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This study aims to investigate the association between multidimensional frailty phenotypes and 
recurrent pregnancy loss (RPL) in reproductive-aged women. This cross-sectional study analyzed 
data from 6,438 reproductive-aged women participating in the National Health and Nutrition 
Examination Survey from 1999 to 2018. RPL was defined as experiencing two or more pregnancy 
losses, including elective abortions and stillbirths. Frailty was assessed using a validated 49-item 
Frailty Index (FI), which encompasses seven domains: cognitive health, physical health, mental health, 
comorbidities, healthcare utilization, laboratory parameters, and performance metrics. Participants 
were categorized as robust, pre-frail, or frail. We employed weighted multivariable logistic regression 
models, hierarchically adjusted for covariates, to evaluate the associations between frailty and RPL. 
Additionally, sensitivity analyses and subgroup analyses were conducted to confirm the robustness 
and specificity of our findings. A total of 6,438 reproductive-aged women were included in the analysis, 
frailty severity demonstrated a dose-dependent association with RPL risk. The overall RPL prevalence 
was 21.73%, with increasing rates observed across frailty strata: 18.75% (robust, FI < 0.10), 23.08% 
(pre-frail, 0.10 ≤ FI < 0.25), and 29.03% (frail, FI ≥ 0.25). Multivariable models revealed persistently 
elevated RPL risks for pre-frail ( OR = 1.23, 95% CI:1.01–1.52) and frail women (OR = 1.51, 95% CI:1.11–
2.05) versus robust counterparts after full adjustment for sociodemographic and clinical confounders 
(p trend < 0.001). Subgroup analyses confirmed robustness across demographic and health strata, 
except for educational attainment (interaction p = 0.046). Threshold regression identified a nonlinear 
relationship: below FI = 0.183, each SD increase in frailty index amplified RPL odds exponentially 
(OR = 67.11, p < 0.001), whereas no significant association emerged beyond this inflection point. This 
study underscores frailty severity as an independent risk factor for RPL in reproductive-aged women, 
highlighting the need for standardized frailty screening and early interventions during the pre-frailty 
stage to mitigate RPL risk.
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Recurrent pregnancy loss (RPL), clinically defined as two or more pregnancy losses prior to 20 weeks of gestation 
according to the latest guidelines, persists as a significant clinical challenge, affecting 1–5% of women within 
reproductive age and imposing substantial physical and psychosocial morbidity1–4. While advancements have 
elucidated established etiological contributors—including chromosomal anomalies, autoimmune dysregulation, 
and structural uterine abnormalities—up to 50% of RPL cases remain idiopathic, underscoring persistent 
deficiencies in characterizing multifactorial pathophysiological mechanisms5,6. Contemporary theoretical 
frameworks posit that systemic physiological instability, rather than discrete pathological entities, may lead to a 
higher risk of pregnancy loss7–9. This hypothesis is inherently crucial for understanding reproductive physiology. 
The population of reproductive-aged women, characterized by a wide range of health trajectories—from stable 
homeostasis to subtle dysregulation—provides a valuable context for examining how systemic physiological 
instability may affect reproductive outcomes10,11. However, the role of this physiological diversity in the 
pathogenesis of RPL has not been sufficiently explored, which restricts opportunities for mechanistic discoveries 
and targeted interventions.
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Frailty is a multidimensional construct that has historically been defined in geriatric populations to indicate 
depleted physiological reserves and reduced adaptability to stress12. Recently, it has gained attention as an 
important indicator of health vulnerability in younger populations13. Within obstetrical contexts, frailty may 
encapsulate latent dysfunctions spanning metabolic perturbations, chronic inflammatory activation, endocrine 
axis disruption, and compromised allostatic load—collectively undermining maternal adaptive capacity during 
gestation14. Although preliminary observational studies have associated preconception frailty phenotypes with 
adverse outcomes such as preterm delivery and hypertensive disorders of pregnancy, its potential role in RPL 
etiology remains largely unexplored15. This knowledge gap is particularly consequential given that recurrent 
pregnancy failure may emerge from bidirectional interactions between cumulative physiological frailty and 
maladaptive gestational responses, especially in individuals subjected to repeated pregnancy-related stressors 
without sufficient recovery intervals16.

This study aims to investigate the association between frailty and RPL in reproductive-aged women, a 
demographic spanning peak fertility periods and diverse preconception health profiles. Using a validated 
multidimensional frailty instrument, we analyze the independent relationship between frailty severity and RPL 
history, adjusting for established confounders. By combining frailty metrics with clinical data, we aim to establish 
frailty as a biomarker of preconception vulnerability, refining risk stratification and informing resilience-focused 
interventions.

Methods
Study population
This cross-sectional study utilized data from the National Health and Nutrition Examination Survey (NHANES) 
1999–2018, a nationally representative program assessing health and nutritional status in the United States 
through interviews, physical examinations, and laboratory tests17. The study protocol was approved by the 
National Center for Health Statistics Research Ethics Review Board, and all participants provided written 
informed consent. From an initial pool of 101,316 participants across ten NHANES survey cycles (1999–2018), 
we applied a multi-stage selection protocol to derive a cross-sectional sample of reproductive-aged women 
(18-45years). The selection process first excluded 49,893 males and 36,376 individuals outside the target age 
range, resulting in 15,047 eligible women. Subsequent phases excluded 7,252 participants with incomplete 
fertility-related data (pregnancy loss history, oral contraceptive use, or female hormone information) and 1,357 
individuals lacking complete sociodemographic/health covariates (BMI, marital status, poverty-income ratio, 
smoking, alcohol use, education, hypertension, or diabetes). The final analytical sample comprised 6,438 women 
with complete data across all study variables, ensuring methodological rigor while preserving the nationally 
representative profile of reproductive-aged women in the United States. A detailed flowchart of the study 
population selection process is presented in Fig. 1.

The definition of recurrent pregnancy loss
RPL was operationally defined as ≥ 2 discrete pregnancy loss events, regardless of whether they occurred 
consecutively or intermittently, aligning with current clinical consensus criteria1,18. This classification was 
derived from computer-assisted interview data collected at the Mobile Examination Center, where participants 
self-reported their complete reproductive histories. The calculation method involved subtracting the number 
of live births (responses to “How many of your deliveries resulted in a live birth?”) from the overall count 
of reported pregnancies (responses to “How many times have you been pregnant?”). In this study, “initiated 
pregnancies” refers to all reported pregnancies, including both planned and unplanned pregnancies, without 
distinguishing between confirmed and unconfirmed pregnancies. Cases with a difference ≥ 2 were categorized 
as RPL, encompassing all pregnancy termination types including miscarriages, stillbirths, ectopic pregnancies, 
and elective abortions19. This threshold-based definition excluded currently pregnant individuals to avoid 
misclassification, ensuring temporal separation between pregnancy outcomes.

The definition of frailty index (FI)
Frailty was quantified using a validated FI based on the cumulative deficit model, operationalized as the ratio 
of observed health deficits to the total number of potential deficits, yielding a continuous scale from 0 (optimal 
health) to 1 (complete frailty)20. The FI incorporated approximately 49 items spanning seven health domains 
to provide a comprehensive health profile: cognitive function (memory impairment), physical dependency 
(difficulties in activities of daily living), depressive symptoms (assessed by PHQ-9), comorbidities (including 
arthritis, diabetes, cardiovascular conditions, and renal failure), healthcare utilization patterns (hospitalizations, 
medication use), physical performance metrics (grip strength and body mass index), and laboratory parameters 
(HbA1c, hemoglobin, lymphocyte counts)21,22. Participants with ≥ 80% completeness in item responses were 
included to ensure data reliability. Consistent with established clinical thresholds, FI scores were categorized 
as robust (FI < 0.10), pre-frail (0.10 ≤ FI < 0.25), or frail (FI ≥ 0.25) to reflect progressive vulnerability to adverse 
outcomes23,24.

Other variables
To account for potential confounding factors, this study incorporated a comprehensive set of covariates 
spanning sociodemographic, clinical, and behavioral domains, consistent with established methodologies in 
population health research. Demographic covariates included age measurement, race/ethnicity categorized as 
Mexican American, Non-Hispanic White, Non-Hispanic Black, or Other, educational attainment stratified into 
less than high school, high school/equivalent, or more than high school, marital status recoded as having a 
partner(married/living with partner), no partner (widowed/separated/divorced), or unmarried, and poverty-
income ratio (PIR) expressed as a continuous variable25. Clinical characteristics encompassed body mass index 

Scientific Reports |        (2025) 15:33582 2| https://doi.org/10.1038/s41598-025-18713-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


(BMI) calculated from objectively measured height and weight, diabetes status defined by physician diagnosis, 
hypoglycemic medication use, HbA1c ≥ 6.5%, or fasting glucose ≥ 7.0 mmol/L, hypertension status confirmed 
through physician diagnosis, antihypertensive medication use, systolic blood pressure ≥ 140 mmHg, or diastolic 
blood pressure ≥ 90 mmHg. Education level was classified as less than high school, high school or equivalent, 
and college or above. Smoking history were categorized as “No” and “Yes”, alcohol consumption was classified 
by whether ≥ 4 drinks/day26,27. Female-specific covariates incorporated reproductive history variables including 
ever-use of birth control pills and exogenous female hormones18.

Statistical analysis
To ensure the representativeness of our findings for the target U.S. population, all analyses incorporated appropriate 
sampling weights accounting for NHANES’s complex multi-stage stratified sampling design. Participants were 
classified using established clinical thresholds for frailty: Robust (FI ≤ 0.10), Pre-frail (0.10 < FI < 0.25), and Frail 
(FI ≥ 0.25), with the Robust group serving as the reference category in regression analyses. Continuous variables 
are expressed as weighted means ± standard error (SE), while categorical variables are presented as weighted 
proportions. Group comparisons employed weighted t-tests or ANOVA for continuous variables and weighted 
chi-square tests for categorical variables. Four progressively adjusted weighted multivariate logistic regression 
models examined associations between frailty categories and outcomes: Model 1 (Crude) contained only frailty 
terms; Model 2 added adjustments for age, BMI, race, smoking status, alcohol consumption, poverty-to-income 
ratio (PIR), education level, and marital status; Model 3 further incorporated hypertension and diabetes; Model 
4 included all preceding covariates plus birth control pill and female hormone use. Results are presented as Odds 
Ratios (OR) with 95% Confidence Intervals (CI). Statistical significance of trends across frailty categories was 
formally evaluated by assigning ordinal scores (Robust = 1, Pre-frail = 2, Frail = 3) and testing the significance of 
this continuous trend variable within each model.

Continuous frailty index scores were examined for non-linear relationships using restricted cubic splines 
within Generalized Additive Models, with knot placement optimized via the Akaike Information Criterion. 
Threshold effects were investigated using piecewise linear regression modeling. Likelihood-ratio tests were then 
applied to compare the goodness-of-fit of the single-slope model with that of the segmented model. Subgroup 
analyses were performed with weighted multivariable logistic regression models that adjusted for all confounders 
except the stratifying variable. In the sensitivity analysis, RPL was redefined as experiencing three or more losses. 
We performed weighted multivariable logistic regression, trend tests, subgroup analyses, and interaction tests 
to ascertain whether the association between the frailty index and RPL is affected by varying definitions of RPL.

All analyses were conducted using R software (version 4.4.0), utilizing specialized packages designed 
for complex survey designs. The “survey” package managed all weighted analyses, including descriptive 

Fig. 1.  Flow chart of the participants exclusion process.
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statistics, hypothesis testing, and regression models. Non-linear splines and generalized additive models were 
implemented using the “rms” and “mgcv” packages. Additionally, piecewise threshold effects were assessed with 
the “segmented” package, with statistical significance determined by a two-tailed p-value of less than 0.0528–30.

Results
Baseline characteristics of the study population
Table 1 presents the baseline characteristics of 6,438 reproductive-aged women (18–45 years) stratified by frailty 
status: 2,408 in the robust group (FI < 0.10), 3,468 in the pre-frail group (0.10 ≤ FI < 0.25), and 562 in the frail 
group (FI ≥ 0.25). The overall prevalence of RPL was 21.73%. A significant gradient increase in RPL risk was 
observed with worsening frailty status: rates were 18.75% in the robust group, 23.08% in the pre-frail group, and 
29.03% in the frail group. Additionally, participants stratified by frailty severity showed statistically significant 
differences (p < 0.05) in clinical characteristics including age, BMI, race, marital status, PIR, smoking status, 
education level, hypertension, diabetes, and female hormone use.

Univariate logistic regression analysis of RPL
Univariate logistic regression analysis of RPL (Table 2) identified several significant risk and protective factors. 
Significant risk factors for RPL (OR > 1, p < 0.05) included non-Hispanic Black race (versus Mexican American), 
other racial groups, unmarried status, smoking, drinking, hypertension, pre-frail status (vs. robust), and frail 
status (vs. robust).

Association between frailty index and RPL
We constructed four sequentially adjusted multivariate logistic regression models to evaluate the independent 
association between frailty and RPL. Table 3 details the ORs and 95% CIs derived from these analyses. In the 
unadjusted model (Model 1), pre-frail women exhibited an 30% higher risk of RPL compared to robust women 
(OR = 1.30; 95% CI: 1.07–1.58; p = 0.01), while frail women demonstrated a 77% increased risk (OR = 1.77; 
95% CI: 1.36–2.30; p < 0.001). After comprehensive adjustment for sociodemographic and clinical confounders 
across Models 2–4, the risk estimates attenuated progressively but remained statistically significant (p < 0.05). In 
the fully adjusted model (Model 4), pre-frail women maintained a 23% elevated RPL risk (OR = 1.23; 95% CI: 
1.01–1.52; p = 0.047), whereas frail women sustained a 51% higher risk (OR = 1.51; 95% CI: 1.11–2.05; p = 0.009). 
The persistent dose-dependent relationship across all models (p for trend < 0.001) confirms that frailty severity 
constitutes an independent risk factor for RPL.

The non-linear relationship between frailty index and RPL
Threshold regression analysis identified a statistically significant inflection point in the frailty-RPL association 
at FI = 0.183 (Likelihood Ratio Test vs. linear model: P = 0.007) (Fig. 2). Below this threshold, each standard 
deviation increment in frailty index corresponded to substantially increased odds of RPL (OR = 67.11, 95% 
CI: 12.62–356.81, P < 0.001). Conversely, no significant association was detected beyond this critical value 
(OR = 2.02, 95% CI: 0.35–11.74, P = 0.434). This segmented pattern—characterized by exponentially elevated 
risk at lower frailty levels (FI < 0.183) and attenuated effects in severe frailty-demonstrated superior fit (P = 0.007) 
over the significant yet constrained linear association (OR = 10.91, 95% CI: 4.95–24.06, P < 0.001) (Table 4).

Subgroup analysis and interaction effects
Subgroup analyses indicated a positive association between the frailty index and RPL risk (Fig.  3). Across 
subgroups including age, BMI, PIR, marital status, smoking history, alcohol consumption, hypertension, diabetes, 
and contraceptive use, effect estimates consistently exceeded 1, confirming the robustness of this association. 
Formal interaction testing demonstrated significant effect modification solely across educational attainment 
strata (p for interaction = 0.046), while none of the remaining 11 subgroups exhibited statistically significant 
interactions (p for interaction > 0.05), thereby strengthening the robustness of the frailty-RPL relationship.

Sensitivity analysis
We redefined RPL as experiencing three or more losses and conducted statistical analyses to examine whether 
the association between the frailty index and RPL is influenced by different definitions. The results, presented 
in Table S1, indicate that in the fully adjusted model (Model 4), the risk of RPL among women with pre-frailty 
remains elevated by 58% (OR = 1.58; 95% CI: 1.19–2.08; p = 0.002), while the risk among frail women increases 
by 78% (OR = 1.78; 95% CI: 1.09–2.92; p = 0.024). Trend tests demonstrate that the risk rises with increasing 
severity of frailty (P for trend = 0.003). Subgroup analyses reveal that the positive correlation between the frailty 
index and the risk of RPL loss remains stable across all subgroups, and interaction tests did not yield statistically 
significant results in any subgroup (p for interaction > 0.05), thus confirming the robustness of this association 
(Figure S1).

Discussion
This study investigated the association between frailty and RPL in reproductive-aged women. Our analysis 
demonstrates that increasing frailty severity exhibits a graded relationship with elevated RPL risk, with pre-
frail and frail states conferring substantially higher vulnerability compared to robust health. Notably, this 
association persisted independent of sociodemographic, clinical, and lifestyle factors, underscoring frailty as 
an autonomous pathophysiological determinant. Crucially, we identified a nonlinear risk threshold (FI ≈ 0.18), 
below which even marginal increases in frailty correspond to disproportionate rises in RPL susceptibility. These 
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findings collectively establish frailty as a clinically significant risk dimension for RPL, challenging conventional 
paradigms that overlook subclinical physiological decline in reproductive health assessment.

Frailty is a clinically recognizable state of vulnerability arising from the age-associated decline in physiological 
reserves and function across multiple organ systems31. This progressive deterioration compromises the body’s 
capacity to maintain homeostasis, predisposing individuals to adverse health outcomes following minor 
stressors32. A robust positive association exists between frailty and advancing age33. Consequently, substantial 
research has focused on elucidating connections between frailty and susceptibility to multiple geriatric syndromes. 

Variable Total (n = 6438) Robust (n = 2408) Pre-frail (n = 3468) Frail (n = 562) P

Age, n(%) < 0.001

18–34 3248 (45.34) 1239 (45.51) 1824 (47.46) 185 (29.61)

35–45 3190 (54.66) 1169 (54.49) 1644 (52.54) 377 (70.39)

BMI, n(%) < 0.001

< 24.9 2015 (36.98) 985 (45.93) 946 (32.80) 84 (15.90)

24.9–29.9 1834 (27.00) 611 (24.15) 1093 (29.71) 130 (24.04)

≥ 29.9 2589 (36.02) 812 (29.92) 1429 (37.49) 348 (60.06)

Race, n(%) < 0.001

Mexican American 1468 (10.75) 587 (10.95) 794 (10.94) 87 (8.33)

Non-Hispanic White 2590 (63.13) 1039 (67.00) 1335 (61.07) 216 (55.78)

Non-Hispanic Black 1407 (14.14) 395 (10.15) 826 (15.93) 186 (24.02)

Other race 973 (11.98) 387 (11.90) 513 (12.06) 73 (11.87)

Marriage, n(%) < 0.001

Having a partner 4436 (72.08) 1769 (77.14) 2360 (69.79) 307 (59.66)

No partner 949 (15.32) 279 (11.15) 538 (17.70) 132 (22.13)

Unmarried 1053 (12.60) 360 (11.71) 570 (12.52) 123 (18.21)

PIR, n(%) < 0.001

< 2.31 3898 (49.87) 1326 (43.76) 2141 (52.19) 431 (67.99)

≥2.31 2540 (50.13) 1082 (56.24) 1327 (47.81) 131 (32.01)

Smoking, n(%) < 0.001

No 4046 (57.07) 1635 (61.61) 2154 (55.47) 257 (42.79)

Yes 2392 (42.93) 773 (38.39) 1314 (44.53) 305 (57.21)

Alcoholic > 4 drinks/day, n(%) 0.441

No 2383 (30.32) 889 (29.33) 1312 (31.21) 182 (29.65)

Yes 4055 (69.68) 1519 (70.67) 2156 (68.79) 380 (70.35)

Education, n(%) < 0.001

Below high school 1596 (17.72) 543 (15.59) 878 (18.49) 175 (24.36)

High school graduate 1442 (23.78) 515 (22.26) 797 (24.88) 130 (24.73)

College or above 3400 (58.49) 1350 (62.16) 1793 (56.64) 257 (50.91)

Hypertension, n(%) < 0.001

No 5250 (82.09) 2247 (93.46) 2738 (77.73) 265 (48.80)

Yes 1188 (17.91) 161 (6.54) 730 (22.27) 297 (51.20)

Diabetes, n(%) < 0.001

No 6065 (95.51) 2380 (99.22) 3254 (94.95) 431 (78.57)

Yes 373 (4.49) 28 (0.78) 214 (5.05) 131 (21.43)

Ever Birth Control Pills, n(%)
use, n(%) 0.140

No 4926 (82.26) 1812 (81.78) 2650 (82.08) 464 (86.11)

Yes 1512 (17.74) 596 (18.22) 818 (17.92) 98 (13.89)

Ever Female Hormones, n(%)
use, n(%) < 0.001

No 347 (7.89) 82 (5.35) 198 (8.84) 67 (15.51)

Yes 6091 (92.11) 2326 (94.65) 3270 (91.16) 495 (84.49)

Recurrent pregnancy loss, n(%) < 0.001

No 4944 (78.27) 1963 (81.25) 2590 (76.92) 391 (70.97)

Yes 1494 (21.73) 445 (18.75) 878 (23.08) 171 (29.03)

Table 1.  Comparison of weighted baseline characteristics of participants according to the frailty index. Values 
in bold indicate statistically significant differences (p < 0.05). Abbreviations: BMI, body mass index; PIR, 
poverty-to-income ratio.
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Epidemiological evidence consistently demonstrates that frailty significantly elevates vulnerability to diverse 
diseases and exacerbates their clinical trajectories34. Shu et al. reported that physically frail older adults exhibit 
substantially higher risks of cognitive decline (OR: 5.76; 95% CI: 1.20–27.6) and memory impairment (OR: 5.53; 
95% CI: 1.64–18.7) compared to non-frail counterparts35. Chen et al. identified a dose-response relationship 
between frailty severity and cardiovascular risk, with frail older cardiovascular disease outpatients exhibiting 
twice the mortality risk of robust individuals36. Additionally, frailty independently correlates with increased 
risks of diabetes mellitus and asthma exacerbations in aging populations37,38. To our knowledge, our study is the 

Variables OR (95%CI) P

Age

18–34 1.00 (Reference)

35–45 1.07 (0.91 ~ 1.24) 0.416

BMI

< 24.9 1.00 (Reference)

24.9–29.9 0.98 (0.84 ~ 1.15) 0.835

≥ 29.9 1.08 (0.93 ~ 1.25) 0.293

Race

Mexican American 1.00 (Reference)

Non-Hispanic White 1.20 (0.99 ~ 1.46) 0.071

Non-Hispanic Black 1.88 (1.56 ~ 2.26) < 0.001

Other race 1.95 (1.53 ~ 2.48) < 0.001

Marriage

Having a partner 1.00 (Reference)

No partner 1.26 (1.03 ~ 1.54) 0.027

Unmarried 1.40 (1.12 ~ 1.76) 0.004

PIR

< 2.31 1.00 (Reference)

≥2.31 1.03 (0.89 ~ 1.19) 0.717

Smoking

No 1.00 (Reference)

Yes 1.45 (1.25 ~ 1.69) < 0.001

Alcoholic > 4 drinks/day

No 1.00 (Reference)

Yes 1.31 (1.09 ~ 1.57) 0.004

Education

Below high school 1.00 (Reference)

High school graduate 1.19 (0.92 ~ 1.54) 0.181

College or above 1.14 (0.93 ~ 1.38) 0.212

Hypertension

No 1.00 (Reference)

Yes 1.30 (1.05 ~ 1.60) 0.018

Diabetes

No 1.00 (Reference)

Yes 1.29 (0.91 ~ 1.82) 0.152

Ever Birth Control Pills use

No 1.00 (Reference)

Yes 1.07 (0.88 ~ 1.30) 0.480

Ever Female Hormones use

No 1.00 (Reference)

Yes 0.79 (0.58 ~ 1.07) 0.129

Frailty status

Robust 1.00 (Reference)

Pre-frail 1.30 (1.07 ~ 1.58) 0.010

Frail 1.77 (1.36 ~ 2.30) < 0.001

Table 2.  Weighted univariate logistic analysis of recurrent pregnancy loss in reproductive-aged women. Values 
in bold indicate statistically significant differences (p < 0.05). Abbreviations: BMI, body mass index; PIR, 
poverty-to-income ratio.
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first to demonstrate a significant association between frailty and elevated risk of RPL among reproductive-aged 
women. Frail women exhibited a 51% higher RPL risk compared to robust counterparts (OR = 1.51; 95% CI: 
1.11–2.05; P < 0.001). Gotaro et al. demonstrated a significant positive association between higher gravidity and 
elevated frailty severity39. Multiparity may constitute a potential physiological stressor, potentially accelerating 
multisystem functional decline through cumulative metabolic dysregulation, chronic inflammatory states, and 
depletion of critical nutrient reserves – thereby propelling frailty progression40. In this context, RPL represents 
a distinct high-risk gestational condition where repeated embryonic loss may be closely linked to preexisting 
subclinical health deficits in maternal systemic resilience.

Widespread dysregulation of multisystem physiological homeostasis may significantly increase susceptibility 
to RPL in individuals with frailty. The core mechanism involves persistent activation of chronic low-grade 
inflammation, wherein elevated pro-inflammatory cytokines directly disrupt the embryonic implantation 
microenvironment and compromise placental development41. Concurrent dysregulation of metabolic-

Fig. 2.  Restricted cubic spline fitting for the association between frailty index and and recurrent pregnancy 
loss in reproductive-aged women.

 

Variables

Model 1 Model 2 Model 3 Model 4

OR (95%CI) P OR (95%CI) P OR (95%CI) P OR (95%CI) P

Frailty index
(continuous)

13.33
(5.95 ~ 29.83) < 0.001 9.74

(3.89 ~ 24.39) < 0.001 9.01
(3.33 ~ 24.36) < 0.001 8.56

(3.09 ~ 23.72) < 0.001

Frailty

Robust 1.00 (Reference) 1.00 (Reference) 1.00 Reference) 1.00 Reference)

Pre-frail 1.30 (1.07 ~ 1.58) 0.010 1.26 (1.03 ~ 1.54) 0.025 1.24 (1.01 ~ 1.52) 0.038 1.23 (1.01 ~ 1.52) 0.047

Frail 1.77 (1.36 ~ 2.30) < 0.001 1.60 (1.21 ~ 2.11) 0.001 1.52 (1.13 ~ 2.06) 0.007 1.51 (1.11 ~ 2.05) 0.009

P for trend < 0.001 0.001 0.004 0.007

Table 3.  Weighted multivariate logistic regression analysis examining the association between frailty index 
and recurrent pregnancy loss defined as two or more losses in reproductive-aged women. OR: Odds Ratio, 
CI: Confidence Interval. Model1: Crude; Model2: Adjusted for covariates: age, BMI, race, smoking, drinking, 
PIR, education level and marriage; Model3: Adjusted for covariates: age, BMI, race, smoking, drinking, 
PIR, education level, marriage, hypertension and diabetes; Model4: Adjusted for covariates: age, BMI, race, 
smoking, drinking, PIR, education level, marriage, hypertension, diabetes, birth control pills use and female 
hormones use. Values in bold indicate statistically significant differences (p < 0.05).
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endocrine networks – manifested as sarcopenia, impaired glucose tolerance, and hypothalamic-pituitary-
ovarian/adrenal axis dysfunction – further impairs endometrial receptivity and luteal phase integrity41–43. 
Furthermore, progressively accumulated oxidative stress diminishes reactive oxygen species scavenging capacity, 
inducing gamete DNA fragmentation, embryonic developmental arrest, and trophoblast dysfunction44. These 
pathophysiological alterations collectively attenuate immune tolerance at the maternal-fetal interface while 
synergizing with microcirculatory disturbances to impede proper placentation.

Frailty fundamentally signifies diminished resilience in meeting gestational physiological demands. The 
FI—a comprehensive assessment tool grounded in the cumulative deficit model—constructs a continuous frailty 
spectrum by quantifying 49 variables across seven health domains: cognitive function, physical dependence, 
depressive symptomology, comorbidity burden, healthcare utilization, physical performance, and laboratory 
parameters45,46. Its clinical stratification robustly categorizes individuals as robust, pre-frail, or frail, accurately 
reflecting progressive depletion of physiological reserves24. The robust association between FI and RPL reveals 
that synergistic accumulation of multisystem health deficits may compromise gestational sustainability, a 
mechanism transcending singular pathological attribution. Clinically, this evidence transforms FI into a critical 
peri-conceptual risk stratification metric: pre-frail women require early intervention targeting chronic disease 
management, psychological support, and physical optimization, while frail individuals necessitate intensified 
perinatal monitoring including serial placental function assessments and fetal growth surveillance. Ultimately, 
FI-informed hierarchical care reorganizes clinical paradigms from reactive treatment to proactive health 
preservation, generating innovative preventive pathways for RPL.

The control and interpretation of biases are crucial in clinical research. As a cross-sectional study, the biases 
in our research primarily stem from several key areas. Firstly, the definition of RPL varies among guidelines. 
The Royal College of Obstetricians and Gynaecologists defines RPL as three or more miscarriages, a standard 
maintained in their 2023 guidelines47. In contrast, the European Society of Human Reproduction and 
Embryology and the 2024 Australian Clinical Management Guidelines define RPL as two or more losses4,48. 
Recent articles in The Lancet challenge the distinctions between sporadic and recurrent miscarriages, advocating 
for improved support following even a single loss instead of waiting for three instances5,49,50. Given these 
developments, we adopted a definition of RPL as two or more losses to ensure that women experiencing two 
miscarriages receive adequate attention and assessment of their frailty status. Another source of bias arises from 
our inclusion of individuals with elective terminations in the calculation of RPL outcomes. These two factors 
jointly contributed to the higher incidence of RPL observed in our study. Due to inherent limitations within 
the database, we could not exclude these cases during the inclusion and exclusion process. To enhance the 
robustness of our findings, we expanded our definition of RPL to include individuals who have experienced 
three or more losses and conducted sensitivity and stratified analyses. Our results indicated a robust association 
between frailty and increased RPL risk, thereby reinforcing the validity of our findings. Additionally, our study 
incorporated an unmarried population and identified unmarried status as a risk factor for RPL. While the 
inclusion of elective terminations may contribute to this association, several biological and social factors provide 
independent explanatory pathways. These include: endometrial injury and cervical compromise resulting from 
surgical procedures; a higher prevalence of health-risk behaviors (e.g., smoking, nutritional deficiencies) and 
delayed prenatal care; increased susceptibility to reproductive tract infections leading to inflammatory cascades; 
and chronic stress due to limited social support affecting hypothalamic-pituitary-adrenal axis regulation and 
uteroplacental function1,5,41,51–53. In the subgroup analysis, frailty was positively correlated with elevated RPL 
risk across all marital statuses, and the interaction test was not significant, indicating that marital status did not 
significantly alter the association between frailty and RPL.

The cross-sectional design of this study inherently limits our ability to ascertain the temporal sequence 
between frailty and RPL at the individual level. While acknowledging that RPL itself could theoretically 
influence frailty status, population-level age analysis offers suggestive insights: the mean and median ages at RPL 
occurrence (35.7 and 31 years, respectively) exceeded those at the onset of pre-frailty (34.5 and 29 years) and 
frailty (35.37 and 30 years). This pattern implies that, on average, frailty manifestations may precede RPL in this 
reproductive-aged cohort, aligning with our objective to identify antecedent risk factors. Crucially, as a cross-
sectional study, our primary finding demonstrates a significant association between frailty and increased RPL 
risk, not causation. Such studies serve a vital role in efficiently screening potential risk factors and generating 
hypotheses for longitudinal validation.

This study provides the first evidence from a large reproductive-aged population showing an independent 
link between FI and RPL, addressing an important research gap between reproductive health and physiological 
resilience. The analysis reveals a clear dose-response pattern where increasing frailty levels correspond to 

Outcome Effect P

Model 1 Fitting model by standard linear regression 10.91 (4.95–24.06) < 0.001

Model 2 Fitting model by two-piecewise linear regression

Inflection point 0.183

<0.183 67.11 (12.62–356.81) < 0.001

≥0.183 2.02 (0.35–11.74) 0.434

P for likelihood test 0.007

Table 4.  Threshold effect analysis of the association between frailty index and recurrent pregnancy loss in 
reproductive-aged women. Values in bold indicate statistically significant differences (p < 0.05).
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progressively higher RPL risk, with most subgroups showing consistent results through stratified analysis. A 
significant finding is the identification of a key threshold effect: modest worsening in mild frailty states leads to 
disproportionately large risk increases, while beyond certain FI levels, this relationship stabilizes. This nonlinear 
pattern provides new insights beyond previous linear assumptions, offering a scientific basis for preconception 
frailty screening.

Fig. 3.  Subgroup analysis and interaction test of the association between frailty index and and recurrent 
pregnancy loss in reproductive-aged women.
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However, limitations in the study findings require caution in translating these results to clinical guidance. 
The cross-sectional design prevents establishing causality and may not fully account for potential confounding 
factors such as polycystic ovary syndrome and endometriosis. Reliance on self-reported pregnancy history 
and the inclusion of the number of elective terminations in the calculation of RPL outcomes could introduce 
bias, and current FI assessments lack pregnancy-specific biomarkers (like clotting function or endometrial 
markers) that might strengthen clinical relevance. Database constraints also limit broader application due 
to small numbers in severe frailty subgroups and absence of genetic data. Additionally, the frailty index was 
analyzed as a composite measure; sensitivity analyses exploring domain-specific contributions (e.g., physical, 
cognitive, psychological) to RPL risk were not performed, limiting mechanistic insights. Notably, the nonlinear 
pattern suggests that interventions might show reduced effectiveness at advanced frailty stages. Future research 
should use longitudinal designs with repeated measurements to better understand how frailty pathways affect 
pregnancy outcomes over time.

Conclusion
Frailty severity shows an independent association with RPL risk in reproductive-aged women, with RPL in 
this study defined as experiencing two or more pregnancy losses, including elective abortions and stillbirths. 
This relationship demonstrates dual patterns: a dose-response gradient and a nonlinear relationship pattern—
where initial increments in frailty correspond to disproportionately elevated RPL risk. Therefore, integrating 
standardized frailty screening into preconception and prenatal care protocols, along with early interventions 
during the clinically relevant pre-frailty stage, may contribute to mitigating the risk of RPL.

Data availability
The NHANES data are publicly available at https://wwwn.cdc.gov/nchs/nhanes/default.aspx. Further inquiries 
can be directed to the corresponding author.
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