted
based on sociodemographic and metabolic factors to evaluate the stability of the results.

Results: A total of 1,538 reproductive-aged women (18—45 years) were included in the analysis. Multivariable regression analysis
revealed a significant positive association between the ZJU index and infertility (OR = 1.04, 95% CI: 1.00-1.07, P<0.05). RCS
analysis confirmed a linear relationship between the ZJU index and infertility risk (P for nonlinear = 0.755). Moreover, the association
remained robust across various subgroups.

Conclusion: The ZJU index significantly associated with the prevalence of infertility emphatically related with the predominance of
infertility among reproductive-aged women within the United States. These discoveries recommend that the ZJU index may serve as
a profitable biomarker for evaluating infertility hazard.
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Introduction

Clinically, infertility is identified when a couple fails to achieve pregnancy after 12 consecutive months of unprotected
and regular sexual activity.! An estimated 17.5% of women of reproductive age worldwide are affected by female
infertility, underscoring its global prevalence.” In the United States, its prevalence is estimated at around 15.5%, with an
annual increase of 0.37%.* This reproductive health issue can precipitate a spectrum of adverse consequences, including
psychological distress, social stigma, economic burden, and marital discord.*> Recognizing its public health significance,
the Centers for Illness Control and Avoidance (CDC) has prioritized the determination and administration of infertility.®
In spite of the fact that ovulatory brokenness and tubal pathology are the foremost etiologies, lifestyle factors such as
smoking, progressed age, and liquor utilization encourage compound the chance of infertility,” ® Whereas the exact
instruments fundamental these affiliations stay not completely caught on, illustrating the hazard components is significant

for moving forward regenerative results and moderating the global impact of infertility.
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The ZJU index is an innovative metric designed to assess lipid metabolism, glycemic control, and liver function by
integrating anthropometric measurements with standard laboratory parameters. Originally introduced by Wang et al'® for
predicting non-alcoholic fatty liver disease (NAFLD) in Chinese cohorts, the index incorporates aspartate aminotransfer-
ase (AST), BMI, triglycerides (TG), alanine aminotransferase (ALT), and blood glucose levels. This composite index
offers a comprehensive evaluation of metabolic health, outperforming isolated biochemical markers in detecting patterns
of metabolic dysfunction and associated health risks. Previous studies have established significant correlations between
the ZJU index and conditions such as sarcopenia, obstructive sleep apnea (OSA), and cholelithiasis.'''* Recent cohort
investigations further underscore its predictive capacity in overweight women in Western populations.'* Given its strong
association with obesity and metabolic dysregulation, the ZJU index serves as a valuable surrogate for insulin
resistance,'” a well-recognized factor implicated in infertility.'®!”

Despite these promising attributes, the relationship between the ZJU index and the risk of infertility has yet to be
explored. Given its ability to reflect early metabolic disturbances such as hyperglycemia, obesity, and dyslipidemia, the
ZJU index offers a holistic assessment of metabolic health and was therefore selected over other individual markers.
Furthermore, a growing body of evidence has demonstrated that components of metabolic dysfunction—particularly
insulin resistance, central obesity, and lipid imbalance—are closely associated with impaired female reproductive
function and increased infertility risk. These findings support the rationale for investigating the ZJU index as
a potential predictor of infertility in reproductive-aged women.'® 2! To address this gap, we assessed information from
the NHANES beneath the theory that increased ZJU index values are related with a more prominent rate of infertility.
This research points to explain the affiliation between the ZJU index and infertility among reproductive-aged women

within the Joined together States, drawing on a huge and broadly representative sample.

Method

Data Source and Study Participates
This examination utilized information from four cycles of the NHANES conducted between 2013 and 2018, with datasets
freely accessible on the CDC site (www.cdc.gov/nchs/nhanes). Among the 29,400 people studied, participants younger

than 18 or older than 45 years (n = 21,186) and male respondents (n = 3,891) were avoided. Moreover, people missing
data on infertility status or the ZJU index were overlooked (n = 2,785). Eventually, the ultimate explanatory test
comprised 1,538 members (Figure 1).
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Figure | A flow diagram of eligible participant selection in the National Health and Nutrition Examination Survey.
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The Definition of Infertility

Consistent with previous studies,” infertility was defined as a self-reported inability to conceive after attempting for
more than one year. Respondents who confirmed they had been trying to conceive for more than a year were categorized
as infertile in the study. Conversely, those who denied attempting conception for this duration were classified as non-
infertile.

Measurement of ZJU Index

The ZJU index was originally developed to predict the risk of NAFLD in Chinese populations.'® It is calculated using the
formula: ZJU index = BMI (kg/mz) + TG (mmol/L)+FPG (mmol/L) (+2 if females) + ALT(IU/L)/AST(IU/L)
ratiox3.'>** The multiplication factor of 3 for the ALT/AST ratio was empirically derived to enhance discriminatory
power, reflecting the relative importance of liver enzyme imbalance in predicting metabolic dysfunction. The additional 2
points for females account for sex-based physiological differences in liver enzyme levels and body composition that
influence NAFLD risk. These weights were determined based on model performance in the original derivation cohort.

Covariates

A extend of covariates recognized in earlier research was included in the analysis. These factors included socio-
demographic factors such as age, race, instructive fulfillment, conjugal status, and poverty-to-income proportion (PIR)
as well as health-related conditions counting hypertension, diabetes, hyperlipidemia, Physical activity and dietary habits.
Race was self-reported and classified into four bunches: non-Hispanic White, non-Hispanic Dark, Mexican American,
and other races. Instructive achievement was dichotomized into two categories: underneath tall school and tall school
confirmation or higher. Diabetes was characterized by a past history of diabetes, an HbAlc level >6.5%, or a fasting
blood glucose level >126 mg/dL. Hypertension was recognized based on a self-reported history, the utilize of anti-
hypertensive medicines, a systolic blood weight (SBP) >140 mmHg, or a diastolic blood weight (DBP) >90 mmHg.
Active physical activity was categorized as engaging in more than 599 minutes of total activity, over 149 minutes of
moderate-intensity activity, or more than 74 minutes of vigorous-intensity activity per week. Dietary intake variables—
including energy, protein, carbohydrates, total sugars, dietary fiber, and total fat—were assessed using two 24-hour
dietary recall interviews and averaged over two days. Table S1 provides detailed information on covariates.

Statistical Analysis

Factual examinations were performed utilizing R program (adaptation 4.3.1). To guarantee national representativeness,
test weights prescribed by the NCHS were connected. Contrasts between barren and non-infertile bunches were surveyed
utilizing weighted Student’s #-test’s for ceaseless factors and weighted chi-square tests for categorical variables.”* The
missing data were interpolated Multiple imputation by chained equations (MICE) and the primary analysis was
repeated” (Table S2). The relationship between the ZJU index and infertility was inspected utilizing four weighted
multivariable relapse models: Model 1 was unadjusted; Model 2 adjusted for statistic variables counting age, instructive
level, conjugal status, race/ethnicity, and PIR; and Model 3 encourage adjusted for health-related factors such as
hypertension, diabetes, and hyperlipidemia. Model 4 adjusted for Physical activity and dietary habits. Moreover, smooth
bend fitting procedures were utilized to investigate the potential straight affiliation between the ZJU index and infertility.
Chances proportions (ORs) were computed for each one-point increase within the ZJU index. Stratified multivariable
relapse examinations were conducted to advance portray subgroup impacts after altering for components such as age,
sex, instruction, conjugal status, individual wage proportion, and race. Measurable importance was decided at a two-
sided p-value <0.05.

Results

Baseline Characteristics of the Study Population
The study encompassed 1,538 participants (weighted to represent 15,986,966 individuals), among whom approximately
12% reported infertility. Notably, infertility was more prevalent among women aged 35-45, with 54% of cases occurring
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in this age group, compared to 46% among those younger than 35. Additionally, 80% of the infertile participants were
married. Factors such as hypertension, diabetes, and an elevated ZJU index were significantly associated with an
increased prevalence of infertility (P < 0.05). Participants diagnosed with infertility exhibited statistically higher ZJU
index (P < 0.05). A comprehensive overview of the baseline characteristics is provided in Table 1.

Relationship Between ZJU Index and Infertility
Table 2 presents the findings from multivariable logistic regression analyses, which illustrate the affiliation between the
ZJU index and infertility. Particularly, Model 4 uncovered a positive relationship, with an chances proportion (OR) of

Table | Baseline Characteristics of All Participants Were Stratified by Infertility, Weighted

Characteristic Overall, Non-Infertility, Infertility, P value
N = 15,986,966 (100%) N = 14,126,010 (88%) N = 1,860,956 (12%)
No. of participants in the sample 1,538 1,371 167 -
Age (%) 0.002
18-25 4,931,631 (31%) 4,590,563 (32%) 341,068 (18%)
26-34 5,049,474 (32%) 4,531,024 (32%) 518,450 (28%)
35-45 6,005,861 (38%) 5,004,422 (35%) 1,001,438 (54%)
Race (%) 0.824
Non-Hispanic White 8,748,775 (55%) 7,676,665 (54%) 1,072,110 (58%)
Other 3,137,845 (20%) 2,810,546 (20%) 327,300 (18%)
Non-Hispanic Black 2,129,295 (13%) 1,877,045 (13%) 252,250 (14%)
Mexican American 1,971,050 (12%) 1,761,753 (12%) 209,296 (11%)
Married/live with partner (%) <0.001
No 6,078,140 (41%) 5,708,944 (43%) 369,196 (20%)
Yes 8,929,467 (59%) 7,454,030 (57%) 1,475,437 (80%)
Education level (%) 0.661
Below high school 2,219,463 (14%) 1,939,242 (14%) 280,221 (15%)
High School or above 13,767,503 (86%) 12,186,768 (86%) 1,580,735 (85%)
PIR (%) 0.509
Poor 4,757,987 (32%) 4,239,423 (32%) 518,563 (29%)
Not Poor 10,171,811 (68%) 8,915,523 (68%) 1,256,288 (71%)
Hypertension (%) <0.001
No 13,651,292 (85%) 12,291,864 (87%) 1,359,428 (73%)
Yes 2,335,673 (15%) 1,834,145 (13%) 501,528 (27%)
Diabetes (%) 0.002
No 14,810,183 (93%) 13,191,042 (93%) 1,619,140 (87%)
Yes 1,176,783 (7.4%) 934,967 (6.6%) 241,816 (13%)
Hyperlipidemia (%) 0.259
No 7,407,571 (46%) 6,646,558 (47%) 761,013 (41%)
Yes 8,579,394 (54%) 7,479,451 (53%) 1,099,943 (59%)
Physical activity (%) 0.658
Inactive 1,746,835 (14%) 1,542,977 (14%) 203,858 (15%)
Active 11,039,666 (86%) 9,882,174 (86%) 1,157,492 (85%)
Energy intake, kcal (mean (SE)) 1,929.68 (812.61) 1,937.93 (805.33) 1,866.59 (866.38) 0.262
Protein intake, g (mean (SE)) 71.93 (34.41) 71.88 (34.00) 72.33 (37.53) 0.964
Carbohydrate, g (mean (SE)) 229.71 (107.16) 232.26 (107.49) 210.22 (102.88) 0.041
Total sugars, g (mean (SE)) 101.13 (69.43) 102.18 (69.69) 93.16 (67.11) 0.154
Dietary fiber, g (mean (SE)) 14.85 (9.06) 15.15 (9.15) 12.55 (7.99) 0.006
Total fat, g (mean (SE)) 77.48 (40.56) 77.48 (39.86) 77.49 (45.74) 0.608
ZJU index (mean (SE)) 40.62 (9.37) 40.12 (9.12) 44.40 (10.37) <0.001
ZJU index, Tertile (%) <0.001
Tl 5,310,461 (33%) 4,888,294 (35%) 422,168 (23%)
T2 5,347,109 (33%) 4,880,822 (35%) 466,288 (25%)
T3 5,329,395 (33%) 4,356,895 (31%) 972,500 (52%)

Notes: The P value of statistical significance was bolded. Mean (SE) for continuous variables: the P value was calculated by
the weighted Students T-test. Percentages (weighted N, %) for categorical variables: the P value was calculated by the
weighted chi-square test.

Abbreviation: PIR, Ratio of family income to poverty.
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Table 2 Adjusted Odds Ratios (ORs) of ZJU Index and Infertility, VWeighted

ZJU index Model | P Model 2 P Model 3 P Model 4 P
[OR (95% Cl)] [OR (95% Cl)] [OR (95% CI)] [OR (95% Cl)]

Continuous 1.04 (1.02,1.06) <0.001 1.04 (1.02,1.07) <0.001 1.04 (1.01,1.07) <0.001 1.04 (1.00,1.07) 0.029
Tertile

TI I (ref.) I (ref.) I (ref) I (ref.)

T2 I.11 (0.66,1.86) 0.700 1.02 (0.57,1.82) 0.950 1.03 (0.58,1.83) 0.950 0.83 (0.42,1.62) 0.567

T3 2.58 (1.60,4.18) <0.001 2.59 (1.49,4.52) 0.001 2.44 (1.28,4.65) 0.001 231 (1.14,4.67) 0.021
P for trend <0.001 <0.001 0.010 0.014

Notes: The P value of statistical significance was bolded. Model |: no covariates were adjusted. Model 2: age, education level, marital, PIR, and race were adjusted. Model 3:
age, education level, marital, PIR, race, hypertension, diabetes, and hyperlipidemia were adjusted. Model 4: age, education level, marital status, PIR, race, hypertension,
diabetes, hyperlipidemia, Physical activity, Energy intake, protein intake, carbohydrate intake, total sugars intake, dietary fiber intake, and total fat intake were adjusted.
Abbreviations: PIR, Ratio of family income to poverty; ORs, odds ratios; Cl, confidence interval.

1.04 (95% CI: 1.00-1.07, P<0.05) for each one-point increment within the ZJU index. Besides, the quality of this
affiliation opened up across higher quantiles, especially within the third tertile (T3), where the OR come to 2.31 (95% CI:
1.14-4.47) compared to the most reduced tertile (T1). In addition, smooth bend fitting investigations affirmed a straight
positive relationship between the ZJU index and infertility (nonlinear P = 0.755) (Figure 2).

Subgroup Analysis

Figure 3 displays the results of subgroup analyses exploring the association between the ZJU index and infertility,
incorporating a range of demographic and lifestyle variables such as age, education level, marital status, poverty-to-
income ratio (PIR), race, hypertension, diabetes, hyperlipidemia and Physical activity. These examinations assessed both
interaction impacts and the consistency of the affiliation over subgroups. The discoveries reliably illustrated a tireless
positive affiliation between the ZJU index and infertility, with no measurably critical interaction impacts watched for the
stratifying factors (P > 0.05). This strength underscores the steadiness of the affiliation over different statistic profiles.
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Figure 2 Dose-response relationships between ZJU index and infertility. OR (solid lines) and 95% confidence levels (shaded areas) were adjusted for age, education level,
marital status, PIR, race, hypertension, diabetes, hyperlipidemia, Physical activity, Energy intake, protein intake, carbohydrate intake, total sugars intake, dietary fiber intake,
and total fat intake.
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Subgroup OR(95%CI) P for interaction
Overall 1.04(1.00 to 1.07) p——
Age : 0.136
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26-34 1.03(0.98 to 1.09) —_——
35-45 1.01(0.97 to 1.05) l—:‘—'
Race | 0.477
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Figure 3 Subgroup analysis between ZJU index and infertility. ORs were calculated as each standard deviation increased in the ZJU index. Analyses were adjusted for age,

protective factor risk factor

education level, marital status, PIR, race, hypertension, diabetes, hyperlipidemia, Physical activity.

Discussion

Our cross-sectional examination uncovered a direct positive affiliation between the ZJU index and the chance of
infertility among reproductive aged women within the Joined together States. Overall, each one unit increment within
the ZJU index compared to a 4% rise within the chance of infertility, a relationship that remained strong over subgroup
investigations stratified by age, instruction level, conjugal status, PIR, race, hypertension, diabetes, and hyperlipidemia.

A number of potential components may underlie the watched positive affiliation between the ZJU index and infertility,
especially those related to weight and metabolic unsettling influences. Fat tissue, the essential location for vitality capacity and
mobilization, plays a basic part in keeping up vitality homeostasis. Excessive vitality capacity as fat leads to weight, a condition
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emphatically connected not as it were to unremitting illnesses such as sort 2 diabetes, cardiovascular clutters, and respiratory
illnesses,**’ but moreover to impeded regenerative work. Corpulence is known to diminish ripeness; compared with women of
typical weight, those with a BMI>30 kg/m? confront a 2.7-fold expanded chance of infertility and a 25-37% higher chance of
unsuccessful labor. The unfavorable regenerative impacts of weight envelop disturbances of the hypothalamic—pituitary—ovarian
(HPO) axis, oocyte development, embryonic and fetal advancement, as well as obesity-induced aggravation and epigenetic
adjustments.*® Particularly, hefty women show altogether lower amplitudes and cruel levels of luteinizing hormone (LH) nearby
lifted circulating affront levels.>>*° Affront, which improves androgen union, advances the aromatization of androgens to
estrogens within the nearness of overabundance fat tissue, in this manner applying negative input on the HPO hub.
Randomized trials mimicking obesity-related metabolic disorder have illustrated that endocrine disturbances and subsequently
unfavorable regenerative outcomes may be specifically intervened by HPO pivot dysfunction.*! Moreover, considers in obese
mice show that the characteristic pregnancy rate, uniquely diminished by high-fat diet-induced corpulence, can be somewhat
reestablished taking after exogenous gonadotropin stimulation.’*** Corpulence moreover shows up to compromise oocyte
quality. Compared with women within the ordinary BMI run, seriously obese people are at expanded hazard for oocyte shaft
variations from the norm and chromosomal misalignment.yF36 In diet-induced weight (DIO) mouse models, irregular oocytes
regularly show tall rates of aneuploidy, axle disorganization, and misaligned metaphase chromosomes.>” These variations are
related with consequent metabolic changes in blastocysts, such as decreased glucose utilization and lifted triglyceride levels.*®
Moreover, Obesity may advance chronic aggravation inside the female regenerative tract. Fat tissue harbors specialized safe cells,
and obesity-induced inflammation a persistent, low-grade reaction accelerated by supplement excess™ is transcendently inter-
ceded by macrophages.*® The following generation of responsive oxygen species (ROS) such as superoxide anions (05°),
hydroxyl radicals (OH), and hydrogen peroxide (H,O) can initiate oxidative push. Over the top ROS inside the ovary is known to
disable oocyte development, lessen oocyte quality, trigger granulosa cell apoptosis, and quicken luteal relapse.

Past these coordinate impacts, weight can modify central metabolic control. The brain tweaks vitality adjust through hormones
inferred from fat tissue and the gastrointestinal tract, such as leptin, affront, and ghrelin, which administer craving, satiety, and
vitality expenditure.** These metabolic hormones, unpredictably connected with fat capacity, play essential parts in long-term
weight control. For occasion, leptin, an adipose-derived hormone, applies negative criticism on the hypothalamus to direct
nourishment admissions and vitality expenditure.”> In corpulence, leptin resistance disturbs these administrative pathways,
driving to impeded control of vitality homeostasis.***® Besides, glucagon-like peptide-1 (GLP-1), a intestine hormone basic
for keeping up glucose homeostasis, acts by means of its receptor expressed within the brain, gastrointestinal tract, and pancreas—
to invigorate affront discharge and smother glucagon discharge, in this manner decreasing endogenous glucose generation. This

gut brain pivot, possibly interceded by NPY/Agouti-related peptide (AgRP) and POMC neurons,*’

may too be disturbed in
weight, disabling the emission of key intestine peptides such as AgRP and peptide YY (PYY), which are significant for adjusting
nourishment admissions and metabolic rate.”® Weight is regularly accompanied by impeded glucose resistance insulin resistance-
(IR), components that are collectively named metabolic disorder. These chance determinants are broadly respected as having
pernicious impacts on both richness and pregnancy results.’' The instruments connecting infertility with IR are multifactorial. IR
may compromise oocyte quality by disabling mitochondrial work, disturbing affront signaling pathways, and modifying glucose
metabolism.>* Mitochondrial brokenness initiated by IR creates receptive oxygen species (ROS), advance disturbing glucose
take-up and making a criticism circle of metabolic dysfunction.”®> Hyperandrogenism, particularly when related with polycystic
ovary disorder (PCOS), essentially contributes to infertility. Raised androgen levels disturb glucose and affront digestion system,
disable the liver’s blend of sex hormone-binding globulin, and influence the HPO hub. This obstructions influences the control of
development variables counting IGF1, GDF9, activins, and inhibins, which are basic for regenerative function.>*>> In women
analyzed with PCOS characterized by hoisted androgen levels, treatment modalities like flutamide have illustrated viability in
improving ripeness outcomes.>® The mTOR protein, a central controller of supplement dispersion and metabolism, is embroiled
within the direction of early embryonic improvement. When embryos are refined with mTOR, their advancement ceases at the
blastocyst arrange, particularly between days 9 and 12 of development.”” mTOR works in conjunction with related signaling
pathways to control cellular development and modified cell death.>® Oxidative push activated by IR can start the enactment of the
mTOR pathway,” possibly ending early embryonic advancement. Moreover, IR impedes the uterine receptivity for developing
life implantation, which adversely impacts female ripeness. Studies suggest that IR disturbs the vitality adjust within the
endometrium, coming about in inadequately vitality supply in spite of raised metabolic demands.® Studies have shown IR
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disrupts the endometrial environment by damaging stromal cells and elevating the mitochondrial membrane potential, which
compromises the process of endometrial decidualization.®’** Key pathways implicated in insulin resistance encompass the
actions of insulin receptor substrate 1 (IRS1), phosphatidylinositol-3-kinase (PI3K), and AMP-activated protein kinase (AMPK),
play critical roles in these processes. Inhibition of the Akt pathway, which is regulated by AMPK suppression, may offer potential
therapeutic targets for improving fertility outcomes. Furthermore, targeting the receptor for advanced glycation end products
(RAGE) has proven to augment insulin sensitivity, potentially improving insulin metabolism and addressing IR.%?

In addition to representing overall metabolic dysfunction, components of the ZJU index—ALT and AST—may
independently influence reproductive outcomes. Elevated liver enzymes are indicative of hepatic inflammation or
dysfunction, which is increasingly recognized as a contributor to endocrine imbalance.®* Abnormal liver function can
alter the synthesis and metabolism of sex hormone-binding globulin (SHBG), disturb estrogen clearance, and indirectly

affect androgen levels,*>%°

all of which may disrupt the HPO axis.

Furthermore, hepatic dysfunction is commonly observed in metabolic disorders such as NAFLD and PCOS, both of
which have been independently associated with reduced fertility and an increased risk of infertility.®”*® These conditions
often coexist with metabolic abnormalities, including insulin resistance and central obesity, which are themselves known
contributors to impaired reproductive function.'®®” The ALT/AST ratio, a key component of the ZJU index, serves as
a surrogate marker of hepatic metabolic stress and may therefore reflect underlying hepatic involvement in reproductive
dysfunction. By capturing this dimension, the ZJU index potentially provides a more comprehensive assessment of
infertility risk that extends beyond the traditional markers of obesity and insulin resistance. This broader pathophysio-
logical insight may help explain the robust association observed between higher ZJU index values and increased
infertility risk in our study.The ALT/AST ratio incorporated in the ZJU index may thus capture hepatic contributions
to reproductive dysfunction beyond the effects of obesity and insulin resistance alone.

As far as we are aware, this is the first investigation to assess the relationship between the ZJU index and the risk of infertility
using a large, nationally representative dataset. While the ZJU index has been previously validated in predicting metabolic
diseases such as NAFLD and insulin resistance, its application in the domain of reproductive health represents a novel direction.
These findings not only extend the utility of the ZJU index but also highlight its potential as an accessible biomarker for early
infertility screening in clinical practice. However, given the cross-sectional nature of our analysis, future prospective cohort
studies and mechanistic investigations are warranted to validate these associations and elucidate potential causal pathways.

Study Strengths and Limitations

This study benefits from the use of NHANES data, which provides a nationally representative sample and allows for general-
ization across diverse demographic groups. Rigorous statistical adjustments were applied to minimize confounding and enable an
accurate assessment of the relationship between the ZJU index and infertility. The consistency of the association across multiple
subgroups further reinforces the robustness of the findings. However, the cross-sectional design limits causal inference, and
prospective cohort studies will be necessary to validate these results. Furthermore, the definition of infertility in our study was
based on self-reported data, which may be subject to recall bias or misclassification. Participants might underreport or overreport
infertility status due to social stigma or misunderstanding, potentially affecting the accuracy of outcome assessment. Additionally,
this study was conducted using data from the U.S.-based NHANES population, which may limit the generalizability of the
findings to other countries or ethnic groups. Validation using clinical data from other populations—including hospital-based
cohorts or multi-center studies—would enhance the robustness of our conclusions. However, due to constraints in patient access,
data privacy regulations, and lack of standardized infertility records in our institution, we were unable to perform an external
validation with our hospital’s clinical data. Finally, although adjustments were made to multiple covariates, residual confounding
(such as PCOS) still could not be completely excluded.

Conclusion

This study supports our hypothesis that higher ZJU index—indicate underlying metabolic dysfunction and are associated with
an increased risk of infertility in reproductive-aged women. The ZJU index may therefore serve as a useful tool for early
metabolic screening in this population. Given the observational design, causal inference is limited, and prospective studies are
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needed to confirm these findings. Nonetheless, our results suggest that incorporating metabolic assessment into reproductive
health evaluations could inform early interventions and public health strategies aimed at reducing infertility risk.
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