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Objective: Cardiovascular disease and stress urinary incontinence (SUI) may be interconnected. This study aimed to investigate 
whether indicators of oxidative stress play a moderating role in the relationship between SUI and Life’s Crucial 9 (LC9), a 
cardiovascular health (CVH) index incorporating mental health.
Methods: Data from 5,292 US women aged 20 and older were analyzed using the National Health and Nutrition Examination Survey 
database from 2005 to 2018. The LC9 score, which was determined by averaging the sum of the eight LE8 component scores and the 
depression score. To assess the relationship between LC9 and SUI, restricted cubic splines (RCS) analysis and weighted multivariate 
logistic regression were employed. Additionally, mediation analysis was conducted to evaluate the indirect impact of oxidative stress 
markers on this relationship.
Results: After adjusting for potential confounders, individuals in the second and highest tertiles of LC9 exhibited significantly higher 
odds of SUI [odds ratios (OR) for each 1-point increase were 0.817 and 0.765; 95% confidence intervals (CI), 0.673–0.993 and 0.600– 
0.975, respectively]. Furthermore, RCS results suggested an approximately linear dose-response relationship between LC9 and the 
prevalence of SUI. Additionally, mediation analysis indicated that oxidative stress biomarkers, specifically bilirubin and uric acid, 
mediated the relationship between LC9 and SUI, with mediation proportions of 2.22% and 2.64%, respectively (P < 0.05).
Conclusion: The present study suggests that higher LC9 scores, which represent ideal CVH, are significantly associated with reduced 
odds of SUI. Additionally, oxidative stress biomarkers may play a mediating role in this relationship.
Keywords: life’s crucial 9, stress urinary incontinence, cardiovascular health, oxidative stress, NHANES

Introduction
Urinary incontinence (UI) is a pervasive condition affecting women globally, causing substantial psychological distress, 
social isolation, and economic burden.1 Among its subtypes, stress urinary incontinence (SUI)—characterized by 
involuntary leakage during exertion—is the most prevalent.2 Traditionally, SUI has been attributed to local pelvic factors 
such as childbirth, aging, and pelvic floor trauma. However, emerging epidemiological evidence suggests that SUI is not 
merely a localized disorder but potentially a manifestation of systemic metabolic and vascular dysfunction.3,4 Studies 
have linked SUI to components of metabolic syndrome, including obesity, hyperglycemia, and dyslipidemia, suggesting 
that poor cardiovascular health (CVH) may accelerate pelvic floor aging and dysfunction.4
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To quantify CVH, the American Heart Association (AHA) introduced the “Life’s Essential 8” (LE8) framework in 
2022, which encompasses four health behaviors (diet, physical activity, nicotine exposure, sleep) and four health factors 
(BMI, blood lipids, blood glucose, blood pressure).5 While LE8 is a robust predictor of cardiovascular and chronic 
disease outcomes, it has a notable limitation: it does not explicitly quantify psychological well-being.6 This is a critical 
gap because mental health disorders, particularly depression, share a bidirectional relationship with both cardiovascular 
disease and urinary incontinence.7,8 Psychological stress can exacerbate SUI symptoms through neuroendocrine dysre
gulation and increased urge perception, while SUI itself induces anxiety. To address this, the concept of “Life’s Crucial 
9” (LC9) has been proposed, integrating mental health metrics (such as depression scores) into the LE8 framework to 
provide a more holistic assessment of health status.

Despite the biological plausibility linking comprehensive CVH to pelvic health, the association between the novel 
LC9 metric and SUI remains unexplored. Furthermore, the biological mechanisms underlying this potential connection 
are not fully understood. Oxidative stress has emerged as a promising mediator. Systemic inflammation and metabolic 
dysregulation (hallmarks of poor CVH) lead to the accumulation of reactive oxygen species (ROS).9 Elevated ROS levels 
can induce apoptosis in urethral sphincter cells and degrade collagen in the pelvic support structures, theoretically linking 
poor LC9 scores to the pathogenesis of SUI.10,11

Therefore, this study aims to bridge these gaps by utilizing data from the National Health and Nutrition Examination 
Survey (NHANES). We sought to (1) investigate the association between the composite LC9 score and the prevalence of 
SUI in US women, and (2) explore whether oxidative stress biomarkers (specifically bilirubin and uric acid) mediate this 
relationship. This study provides the first evidence positioning SUI management within the broader context of holistic 
cardiovascular and psychological health promotion.

Materials and Methods
Study Population
Through a series of intricate, stratified, multistage, continuous, and nationally representative studies, the health and 
nutritional status of the civilian noninstitutionalized population in the United States was examined during the NHANES. 
The NHANES methodology and analytical methods provide detailed information. Through home interviews and blood 
testing, NHANES collected comprehensive data on various health topics, including medical status, dietary consumption, 
socioeconomic status, and demographic characteristics.12 Participants provided written informed consent at the time of 
enrollment, and the NHANES study protocol received approval from the National Center for Health Statistics Research 
Ethics Review Board (https://www.cdc.gov/nchs/nhanes/irba98.htm). Since the research was based on publicly acces
sible, de-identified data, ethical approval and consent were not required.

For our analysis, we utilized seven cycles of the NHANES dataset from 2005 to 2018 that contained complete 
information. Initially, 19,788 women aged 20 or older who were not pregnant participated during this period. We 
excluded individuals who did not complete the survey or had incomplete or erroneous data on the LC9 score and stress 
incontinence questionnaires (n = 5,912 and n = 6,927, respectively). Additionally, we removed participants lacking 
comprehensive data on variables such as BMI, education, marital status, Poverty Income Ratio (PIR), alcohol consump
tion, and smoking. Consequently, our final analysis included a total of 5,592 participants (Figure S1).

Measurement of LC9
Four health behaviors—diet, physical activity, nicotine exposure, and sleep duration—along with four health factors—body 
mass index, non-HDL cholesterol, blood glucose, and blood pressure—and a mental health indicator, the depression scale 
score, comprise the LC9 scoring system.13 Table S1 presents the published algorithm used to calculate the LC9 scores for 
each indicator in the NHANES data. Overall, the LC9 score is determined by calculating the unweighted average of the nine 
CVH markers, which have scores ranging from 0 to 100.5 To further investigate the relationship between the LC9 subscales 
and SUI, we employed the same definitions in this study to evaluate and classify health behaviors, health variables, and 
depression scores.
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To evaluate dietary indicators, the Healthy Eating Index (HEI) 201514 was utilized. Table S2 summarizes the components and 
scoring standards of the HEI-2015. The HEI-2015 score was constructed and calculated using food pattern equivalency data from 
the United States Department of Agriculture (USDA) and the dietary intake of participants,15 which was gathered from two 24- 
hour dietary recalls. The National Cancer Institute’s official SAS codes (https://epi.grants.cancer.gov/hei/sas-code.html) were 
employed to compute HEI-2015 scores using a straightforward HEI scoring system for each individual. Self-report question
naires were administered to collect data on medication history, physical activity, smoking habits, sleep patterns, and diabetes. The 
physical examination included measurements of weight, height, and blood pressure. Body Mass Index (BMI) was calculated by 
dividing weight in kilograms by height in meters squared. Blood samples were collected and sent to a central laboratory for 
testing of lipids, blood glucose, and glycosylated hemoglobin. Depression scores were derived from the Patient Health 
Questionnaire-9 (PHQ-9), a validated structured tool for depression screening.16 Higher PHQ-9 scores indicate greater levels 
of current depressive symptoms. Depression scores of 100, 75, 50, 25, and 0 corresponded to ranges of 0–4, 5–9, 10–14, 15–19, 
and 20–27 on the PHQ-9 scale, respectively.

SUI Assessment
The SUI indicator, is based on responses to the Renal Status-Urology Survey. Participants are asked the question, “In the past 
12 months, have you ever leaked urine or lost control of your urine, even in small amounts, during activities such as coughing, 
lifting weights, or exercising?” Those who report experiencing SUI are identified accordingly. Other types of urinary 
incontinence, are determined based on positive responses to the following questions: “In the past 12 months, have you leaked 
urine or lost control of even a small amount of urine during activities due to the urge or pressure to urinate, where you couldn’t 
get to the toilet fast enough?” and “In the past 12 months, have you ever leaked urine or lost control, even a small amount, 
without coughing, lifting weights, exercising, or experiencing the urge to urinate?”17

Assessment of Oxidative Stress Markers
The analysis included GGT (U/L), bilirubin (mg/dL), and uric acid (mg/dL) as potential biomarkers related to oxidative stress. 
These three indicators have well-established roles in reflecting systemic redox status, are widely adopted in routine clinical 
testing, feature standardized measurement methods, and have been extensively used in population-based studies of cardio
vascular and urinary health,18,19 thereby enhancing the reproducibility and translational relevance of our findings. These 
biomarkers were measured using the Beckman Coulter UniCel Dx800 instrument (Brea, CA). Gamma-glutamyl transferase 
activity was determined by an enzyme rate method, while bilirubin concentration was assessed using a timed-endpoint diazo 
method (Jendrassik–Grof). Similarly, uric acid concentration was measured with a timed-endpoint method. Detailed labora
tory procedures are available on the NHANES website.

Covariates
Based on previous studies20,21 and directed acyclic graph (DAG) (Figure S2), we selected the following potential 
confounding variables from demographics, examination, laboratory and questionnaire data in our analyses: age 
(years), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, others), education level (under 
high school, high school, above high school), poverty income ratio (PIR) (0.00–1.30, 1.31–3.50, >3.51), body mass index 
(BMI, kg/m2) (the usual cutoffs are <25, 25–29.9, ≥30, which also applies to Table 1), smoking status [nonsmoking 
(serum cotinine<0.011 ng/mL), passive smoking (0.011 ng/mL≤serum cotinine<10 ng/mL), active smoking (0.011 ng/ 
mL≤serum cotinine<10 ng/mL)], alcohol intake [non-drinking (0 g/d), low to moderate drinking (0.1 to 27.9 g/d for men 
and 0.1 to 13.9 g/d for women), heavy drinking (≥28 g/d for men and ≥14 g/d for women)], hypertension (yes, no), 
diabetes (yes, no), physical activity based on whether participated in vigorous recreational activities or moderate 
recreational activities (yes, no), total energy intake (kcal/day), and hysterectomy (yes, no, or missing). Hypertension 
and diabetes are both determined based on self-reported health questionnaires. A vaginal birth count of 0 was defined as 
having no history of vaginal birth, and a vaginal birth count ≥1 was considered a vaginal birth. A history of macrosomia 
delivery was defined as having delivered a baby weighing >9 pounds.
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Table 1 Demographic Characteristics by Life’s Crucial 9 Categories

Total (n = 5292) Life’s Crucial 9 P-value

Low (n = 1776) Medium (n = 1763) High (n = 1753)

Age, Median (Q1,Q3) 49 (35, 64) 57 (44, 68) 49 (35, 64) 41 (29, 55) < 0.001

BMI, n (%)

Normal<25 1655 (31.3) 206 (11.6) 488 (27.7) 961 (54.8)

Overweight 25–30 1566 (29.6) 436 (24.5) 561 (31.8) 569 (32.5)

Obese>30 2071 (39.1) 1134 (63.9) 714 (40.5) 223 (12.7)

Race, n (%) < 0.001

Non-Hispanic white 2750 (52.0) 859 (48.4) 893 (50.7) 998 (56.9)

Non-Hispanic black 974 (18.4) 424 (23.9) 349 (19.8) 201 (11.5)

Mexican American 915 (17.3) 307 (17.2) 309 (17.5) 299 (17.1)

Others 653 (12.3) 186 (10.5) 212 (12.0) 255 (14.5)

PIR, n (%) < 0.001

0.00–1.30 1608 (30.4) 724 (40.8) 514 (29.2) 370 (21.1)

1.31–3.50 2032 (38.4) 694 (39.0) 707 (40.1) 631 (36.0)

>3.51 1652 (31.2) 358 (20.2) 542 (30.7) 752 (42.9)

Education, n (%) < 0.001

Lower than high school 1316 (24.9) 656 (36.9) 413 (23.4) 247 (14.1)

High school or equivalent 1235 (23.3) 474 (26.7) 456 (25.9) 305 (17.4)

College or above 2741 (51.8) 646 (36.4) 894 (50.7) 1201 (68.5)

Physical activity, n (%) < 0.001

No 2684 (50.7) 1314 (74.0) 856 (48.6) 514 (29.3)

Yes 2608 (49.3) 462 (26.0) 907 (51.4) 1239 (70.7)

Smoking, n (%) < 0.001

Non-smoking 1280 (24.2) 311 (17.5) 371 (21.0) 598 (34.1)

Passive smoking 2910 (55.0) 834 (47.0) 1031 (58.5) 1045 (59.6)

Active smoking 1102 (20.8) 631 (35.5) 361 (20.5) 110 (6.3)

Alcohol, n (%) < 0.001

Non-drinking 4283 (80.9) 1548 (87.2) 1424 (80.8) 1311 (74.7)

Low to moderate drinking 306 (5.8) 59 (3.3) 111 (6.3) 136 (7.8)

Heavy drinking 703 (13.3) 169 (9.5) 228 (12.9) 306 (17.5)

Hypertension, n (%) < 0.001

No 3435 (64.9) 791 (44.5) 1151 (65.3) 1493 (85.2)

Yes 1857 (35.1) 985 (55.5) 612 (34.7) 260 (14.8)

Diabetes, n (%) < 0.001

No 4699 (88.8) 1339 (75.4) 1630 (92.5) 1730 (98.7)

Yes 593 (11.2) 437 (24.6) 133 (7.5) 23 (1.3)

Vaginal deliveries, n (%) < 0.001

No 564 (10.6) 191 (10.8) 179 (10.2) 194 (11.0)

Yes 2691 (50.9) 1006 (56.6) 902 (51.3) 783 (44.7)

Missing 2037 (38.5) 579 (32.6) 682 (38.7) 776 (44.3)

Cesarean deliveries, n (%) < 0.001

No 1009 (19.1) 379 (21.3) 347 (19.7) 283 (16.1)

Yes 706 (13.3) 272 (15.4) 206 (11.7) 228 (13.1)

Missing 3577 (67.6) 1125 (63.3) 1210 (68.6) 1242 (70.8)

Macrosomia, n (%) < 0.001

No 2527 (47.8) 917 (51.6) 839 (47.6) 771 (44.0)

Yes 555 (10.5) 227 (12.8) 178 (10.1) 150 (8.5)

Missing 2210 (41.7) 632 (35.6) 746 (42.3) 832 (47.5)

Hysterectomy, n (%) < 0.001

No 2886 (54.5) 858 (48.3) 925 (52.5) 1103 (62.9)

Yes 921 (17.4) 438 (24.7) 302 (17.1) 181 (10.3)

Missing 1485 (28.1) 480 (27.0) 536 (30.4) 469 (26.8)

Notes: The continuous variables were analyzed by Wilcoxon test, expressed by the median (IQR); the chi-square test was used to analyze 
the categorical variables, expressed by the column percentage. A level of two-sided P < 0.05 was considered statistically significant. 
Abbreviations: PIR, poverty income ratio; BMI, body mass index.
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Statistical Analysis
All statistical analyses accounted for the complex, multi-stage probability sampling design of NHANES. This was 
implemented using the R survey package (version 4.2.1). A survey design object was created incorporating the interview/ 
examination sample weights (WTMEC2YR), strata (SDMVSTRA), and primary sampling units (SDMVPSU). To 
generate appropriate weights for the combined survey periods, the two-year examination weight for each NHANES 
cycle was divided by two.For this study, during data processing and analysis, we assessed continuous variables for 
normal distribution, and the results indicated that all continuous variables were non-normally distributed. Therefore, we 
used the median (interquartile range, IQR) for non-normally distributed continuous variables and frequency (weighted 
percentage) for categorical variables. For categorical and non-normally distributed continuous variables, the chi-square 
test and the Kruskal–Wallis test were used to assess differences in the characteristics of the variables within each LC9 
group (tertiles), respectively. The normality test revealed that the age at menopause and reproductive lifespan were 
skewed; therefore, they were ln-transformed to achieve a distribution that resembled a normal distribution.

The multivariable logistic regression model was utilized to examine the relationship between LC9 score and its 
subcomponent scores and prevalence of SUI. Multivariable logistic regression analyses were performed on all variables 
found to have a statistically significant association (two-tailed, P<0.05) in the univariable analyses. Both categorical and 
continuous models were used. The lowest tertile of the LC9 and its subcomponent scores was utilized as the reference 
group in the categorical mode, where the LC9 and its subcomponent scores was split into tertiles. Utilizing ordered 
integer values, trend tests were conducted in the linear regression models across increasing LC9 tertile and and its 
subcomponent scores categories. No covariates were adjusted in Model 1. Model 2 was adjusted for age, race, PIR, 
education level, smoking status, alcohol intake, hypertension, diabetes, physical activity, vaginal deliveries, cesarean 
deliveries, macrosomia, and hysterectomy. And all regressions included survey weights. Furthermore, the weighted 
restricted cubic spline model (RCS) with three knots at the 5th, 50th, and 95th percentiles of the distribution were used to 
investigate any potential dose-response relationship between LC9 score and its subcomponent scores and odds of SUI.

The mediating role of oxidative stress biomarkers in the relationship between LC9 score and SUI prevalence was 
further assessed by weighted mediation analysis modeling. In the mediation analysis, two models were constructed: a 
mediation model referred to the GLM used to assess the relationship between LC9 score (exposure variable) and 
oxidative stress biomarkers (mediator variable); and the outcome model referred to the GLM and logistic regression 
model, including exposure and mediator variables, to assess their effects on the prevalence of SUI (outcome variable), 
respectively. The direct effect (DE) represents the effect of LC9 score on the prevalence of SUI, whereas the indirect 
effect (IE) represents the effect of oxidative stress biomarker-mediated LC9 score on the prevalence of SUI. The 
proportion of mediated effects was calculated by dividing the indirect effect (IE) by the total effect (TE).

To ensure robustness, several sensitivity analyses were conducted. First, the relationship between LC9 scores and 
reproductive life span as well as miscarriage rate was investigated using multiple linear regression modeling, excluding 
LC9 scores less than mean - 3SD and greater than mean + 3SD. Second, subgroup analyses were performed to examine 
whether the effects of LC9 scores and reproductive life expectancy as well as miscarriage rate could be modified by 
covariates through regression models that included subgroup interaction terms in separate models. Wald tests were used 
to estimate P values for interactions. Thirdly, to examine whether the observed association between LC9 and SUI 
differed by menopausal and parity status, we performed a prespecified subgroup analysis. Female participants were 
stratified into different groups based on through a self-reported reproductive health questionnaire.22 All regression and 
mediation models were fitted separately within each subgroup, while maintaining the same covariate adjustment strategy 
as in the primary analysis. Furthmore, all covariates were used to perform 1:1 propensity score matching (PSM). 
Weighted logistic regression was then reapplied to the matched sample to reassess the association between LC9 and 
SUI. Finally, the relative significance of the impacts of several factors on odds of SUI was predicted using the eXtreme 
Gradient Boosting (XGBoost) machine learning algorithm model. All statistical analysis was conducted by using R 
software (version 4.2.1). Two-sided P values < 0.05 was considered statistically significant difference.
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Results
Baseline Characteristics of Study Participants
The postmenopausal participants’ average age and BMI were 49.71 ± 17.56 years and 29.24 ± 7.28 kg/m2, respectively. 
Among all participants, 43.27% were found to exhibit SUI. More than half (52.0%) of these participants were non- 
Hispanic White (Table 1). The mean (standard deviation) of the LC9 score was 68.83 (14.69). Compared with the other 
groups, the highest LC9 score tertile group often consisted of younger, non-Hispanic white individuals with higher BMI 
and total calorie consumption, as well as higher levels of education and economic status. The LC9 score of participants 
with college or above and never-smokers were higher than that of their counterparts. As LC9 score increased, the 
proportion of individuals who were also physically active, the proportion of non-hypertension and non-diabetes also 
increased (P < 0.05). Moreover, patients with SUI usually had a lower percentage of macrosomia compared with 
participants without SUI (8.6 vs 12.8).

Association of CDAI with Reproductive Lifespan
To evaluate the relationship between the LC9 score and the risk of SUI in US women, multivariable logistic regression 
analyses were conducted (Table 2). The preliminary analysis revealed a negative correlation between the risk of SUI and 
each unit increase in the LC9 score when the score was treated as a continuous variable (odds ratio [OR] = 0.976; 95% 
confidence interval [CI]:0.972–0.980). After within the in logistic regression, it was determined that a 1-point increase in 
the LC9 score corresponded to the odds of SUI was 0.988 (95% CI: 0.979–0.997). For the categorical variable, the risk of 
SUI was significantly lower in the high LC9 group (OR: 0.765, 95% CI: 0.600–0.975) compared with that to LC9 group. 
As for the specific components of LC9, the highest tertile of health factor score was linked to lower odds of SUI 
prevalence when compared to the lowest tertile of health factor score [OR = 0.479 (0.400, 0.574), P < 0.001]. Health 
factor scores and the incidence of SUI also showed comparable exhibited similar the high and low groups at preliminary 

Table 2 Multivariable Regression Analysis of Associations Between Life’s Crucial 9 and 
Stress Urinary Incontinence (SUI), National Health and Nutrition Examination Survey, 
2005–2018

Variable Univariable Multivariable

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

Life’s Crucial 9a

Continuous variable 0.976 (0.972, 0.980) <0.001 0.988 (0.979, 0.997) 0.013
Categorical variable

Tertile 1 Ref Ref

Tertile 2 0.652 (0.559, 0.760) <0.001 0.817 (0.673, 0.993) 0.043
Tertile 3 0.470 (0.408, 0.542) <0.001 0.765 (0.600, 0.975) 0.032

Health behavior scoreb

Low Ref Ref
Moderate 0.911 (0.763, 1.087) 0.305 0.864 (0.724, 1.031) 0.118

High 0.896 (0.764, 1.052) 0.187 0.905 (0.758, 1.080) 0.279

Health factor scorec

Low Ref Ref

Moderate 0.689 (0.592, 0.804) <0.001 0.748 (0.633, 0.884) 0.002

High 0.378 (0.318, 0.449) <0.001 0.479 (0.400, 0.574) <0.001
PHQ-9 score 1.061 (1.043, 1.079) <0.001 1.066 (1.043, 1.089) <0.001

Notes: aModel was adjusted for age, BMI, race, PIR, education level, smoking status, alcohol intake, hyperten
sion, diabetes, physical activity, vaginal deliveries, cesarean deliveries, macrosomia, and hysterectomy. bModel 
was adjusted for age, BMI, race, PIR, education level, alcohol intake, hypertension, diabetes, vaginal deliveries, 
cesarean deliveries, macrosomia, and hysterectomy. cModel was adjusted for age, race, PIR, education level, 
smoking status, alcohol intake, physical activity, vaginal deliveries, cesarean deliveries, macrosomia, and 
hysterectomy. 
Abbreviations: OR, odds ratio; CI, confidence interval; PHQ-9, Patient Health Questionnaire-9.
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in the although no significant significance was differences were the adjusted model. Meanwhile, in the adjusted model, 
the OR for each 1-point increase in PHQ-9 in the was 1.066 (95% CI: 1.043–1.089), suggesting a indicating association 
with the risk of SUI.

Following the adjustment for potential confounders, a significant linear relationship (P for overall < 0.001, P for 
nonlinearity = 0.632) was identified between LC9 score and odds of SUI in a weighted restricted cubic spline regression. 
The RCS results suggested a negative correlation between the LC9 score and its components, showing that the OR of 
SUI decreased with increasing scores on LC9, health behaviors, and their health factors (Figures 1 and S3). Notably, the 
nonlinear relationships between PHQ-9 score and SUI were statistically significant (P for nonlinearity < 0.05), as 
depicted in Figure S3, even after controlling for numerous potential confounders.

Mediation Analyses
To investigate the mediating role of oxidative stress indicators, we conducted a weighted mediation analysis. The 
relationship between the LC9 score and stress urinary incontinence (SUI) is mediated by oxidative stress indicators, as 
illustrated in Figure 2. Specifically, the relationship between the LC9 score and SUI was significantly mediated by both 
bilirubin and uric acid, which accounted for 2.22% and 2.64% of the association, respectively (P < 0.05). However, no 
significant mediating effect of GGT in the association between LC9 and stress urinary incontinence was found (P = 0.36) 
(Figure 2).

Sensitivity Analyses
The robustness of the study’s findings was confirmed through several sensitivity analyses. First, subgroup analysis 
(Table S3) demonstrated a strong correlation between SUI and the LC9 score across various demographic categories. The 
reduced probabilities of SUI were not significantly influenced by the stratification variables (P for interaction > 0.05) 
except for vaginal deliveries, cesarean deliveries, and macrosomia. The OR remained consistent across all stratifications 
by BMI, race, education, PIR, physical activity, smoking status, alcohol consumption, diabetes, hypertension, and 

Figure 1 Relationship between “Life’s Crucial 9” and “Stress Urinary Incontinence (SUI).” The x-axis represents “Life’s Crucial 9” (0 to 100), and the y-axis represents SUI 
values (0.0 to 2.0). A fitted line shows a decrease in SUI values as “Life’s Crucial 9” increases, with the shaded area representing the confidence interval. Model was adjusted 
for age, BMI, race, PIR, education level, smoking status, alcohol intake, hypertension, diabetes, physical activity, vaginal deliveries, cesarean deliveries, macrosomia, and 
hysterectomy.
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hysterectomy. Second, weighted multivariate linear regression was employed after eliminating extreme data and the LC9 
score. All results indicated a negative association between the LC9 score and SUI in both fully adjusted and non-adjusted 
models, which aligns with the previously discussed findings (Table S4–5 and S4). Thirdly, the inverse association 
between LC9 score and odds of SUI was consistent across menopausal status. In subgroup analyses, the direction and 
magnitude of the association remained similar in both premenopausal and postmenopausal women (Table S6), supporting 
the robustness of the primary findings. In a pre-specified subgroup analysis stratified by parity (nulliparous vs parous), 
the inverse association between LC9 score and odds of SUI was significantly modified by parity status (P for interaction 
= 0.005). While a protective association was observed in both groups, the effect was more pronounced in nulliparous 
women compared to parous women (Table S6). After 1:1 PSM, 162 participants with epilepsy and 162 without were 
included. The baseline features were better balanced across the two groups (all absolute standardized mean differences 
(ASMD) < 0.1), as shown in Figure S5. Weighted logistic regression conducted in the PSM cohort still demonstrated 
significant effects for LC9 (OR (95% CI): 0.989 (0.984, 0.993)) (Table S7).

Finally, to assess the efficacy of the LC9 score in predicting the odds of SUI, we utilized the XGBoost machine 
learning model to determine the relative importance of selected factors associated with SUI. The three most significant 
factors influencing age at menopause were identified as age, LC9 score, and race, based on the contributions of each 
variable as determined by the XGBoost model (Figure 3A). The predictive efficacy of the LC9 score on the odds of SUI 
was also significant (SHAP values = 0.079; Figure 3B). In conclusion, a high LC9 score had a substantial positive impact 
on reducing the prevalence of SUI.

Discussion
This study is the first to investigate the relationship between SUI and CVH, as measured by LC9 scores, in a nationally 
representative sample of American women. The results reveal a strong association, indicating that a lower odds of SUI is 
linked to higher LC9 scores. Specifically, an OR of 0.988 for SUI is associated with each one-point increase in the LC9 
score. The role of oxidative stress indicators as mediators in this association is further supported by the mediation 
analysis. These findings underscore the importance of maintaining cardiovascular health as an effective strategy for 
slowing the progression of pelvic floor dysfunction.

Figure 2 Estimated proportion of the association between Life’s Crucial 9 and stress urinary incontinence mediated by oxidative stress factor. (A) The mediating effect of 
GGT in stress urinary incontinence. (B) The mediating effect of bilirubin in stress urinary incontinence. (C) The mediating effect of uric acid in stress urinary incontinence. 
Model was adjusted for age, BMI, race, PIR, education level, smoking status, alcohol intake, hypertension, diabetes, physical activity, vaginal deliveries, cesarean deliveries, 
macrosomia, and hysterectomy.
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Figure 3 Feature importance analysis using SHAP (SHapley Additive exPlanations) values. (A) Bar plot showing the mean absolute SHAP values for each feature, indicating their overall importance in predicting the outcome. Features are 
ranked in descending order of importance, with Age and Life’s Crucial 9 contributing the most to the model output. (B) SHAP summary plot illustrating the distribution of SHAP values for individual features. Each point represents a 
single prediction, colored by the feature value (low to high). Features with higher SHAP value variability have a more significant impact on the model output. Features such as Age and Life’s Crucial 9 exhibit the greatest influence on 
model predictions. Model was adjusted for age, BMI, race, PIR, education level, smoking status, alcohol intake, hypertension, diabetes, physical activity, vaginal deliveries, cesarean deliveries, macrosomia, and hysterectomy.
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This study is the first to investigate the association between CVH as measured by the LC9 index, and SUI among US 
women who participated in the NHANES from 2005 to 2018. Previous research has suggested that a diet high in fat and 
sugar may be a significant risk factor for SUI.23,24 Additionally, women who engaged in high-intensity exercise at the 
gym exhibited a higher prevalence of urinary incontinence symptoms compared to those who did not exercise.25 A cross- 
sectional study involving 5,013 women found a strong correlation between SUI and smoking, with a prevalence of 
18.92% among smokers and 8.39% among non-smokers.26 The recommended sleep duration of 6–8 hours per night was 
linked to a lower incidence of urge incontinence, while sleep duration was not significantly associated with SUI.27 

Furthermore, several studies have demonstrated a positive correlation between women’s BMI and SUI.28,29 Researchers 
compared 193 participants with and without stressful SUI and discovered that those with SUI had higher blood glucose 
and serum triglyceride levels.4 The incidence and severity of urinary incontinence in women with type 2 diabetes were 
shown to correlate with higher levels of insulin resistance.30 The results of our study align with findings from a study 
based on NHANES data from 2005 to 2018, which identified a nonlinear relationship between urinary incontinence and 
Patient Health Questionnaire (PHQ-9) scores (nonlinear P < 0.001),31 indicating a 7% increase in risk for every 1-point 
increase in PHQ-9 scores. This suggests that mental health is significantly associated with stress urinary incontinence.

Our study suggests that adherence to the American Heart Association’s LC9 cardiovascular health index may be 
associated with a reduced prevalence of SUI in women. For participants in the highest tertile CVH group, the odds of 
SUI were reduced by 23.5% compared to the lowest tertile CVH group. These findings have significant clinical 
implications, highlighting the relationship between cardiovascular health and SUI and probably suggesting a shared 
pathophysiology. Furthermore, lifestyle modifications—such as smoking cessation, maintaining a healthy weight, 
regulating blood glucose levels, and following a low-fat diet—have been shown to positively impact cardiovascular 
health and may also benefit urinary health. Additionally, mental health indicators, newly incorporated into the LC9, are 
recognized as crucial for energy renewal and cellular recovery. Previous evidence has shown that depression of any 
severity is associated with stress urinary incontinence (SUI) in women.31,32 Depression has been linked to the accelerated 
degradation of the extracellular matrix in pelvic floor muscles through mechanisms that include inducing DNA damage 
and chronic inflammation. Therefore, including mental health indicators in the LC9 may provide a more comprehensive 
assessment of the relationship between mental health and pelvic floor dysfunction in women.

There is still much to learn about the processes underlying CVH and SUI. Oxidative stress, a significant indicator of 
aging that increases susceptibility to age-related illnesses, is one potential contributing factor.33 Furthermore, mitochon
drial damage resulting from oxidative stress may enhance the production of ROS.33 Mitochondrial dysfunction is 
recognized as one of the primary mechanisms leading to pelvic floor dysfunction.33 According to a growing body of 
research, oxidative stress levels in the body can be reduced by improving cardiovascular risk factors, such as maintaining 
a healthy diet, quitting smoking, ensuring adequate sleep, and managing blood pressure, blood glucose, and body mass 
index.34,35 Notably, exercising muscles can increase ROS production, which induces oxidative stress in various tissues.36 

However, the impact of exercise-induced increases in ROS production on overall health remains unclear. Nevertheless, 
moderate exercise has been shown to help alleviate SUI, indicating that there are additional ways in which exercise 
influences this condition.37,38 In this study, we explored the relationship between oxidative stress indicators and the 
integration of CVH-related variables (LC9). We found a strong negative correlation between LC9 scores and uric acid 
levels, a positive correlation with bilirubin, and a negative correlation with oxidative stress markers. To further elucidate 
the mechanism linking CVH and SUI, we conducted a mediation analysis based on these findings and confirmed that the 
two oxidative stress indicators (including bilirubin and uric acid) mediated the relationship between LC9 scores and SUI.

Based on a nationally representative sample of the US population, the current study identified a negative relationship between 
women’s stress urinary incontinence and LC9 scores. It also explored the potential mediating role of biomarkers for oxidative 
stress in this context. Rather than stemming from a single cause, stress incontinence is likely the result of a confluence of several 
CVH-related factors. Additionally, we conducted several sensitivity analyses to enhance the validity of our conclusions. 
However, this study has several limitations. First, we were unable to establish a causal association between LC9 scores, oxidative 
stress biomarkers, and stress urinary incontinence due to the cross-sectional design of the NHANES data, which restricted our 
evaluation of the nine CVH measures to baseline measurements. To corroborate our findings, future prospective cohort studies 
are necessary. Second, the use of self-reported questionnaires for assessing measures of depression, physical activity, nicotine 
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exposure, sleep quality, and dietary intake may introduce bias due to potential recall issues. Thirdly,mediating analysis only 
indicates that oxidative stress markers may statistically mediate the association, and mechanistic research is still needed to prove 
the biological causal pathways. Meanwhile, subsequent studies will also note that other confounding factors (such as age and 
hormonal status) may simultaneously affect oxidative stress, CVH and SUI. Finally, caution should be exercised when general
izing our findings to other populations, as our study relied on the US NHANES database.

Conclusions
In this cross-sectional study, higher LC9 scores were associated with lower SUI prevalence among women. However, this 
association was markedly attenuated after age adjustment, reflecting the age-driven nature of both CVH and pelvic floor 
health. Our findings suggest a linear relationship, with no robust evidence of nonlinearity. Exploratory mediation analysis 
indicates that oxidative stress may partially underlie these findings, offering a biological hypothesis for future study. 
Given NHANES’ inherent limitations, these results represent cross-sectional associations rather than causal evidence. 
Longitudinal research is necessary to determine if optimizing CVH can effectively delay SUI onset.
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