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Objective: To evaluate the informational contribution of Traditional Chinese 
Medicine (TCM) variables to high-risk infertility stratification and to develop pre-
dictive models integrating TCM and Western medical factors.
Methods: Data from 409 women with infertility were analyzed. High-risk infertil-
ity was defined as infertility duration >3 years or the presence of ≥2 documented 
infertility-related causes. Demographic, reproductive, menstrual, and Traditional 
Chinese Medicine (TCM) constitution and syndrome variables were collected. 
Three predictive models— a TCM model (Model 1), a modern medicine model 
(Model 2), and an integrated model (Model 3)—were developed using indepen-
dent candidate variable sets for each model. Variable selection was performed 
separately for each model using Least Absolute Shrinkage and Selection Operator 
(LASSO) logistic regression with 10-fold cross-validation. Multivariable logistic 
regression models were then fitted based on the selected predictors. Model per-
formance was assessed using Receiver Operating Characteristic (ROC) analysis, 
calibration curves, and decision curve analysis (DCA). Internal validation and opti-
mism correction were conducted using bootstrap resampling with an out-of-bag 
strategy.
Results: Among the participants, 163 women (39.9%) were classified as high-risk 
infertility. The high-risk group was older and differed significantly in reproductive 
history and clinical characteristics. The Model 3 showed a slight improvement 
in apparent discrimination compared with the Model 2 [area under the curve 
(AUC) = 0.790 vs. 0.771]. However, after optimism correction, the Model 2 dem-
onstrated more robust discrimination, calibration, and overall predictive accuracy. 
The Model 3 exhibited miscalibration after correction, indicating the need for 
further shrinkage and recalibration. The Model 1 showed limited discriminative 
ability (AUC = 0.606).
Conclusion: After internal validation, the modern medicine model showed the 
most stable predictive performance. The integrative model mainly contributed to 
exploring the potential informational value of TCM variables in infertility risk strati-
fication rather than improving predictive accuracy. These findings provide meth-
odological support for infertility risk assessment within an integrative Chinese and 
Western medicine framework.
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1 Introduction

Infertility is defined as the failure to conceive after 12 months of 
regular unprotected sexual intercourse. Globally, an estimated 186 
million individuals are affected by infertility, making it a significant 
public health concern worldwide (1). The three primary determinants 
of infertility are disease duration, female age, and disease-related 
infertility. The likelihood of natural conception decreases with pro-
longed infertility (2). In clinical practice, a subset of patients exhibits 
prolonged disease courses, complex etiologies, low probability of 
spontaneous pregnancy, and unclear treatment strategies. These 
patients are often considered to be in a “high-risk” state. However, 
there is currently no standardized criterion for defining high-risk 
infertility, leading to challenges in determining the appropriate timing 
for fertility interventions. Moreover, clinicians lack structured predic-
tion tools to support decision-making regarding treatment initiation 
and stratified management. Previous studies have shown that indi-
vidualized risk prediction models can help patients make more 
informed decisions between “watchful waiting” and “active interven-
tion,” thereby optimizing treatment strategies and reducing unneces-
sary healthcare costs and psychological burden (3).

TCM constitution and syndrome are regarded as key diagnostic 
frameworks for understanding individual susceptibility and disease 
progression. Prior studies have demonstrated that TCM constitution 
is not only associated with metabolic indicators such as hypertension 
and fasting glucose but also exhibits a stable genetic basis, with specific 
constitution types identifiable through gene expression profiling with 
high accuracy (4, 5). TCM syndromes, on the other hand, are consid-
ered functional imbalance patterns corresponding to different disease 
stages and trajectories and have been shown to have biological cor-
relates in conditions such as rheumatoid arthritis (6). These findings 
provide both theoretical rationale and empirical support for the appli-
cation of constitution and syndrome in disease risk prediction and 
individualized intervention. In recent years, advances in the objectifi-
cation of TCM diagnostics have sparked growing interest in integrat-
ing TCM features into modern prediction models to assess disease 
risk. However, empirical modeling studies specifically focused on 
infertility remain limited.

This study was based on clinical data from 409 women with infer-
tility. High-risk infertility was defined as an infertility duration longer 
than three years or the presence of two or more clearly identified 
infertility-related etiologies. By systematically integrating multidimen-
sional information—including demographic characteristics, lifestyle 
factors, reproductive and contraceptive history, as well as TCM con-
stitution and syndrome patterns—we constructed and evaluated three 
types of prediction models: a TCM model containing only TCM diag-
nostic variables (Model 1), a modern medicine model including only 
demographic and contemporary clinical variables (Model 2), and an 
integrative model combining both TCM and modern medical factors 
(Model 3). This design allowed comparison of the predictive contribu-
tions from different information sources and exploration of the inde-
pendent and complementary value of TCM diagnostic information in 
infertility risk stratification. It should be emphasized that the defini-
tion of “high-risk infertility” in this study was used solely as an 

analytical endpoint for model development and validation, rather than 
as a substitute for clinical diagnostic criteria. Although the models 
were trained using a clearly defined high-risk outcome, their intended 
application is not limited to women who already meet this definition. 
The developed predictive models are not intended as confirmatory 
tools after a definitive diagnosis, but rather to support structured risk 
stratification during the clinical evaluation of infertility. They are par-
ticularly applicable to women whose etiological assessment is still 
ongoing but who already exhibit multidimensional high-risk charac-
teristics, thereby facilitating early identification, intensified follow-up, 
and individualized intervention. The analytical framework of this 
study centers on predictive modeling, with the primary objective of 
evaluating the discriminative ability and potential clinical utility of 
different variables and models for risk identification, rather than infer-
ring causal relationships or elucidating the biological mechanisms 
underlying infertility.

2 Materials and methods

2.1 Data source

This study is a secondary analysis of existing clinical data, derived 
from an original research project previously published (7). The origi-
nal dataset was obtained from a cross-sectional questionnaire survey 
conducted among infertile women attending the gynecology outpa-
tient clinic of Yunnan Provincial Hospital of TCM between January 1 
and December 31, 2018. The survey employed a structured question-
naire administered by uniformly trained investigators during face-to-
face interviews. Collected information included basic demographic 
characteristics, reproductive history, Western medical diagnoses, and 
assessments of TCM syndromes and constitution types. During rou-
tine clinical visits, infertility evaluations were performed in accor-
dance with standard clinical practice, typically including detailed 
reproductive history-taking, gynecological examination, pelvic ultra-
sonography, and basic endocrine testing. Infertility-related etiologies 
were defined based on diagnoses explicitly recorded and confirmed 
by attending clinicians in the medical records, and were subsequently 
counted once a definitive diagnosis had been established. To ensure 
data quality, cases with substantial missing information or incomplete 
key diagnostic data were excluded. After data screening, a total of 409 
infertile women were included in the final analysis.

Inclusion criteria were as follows: (1) married women with a 
desire for childbirth; (2) meeting the diagnostic criteria for infertility 
as described above; and (3) willingness and ability to complete clinical 
data collection. Exclusion criteria included: (1) inability to cooperate 
or poor compliance (e.g., psychiatric disorders); (2) infertility attribut-
able to male factors; and (3) incomplete data due to any reason.

2.2 Definitions and diagnostic criteria

The diagnosis of infertility was based on the criteria outlined in 
Gynecology and Obstetrics (10th Edition, People’s Medical Publishing 
House, 2024) (8). TCM constitution types were determined according 
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to the 2009 classification guidelines issued by the China Association 
of Chinese Medicine, titled “Classification and Determination of TCM 
Constitution (9). This framework categorizes the constitution into 
nine types: Balanced constitution, Yang-deficiency constitution, 
Qi-depression constitution, Damp-heat constitution, Qi-deficiency 
constitution, Yin-deficiency constitution, Phlegm-dampness constitu-
tion, Blood-stasis constitution, and Special constitution. TCM syn-
drome differentiation was performed based on four classical patterns 
from the textbook Gynecology of TCM: Kidney-deficiency syndrome, 
Liver-depression and Qi-stagnation syndrome, Stasis obstruction in 
the uterus syndrome, Phlegm-dampness obstruction syndrome, and 
Others. Cases that could not be classified into one of these four 
types—such as combined syndromes like Kidney-deficiency with 
blood stasis, or Qi stagnation with blood stasis—were uniformly cat-
egorized as “other syndromes” and included as an independent vari-
able in model construction.

2.3 Variable selection and model 
construction

2.3.1 Definition of high-risk infertility and 
outcome construction

Several clinical guidelines recommend that women with an infer-
tility duration of >3 years undergo early laparoscopic evaluation or be 
considered for assisted reproductive technologies (10–12). Meanwhile, 
studies have shown that approximately 93% of women can achieve 
spontaneous pregnancy within three years, and a disease duration 
beyond this threshold indicates potential underlying etiologies or a 
significantly reduced probability of natural conception (12). Currently, 
there is no standardized criterion for stratifying risk in “multi-etiolog-
ical infertility.” However, in clinical settings, the coexistence of mul-
tiple confirmed infertility-related factors often implies multifaceted 
dysfunction within the reproductive system, complicating both the 
path to pregnancy and intervention strategies. Accordingly, this study 
defined “high-risk infertility” as the primary outcome variable, opera-
tionalized as meeting either of the following criteria: (1) an infertility 
duration of >3 years; or (2) the presence of two or more diagnosed 
infertility-related etiologies (e.g., coexisting ovarian and tubal factors). 
This definition was designed to identify a clinically representative 
population characterized by prolonged disease course, complex 
causes, unclear treatment paths, and low likelihood of spontaneous 
conception—hallmarks of the high-risk infertile state. To avoid incor-
porating potential predictor variables into the outcome definition—
thereby reducing the risk of reverse causality or confounding 
bias—variables such as age, constitution type, and lifestyle factors were 
excluded from the definition of high-risk infertility. However, they 
were instead treated as independent variables during model 
construction.

2.3.2 Candidate variable construction and data 
preprocessing

High-risk infertility status was defined as the dependent variable. 
Based on clinical availability and prior evidence, an initial set of candi-
date predictors was constructed, including demographic characteristics 
(age, body mass index, occupation, and education level), reproductive 
and contraceptive history (gravidity, parity, number of previous mis-
carriages, history of gynecological surgery, and contraceptive method), 

menstrual characteristics (age at menarche, menstrual cycle length, 
menstrual duration, and menstrual volume), and Traditional Chinese 
Medicine–related features (TCM syndromes and TCM constitution 
types). Before formal statistical analyses, the extent of missing data in 
candidate predictors was assessed (Supplementary Table S1). Given the 
overall low proportion of missingness (≤2.7% for most variables, with 
a maximum of 8.6% for age at menarche), single imputation was 
applied during the model-building stage to generate a complete analy-
sis dataset. Specifically, continuous variables (e.g., age and body mass 
index) were imputed using the sample median, while categorical and 
ordinal variables (e.g., occupation, age at menarche, and menstrual 
duration) were imputed using the mode. Multivariable predictive 
model development and internal validation were then conducted using 
the imputed complete dataset (N = 409). For univariate comparisons 
of baseline characteristics, complete-case analysis was applied to mini-
mize the potential influence of imputed values on descriptive statistics. 
Accordingly, only observations without missing values for the variable 
under comparison were included, resulting in variable-specific effective 
sample sizes. All categorical variables were incorporated into the analy-
ses using dummy-variable encoding.

2.3.3 Variable selection and predictive model 
development

After candidate variable construction and preprocessing, predic-
tive models were developed using three distinct sets of candidate vari-
ables to evaluate the predictive performance of different variable 
combinations for high-risk infertility. Specifically, these included: 
Model 1 (TCM model), which incorporated only TCM-related vari-
ables (TCM syndromes and TCM constitution types); Model 2 
(modern medicine model), which included clinically available vari-
ables other than TCM variables (including demographic characteris-
tics, reproductive and contraceptive history, menstrual-related 
characteristics, and lifestyle-related information); and Model 3 (inte-
grated model), which simultaneously incorporated TCM variables and 
modern medical variables to comprehensively reflect the potential 
predictive value of multidimensional information for high-risk infer-
tility. These three models were constructed independently within their 
respective prespecified candidate-variable domains, with no shared 
variable-selection procedures across models.

All three models employed LASSO logistic regression for variable 
selection and model development. The optimal penalty parameter 
(λ_min) was determined using 10-fold cross-validation, and variables 
with non-zero regression coefficients at this λ value were retained as 
candidate predictors. Subsequently, separate binary logistic regression 
models were fitted using the selected variables to estimate the indi-
vidual probability of high-risk infertility and to evaluate overall model 
performance. For each model, variable selection, penalty tuning, and 
subsequent logistic regression fitting were conducted independently 
within the corresponding variable set. The primary objective of model 
development in this study was risk prediction and performance assess-
ment, rather than inference on causal relationships or independent 
effects of individual variables.

2.3.4 Model performance evaluation and 
validation

A multidimensional set of performance metrics was used to com-
prehensively evaluate the three predictive models, including 
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discrimination, calibration, and clinical net benefit. Discrimination 
was assessed using ROC curves and the AUC. The 95% confidence 
intervals for the AUC were estimated using 2,000 nonparametric 
bootstrap resamples to quantify within-sample uncertainty in dis-
criminative performance. Calibration performance was evaluated by 
calibration curves to visually assess agreement between predicted 
probabilities and observed event rates. Bootstrap resampling was 
applied to estimate and correct for optimism in model performance. 
Specifically, 1,000 bootstrap resamples were used to generate opti-
mism-corrected calibration curves, with calibration intercepts, cali-
bration slopes, and Brier scores reported to quantitatively characterize 
systematic bias and overall prediction error.

To further assess model generalizability and reduce performance 
inflation arising from model development and evaluation on the same 
dataset, an internal validation procedure based on the bootstrap out-
of-bag (OOB) principle was applied. In each bootstrap iteration, the 
predictive model was fitted on the resampled dataset and evaluated on 
the corresponding OOB observations to obtain performance metrics, 
including AUC, Brier score, calibration intercept, and calibration 
slope. Results were aggregated across resamples to obtain optimism-
corrected estimates of model discrimination and prediction error. In 
the present study, 200 bootstrap–OOB resamples were performed. It 
should be noted that the bootstrap–OOB internal validation was con-
ducted using a fixed set of predictors determined after LASSO-based 
variable selection on the full dataset. Variable selection and tuning of 
the penalty parameter (λ) were not repeated within each bootstrap 
resample. Therefore, the reported corrected performance metrics pri-
marily reflect the stability of model fitting and prediction under a fixed 
model structure and do not fully account for optimism introduced 
during the variable selection and tuning stages.

Clinical utility was evaluated using DCA, comparing net benefit 
across threshold probabilities ranging from 0 to 0.9. For visualization 
and clinical interpretability, nomograms were constructed based on 
the final fitted models, mapping predictor-specific point scores to 
individualized predicted probabilities of high-risk infertility. All per-
formance metrics and nomograms were derived from the indepen-
dently constructed and optimized final models, with variables 
included in each nomogram fully corresponding to those in the 
respective predictive model.

2.4 Statistical analysis

This study was conducted using R software version 4.5.0 (R 
Foundation for Statistical Computing, Vienna, Austria) in combina-
tion with the RStudio platform for data management and statistical 
analysis. Prior to model development, all variables were screened for 
missing values. Variables with low missing-data rates were handled 
using complete-case analysis. The distributional characteristics of con-
tinuous variables were assessed before analysis. As most variables did 
not meet the assumption of normality, continuous variables were sum-
marized as medians (interquartile ranges), and between-group com-
parisons were performed using the Mann–Whitney U test. Categorical 
variables were expressed as frequencies (percentages), and group com-
parisons were conducted using the Pearson chi-square test or Fisher’s 
exact test, as appropriate.

In the predictive modeling analyses, all multi-category variables 
were treated as unordered nominal variables and entered into the 
models using dummy-variable encoding. For categorical variables 
with multiple levels, a prespecified reference category was used to 

generate k − 1 dummy variables, thereby avoiding assumptions 
regarding ordinal structure or equal spacing between categories. In the 
regression results, only non-reference levels retained after LASSO-
based variable selection were reported. Continuous variables were 
examined for their distributions prior to modeling. During the LASSO 
variable selection stage, all candidate predictors were standardized to 
ensure comparability across variables with different measurement 
scales under penalized regression.

Variable selection was performed using LASSO logistic regression, 
with the optimal penalty parameter (λ) determined by ten-fold cross-
validation. Variables with non-zero coefficients in the model corre-
sponding to λ_min were retained. The penalty was applied at the level 
of individual candidate features, including those generated through 
dummy-variable expansion, thereby enabling practical shrinkage and 
selection in a high-dimensional predictor space. All statistical tests 
were two-sided, and a p < 0.05 was considered statistically 
significant.

3 Results

3.1 Comparison of baseline characteristics 
between risk groups

In the 409 female infertility patients included, 163 (39.9%) were 
in the high-risk group, and 246 (60.1%) were in the non-high-risk 
group. Baseline characteristic comparisons showed that the median 
age of the high-risk group was significantly higher than that of the 
non-high-risk group [34 (31, 38) years vs. 31 (28, 35) years; differ-
ence = 3; 95% CI: 1.61–4.39; p < 0.001]. There was a statistically sig-
nificant difference in occupational composition between the two 
groups (χ2 = 24.656, p = 0.00604). The distribution of sexual activity 
frequency also differed (χ2 = 3.983, p = 0.046), with a higher propor-
tion of “low-frequency” sexual activity in the high-risk group [61.3% 
vs. 50.8%]. Among reproductive history-related indicators, the two 
groups differed in the number of pregnancies (p = 0.0482), and the 
high-risk group also showed a difference in the number of miscar-
riages (p = 0.0218). Additionally, the proportion of individuals with a 
history of gynecological surgery was significantly higher in the high-
risk group compared to the non-high-risk group [39.3% vs. 24.8%, 
χ2 = 8.999, p = 0.0027]. There was a significant difference in the overall 
distribution of contraceptive methods between the two groups 
(χ2 = 20.842, p < 0.001), with a higher proportion of women in the 
high-risk group reporting “never used contraception” [50.3% vs. 
31.7%], while the proportion using condoms was lower [35.0% 
vs. 50.8%].

No significant differences were found between the two groups for 
the other variables (all p > 0.05), including BMI, ethnicity, education 
level, age at menarche, menstrual characteristics (cycle, duration, 
volume), number of deliveries, and menstrual irregularities (Table 1).

3.2 Comparison of TCM syndrome patterns 
and constitution types between risk groups

In terms of TCM syndromes, Kidney-deficiency syndrome had 
the highest distribution in both groups, with a higher prevalence in 
the high-risk group (65.0% vs. 54.9%), and the difference 
approached statistical significance (p = 0.0523). Phlegm-dampness 
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TABLE 1  Baseline characteristics of patients across infertility risk groups.

Val Non-high-risk 
(n = 246)

High-risk 
(n = 163)

Difference (95% CI) Z/χ2 P

Age 31 (28,35) 34 (31,38) 3 (1.61–4.39) −5.413 <0.001*

BMI 22.2 (20.07,24.29) 22.1 (20.3,24.44) −0.1 (−0.93–0.73) −0.412 0.68

Ethnicity 0 1

 � Han 53 (21.5%) 35 (21.5%)

 � Minority 193 (78.5%) 128 (78.5%)

Occupation 24.656 0.00604*

 � General employee 53 (21.5%) 29 (17.8%)

 � Self-employed 32 (13%) 33 (20.2%)

 � Technical staff 51 (20.7%) 26 (16%)

 � Farmer 30 (12.2%) 28 (17.2%)

 � Unemployed 15 (6.1%) 17 (10.4%)

 � Business manager 14 (5.7%) 16 (9.8%)

 � Freelancer 18 (7.3%) 9 (5.5%)

 � Civil servant 20 (8.1%) 5 (3.1%)

 � Worker 11 (4.5%) 0 (0%)

 � Teacher 1 (0.4%) 0 (0%)

 � Others 1 (0.4%) 0 (0%)

Education level 7.965 0.0929

 � Junior high or below 35 (14.2%) 37 (22.7%)

 � High school 52 (21.1%) 38 (23.3%)

 � Junior college 50 (20.3%) 35 (21.5%)

 � University 98 (39.8%) 49 (30.1%)

 � Postgraduate 11 (4.5%) 4 (2.5%)

Sexual activity frequency 3.983 0.046*

 � Low 125 (50.8%) 100 (61.3%)

 � Normal 121 (49.2%) 63 (38.7%)

Age at menarche 2.241 0.326

 � ≤12 years 60 (24.4%) 35 (21.5%)

 � 13–14 years 155 (63%) 99 (60.7%)

 � ≥15 years 31 (12.6%) 29 (17.8%)

Menstrual duration 1.739 0.419

 � ≤2 days 8 (3.3%) 2 (1.2%)

 � 3–7 days 216 (87.8%) 145 (89%)

 � ≥8 days 22 (8.9%) 16 (9.8%)

Cycle length 5.202 0.0742

 � ≤20 days 0 (0%) 3 (1.8%)

 � 21–35 days 166 (67.5%) 114 (69.9%)

 � ≥36 days 80 (32.5%) 46 (28.2%)

Menstrual volume 5.837 0.054

 � Light 86 (35%) 76 (46.6%)

 � Normal 130 (52.8%) 73 (44.8%)

 � Heavy 30 (12.2%) 14 (8.6%)

 � Gravidity 1 (0.2) 1 (0.2) 0 (−0.4–0.4) −1.901 0.0482*

 � Parity 0 (0.1) 0 (0.1) 0 (−0.2–0.2) 0.601 0.448

(Continued)
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obstruction syndrome had a significantly lower prevalence in the 
high-risk group (2.5% vs. 8.9%, p = 0.0152), making it the only syn-
drome showing a statistically significant difference between the 
groups. Other syndromes (such as Liver-depression and 
Qi-stagnation syndrome, Blood-stasis syndrome, and others) 
showed no significant differences in distribution between the two 
groups (p > 0.05) (Table 2).

Among TCM constitution types, Qi-deficiency constitution was 
more common in the high-risk group (12.9% vs. 5.3%), with a statisti-
cally significant difference (p = 0.011), suggesting a possible associa-
tion with high-risk infertility. Other constitutions (such as 
Yang-deficiency, Yin-deficiency, Phlegm-dampness, Damp-heat, 
Blood-stasis, Special constitution, Qi-stagnation, and Balanced con-
stitution) showed no statistically significant differences in distribution 
between the two groups (p > 0.05) (Table 3).

3.3 Candidate predictor selection based on 
LASSO regression

Based on data from 409 women with infertility, LASSO logistic 
regression was performed to select variables for Models 1, 2, and 3 
(Figure 1). In each model, the optimal penalty parameter λ_min was 
determined via 10-fold cross-validation, and variables with non-zero 
regression coefficients at λ_min were retained as candidate predictors 
for subsequent model construction. In Model 1, only TCM syndrome 
and constitution-related variables were included for selection. A total 
of 4 non-zero coefficient variables were selected at λ_min, including 
Phlegm-dampness obstruction syndrome, other syndrome, 
Qi-deficiency constitution, and Qi-stagnation constitution (Table 4). 
Among them, Qi-deficiency constitution showed a positive predic-
tive effect.

TABLE 1  (Continued)

Val Non-high-risk 
(n = 246)

High-risk 
(n = 163)

Difference (95% CI) Z/χ2 P

 � Number of miscarriages 1 (0.1) 1 (0,2) 0 (−0.33–0.33) −2.144 0.0218*

Gynecological surgery 

history

8.999 0.0027*

 � Yes 61 (24.8%) 64 (39.3%)

 � No 185 (75.2%) 99 (60.7%)

Contraceptive method 20.842 <0.001*

 � IUD 23 (9.3%) 9 (5.5%)

 � Emergency contraception 10 (4.1%) 5 (3.1%)

 � Female sterilization 0 (0%) 3 (1.8%)

 � Hormonal contraception 10 (4.1%) 7 (4.3%)

 � Condom 125 (50.8%) 57 (35%)

 � Never used 78 (31.7%) 82 (50.3%)

Continuous variables are presented as median (interquartile range) and were compared between groups using the Mann–Whitney U test, with Z statistics reported. Categorical variables are 
presented as numbers (percentages) and were compared using the chi-square (χ2) test or Fisher’s exact test, with χ2 statistics reported. *p < 0.05.

TABLE 2  Distribution of TCM syndrome patterns by infertility risk group.

Val Non-high-risk (n = 246) High-risk (n = 163) Z/χ2 P

Kidney-deficiency syndrome 3.766 0.0523

 � No 111 (45.1%) 57 (35%)

 � Yes 135 (54.9%) 106 (65%)

Liver-depression and Qi-stagnation syndrome 0.102 0.749

 � No 215 (87.4%) 145 (89%)

 � Yes 31 (12.6%) 18 (11%)

Stasis obstruction in the uterus syndrome 1.129 0.288

 � No 225 (91.5%) 143 (87.7%)

 � Yes 21 (8.5%) 20 (12.3%)

Phlegm-dampness obstruction syndrome 5.888 0.0152*

 � No 224 (91.1%) 159 (97.5%)

 � Yes 22 (8.9%) 4 (2.5%)

Others 2.508 0.113

 � No 209 (85%) 148 (90.8%)

 � Yes 37 (15%) 15 (9.2%)
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In contrast, Phlegm-dampness obstruction syndrome, other syn-
drome, and Qi-stagnation constitution had negative predictive value, 
indicating that TCM syndromes and constitution characteristics pro-
vide valuable predictive information for high-risk infertility stratifica-
tion. In Model 2, LASSO regression at λ_min selected 10 non-zero 

coefficient variables, mainly covering demographic characteristics, 
reproductive history, menstrual characteristics, and gynecological fac-
tors (Table 5). These include age, occupational status (worker or self-
employed), education level (junior high school or below), frequency 
of sexual activity (low), menstrual volume (light), number of miscar-
riages, history of gynecological surgery, and contraceptive method 
(female sterilization or never used contraception). Among these, age 
(per 1-year increase), light menstrual volume, and never used contra-
ception had relatively large standardized regression coefficients, sug-
gesting that these factors play a significant role in high-risk infertility 
prediction within the modern medical variable framework. Other 
variables, such as occupational status (worker), education level 
(junior high school or below), and gynecological surgery history, also 
contributed significantly to prediction. In Model 3, LASSO regression 
at λ_min selected 22 non-zero coefficient variables (Table 6), covering 
multiple dimensions, including demographic characteristics, men-
strual and reproductive history, gynecological surgery history, and 
TCM syndrome and constitution. The relative predictive weights of 
Model 3 are visually displayed in a forest plot 
(Supplementary Figure S1).

TABLE 3  Distribution of TCM constitution types by infertility risk group.

Val Non-high-risk (n = 246) High-risk (n = 163) Z/χ2 P

Yang-deficiency constitution 0.639 0.424

 � No 198(80.5%) 125(76.7%)

 � Yes 48(19.5%) 38(23.3%)

Yin-deficiency constitution 0 1

 � No 228(92.7%) 151(92.6%)

 � Yes 18(7.3%) 12(7.4%)

Qi-deficiency constitution 6.464 0.011*

 � No 233(94.7%) 142(87.1%)

 � Yes 13(5.3%) 21(12.9%)

Phlegm-dampness constitution 0 1

 � No 236(95.9%) 156(95.7%)

 � Yes 10(4.1%) 7(4.3%)

Damp-heat constitution 0 1

 � No 218(88.6%) 144(88.3%)

 � Yes 28(11.4%) 19(11.7%)

Blood-stasis constitution 0 1

 � No 239(97.2%) 158(96.9%)

 � Yes 7(2.8%) 5(3.1%)

Special constitution 0 1

 � No 244(99.2%) 162(99.4%)

 � Yes 2(0.8%) 1(0.6%)

Qi-stagnation constitution 2.152 0.142

 � No 203(82.5%) 144(88.3%)

 � Yes 43(17.5%) 19(11.7%)

Balanced constitution 1.518 0.218

 � No 169(68.7%) 122(74.8%)

 � Yes 77(31.3%) 41(25.2%)

TABLE 4  Standardized coefficients of predictors for Model 1.

Predictor Standardized coefficient

TCM syndrome: Phlegm-

dampness obstruction
−0.181

TCM syndrome: Others −0.069

TCM constitution: Qi-deficiency 0.154

TCM constitution: Qi-stagnation −0.031

The table lists the non-zero coefficient predictors selected based on the optimal penalty 
parameter (λ_min) determined through 10-fold cross-validation in LASSO Logistic 
regression, along with their standardized regression coefficients. A positive coefficient 
indicates a positive association with the probability of high-risk infertility, while a negative 
coefficient indicates a negative association. For categorical variables, the categories shown in 
the tables represent non-reference levels relative to the prespecified reference category 
(Supplementary Table S2).
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3.4 Visualization and performance 
evaluation of the predictive model

Based on data from 409 women with infertility, three predictive 
models, Model 1, Model 2, and Model 3, were constructed and evalu-
ated for their discriminative ability, calibration performance, and 
clinical net benefit (Table 7). In terms of apparent discriminative abil-
ity (Figure 2), Model 3 had the highest AUC (0.790), followed by 
Model 2 (0.771), with Model 1 having the lowest AUC (0.606). Based 
on the optimism-corrected results obtained from Bootstrap–OOB 
internal validation with 200 resamples, the corrected AUCs for Model 
1, Model 2, and Model 3 were 0.588 (95% CI: 0.514–0.655), 0.744 
(95% CI: 0.677–0.815), and 0.722 (95% CI: 0.648–0.786), respectively. 
In terms of overall prediction error, Model 3 had the lowest apparent 

TABLE 6  Standardized coefficients of predictors for Model 3.

Predictor Standardized coefficient

Age (per 1-year increase) 0.583

BMI (per 1 kg/m2 increase) 0.062

Occupation: Self-employed 0.158

Occupation: Unemployed 0.065

Occupation: Business manager 0.144

Occupation: Civil servant −0.087

Occupation: Worker −0.247

Education level: University −0.039

Sexual activity frequency: Normal −0.167

Age at menarche: ≥15 years 0.015

Menstrual volume: Normal −0.115

Menstrual volume: Heavy −0.149

Parity (per 1-unit increase) −0.206

Gynecological surgery history: No −0.190

Contraceptive method: Female 

sterilization
0.182

Contraceptive method: Never 

used
0.401

TCM syndrome: Stasis obstruction 

in the uterus
0.06

TCM syndrome: Phlegm-

dampness obstruction
−0.175

TCM syndrome: Others −0.062

TCM constitution: Qi-deficiency 0.167

TCM constitution: Qi-stagnation −0.032

TCM constitution: Balanced −0.055

TABLE 5  Standardized coefficients of predictors for Model 2.

Predictor Standardized coefficient

Age (per 1-year increase) 0.634

Occupation: Worker −0.234

Occupation: Self-employed 0.186

Education level: Junior high or 

below
0.200

Sexual activity frequency: Low 0.188

Menstrual volume: Light 0.194

Parity (per 1-unit increase) −0.269

Gynecological surgery history: Yes 0.212

Contraceptive method: Female 

sterilization
0.151

Contraceptive method: Never 

used
0.301

FIGURE 1

Cross-validation curve and coefficient path plot of LASSO regression. Panels 1A–3A show the LASSO coefficient path plots for Model 1, Model 2, and 
Model 3, respectively. The x-axis represents log(λ), and the y-axis represents the regression coefficients of each candidate variable. The curves illustrate 
the shrinkage process of the variable coefficients under different penalty parameters. Panels 1B–3B correspond to the 10-fold cross-validation curves 
used to determine the optimal penalty parameter λ. The dashed lines represent λ_min (the λ that minimizes cross-validation error) and λ_1se (the 
maximum λ within one standard error of the minimum error). The final variable selection is based on the non-zero regression coefficients 
corresponding to the predictors selected at λ_min.
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Brier score (0.180), followed by Model 2 (0.187), and Model 1 had the 
highest (0.229). After optimism correction using Bootstrap–OOB 
internal validation, the Brier scores for the three models were 0.236 
for Model 1, 0.201 for Model 2, and 0.214 for Model 3, indicating the 
presence of optimism in the apparent performance estimates. 
Calibration curves obtained using the bootstrap calibration approach 
(Figure 3) showed good agreement between predicted probabilities 
and observed risks for Model 1 and Model 2, whereas Model 3 exhib-
ited a noticeable deviation, particularly in the higher predicted-risk 
range. Further Bootstrap–OOB internal validation indicated that the 
calibration slopes for Model 1, Model 2, and Model 3 were 0.824, 
0.842, and 0.596, respectively, with corresponding calibration 

intercepts of −0.058, −0.039, and −0.129. The calibration slope of 
Model 3 was substantially lower than 1 (0.596), indicating meaningful 
overfitting and overly extreme predictions after the inclusion of addi-
tional predictors. These findings suggest that, under the current 
sample size and modeling strategy, predictions from Model 3 would 
require further shrinkage and recalibration prior to any prospective 
application.

To facilitate clinical application, nomograms were constructed for 
Models 1, 2, and 3 (Figure 4) to predict the probability of high-risk 
infertility for individual patients. The nomograms assign points to 
each predictive variable and calculate the total score to obtain the cor-
responding predicted probability. DCA was further employed to assess 
the clinical net benefit of the three models at different threshold prob-
abilities (Figure 5). The results showed that across a broad range of 
threshold probabilities, Model 3 achieved an overall net benefit higher 
than that of Model 1 and comparable to that of Model 2, suggesting 
that the integration of TCM and modern medical variables did not 
result in an evident disadvantage in clinical decision-making, although 
the incremental benefit remained limited. Model 2’s net benefit was 
between the two, and it outperformed Model 1 in most clinically rel-
evant threshold intervals. Within the low-to-moderate range of thresh-
old probabilities, the net benefit curves of Model 2 and Model 3 were 
consistently higher than those of the “treat-all” and “treat-none” strate-
gies, indicating that neither model showed a clear disadvantage across 
the evaluated thresholds. Accordingly, the DCA results should be 
interpreted primarily as providing exploratory support for risk strati-
fication rather than definitive guidance for clinical decision-making.

In the incremental performance assessment, based on apparent 
performance metrics, Model 3 showed a slight increase in the AUC 

FIGURE 2

ROC curves for the prediction models of high-risk infertility. (A) ROC curve of Model 1; (B) ROC curve of Model 2; (C) ROC curve of Model 3.

FIGURE 3

Calibration curves for the prediction models of high-risk infertility. (A) Calibration curve of Model 1; (B) Calibration curve of Model 2; (C) Calibration 
curve of Model 3.

TABLE 7  Performance comparison of high-risk infertility prediction models after bootstrap 

optimism correction.

Performance 
index

Model 1 Model 2 Model 3

Apparent AUC 0.606 0.771 0.790

Corrected AUC  

(95% CI)

0.588 (0.514–

0.655)

0.744 (0.677–

0.815)

0.722 (0.648–

0.786)

Apparent brier score 0.229 0.187 0.180

Corrected brier score 0.236 0.201 0.214

Corrected calibration 

slope
0.824 0.842 0.596

Corrected calibration 

intercept
−0.058 −0.039 −0.129
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compared with Model 2 (ΔAUC = 0.02), suggesting a marginal 
numerical difference in discriminative ability. However, within the 
threshold probability range of 0.1–0.8, the difference in the area 
under the net benefit curve (AUNB) derived from decision curve 
analysis was close to zero (Δ = −0.0022) and inconsistent in direc-
tion, indicating limited incremental advantage in terms of clinical net 
benefit. With respect to overall prediction error, Model 3 yielded a 
slightly lower Brier score than Model 2 (Δ = −0.0080), although this 
difference was likewise not consistently reflected in the bias-cor-
rected metrics. Taken together, the inclusion of TCM-related vari-
ables did not confer a stable incremental predictive value in the 

corrected performance evaluation; their contribution appears to lie 
primarily in exploratory informational augmentation rather than in 
a robust improvement of overall model performance 
(Supplementary Table S3).

4 Discussion

In this study, we conducted a secondary analysis of 409 
women with infertility, aiming to systematically evaluate the role 

FIGURE 5

DCA for the prediction models of high-risk infertility. (A) Decision curve of Model 1; (B) Decision curve of Model 2; (C) Decision curve of Model 3.

FIGURE 4

Nomograms for the prediction models of high-risk infertility. (A) Nomogram of Model 1; (B) Nomogram of Model 2; (C) Nomogram of Model 3. Due to 
instability or non-significance of the confidence intervals for certain variables in the regression models, the following variables were excluded from the 
plots: “Occupation: Self-employed” (Model 2), “Occupation: Worker,” and “Contraceptive method: Female sterilization” (Model 3). The coefficients for 
these variables were automatically excluded from the models and are therefore not displayed in the final nomograms.
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of demographic characteristics, modern medical factors, and 
TCM syndrome and constitution types in high-risk infertility 
stratification. The results showed significant differences in several 
demographic and reproductive-related indicators between the 
high-risk and non-high-risk groups, suggesting that high-risk 
infertility status has distinct multidimensional characteristics. In 
terms of TCM diagnostic features, Qi-deficiency constitution was 
significantly more prevalent in the high-risk group. In contrast, 
the proportion of Phlegm-dampness obstruction syndrome was 
relatively lower, suggesting that different TCM constitutions and 
syndromes may play distinct roles in risk stratification. Although 
Kidney-deficiency syndrome was common in both groups, it did 
not show significant discriminatory ability, suggesting that it is 
more likely to reflect the underlying constitutional background of 
infertility.

This study constructed three predictive models based on indi-
vidual LASSO regression models, with variables selected from differ-
ent categories. The results showed that the integrative model 
performed best in terms of discriminative ability, calibration perfor-
mance, and clinical net benefit. This ensured consistent variable selec-
tion and coherent model construction throughout the process. The 
clinical value of this model does not lie in replicating already observ-
able diagnostic results but in assisting early clinical triage and indi-
vidualized risk stratification during the dynamic evolution phase of 
infertility progression and etiology evaluation. This model is particu-
larly designed for situations where a comprehensive diagnostic 
workup is not yet completed but where there is sufficient clinical infor-
mation to predict a trajectory toward high-risk infertility. By identify-
ing women whose risk characteristics are similar to those of 
established high-risk infertility populations, this model can be applied 
to early infertility patients to guide closer follow-up or timely referral.

4.1 Clinical characteristics and TCM pattern 
recognition of high-risk infertility

As shown in the baseline comparison (Table 1), patients in the 
high-risk infertility group exhibited distinct clinical characteristics 
across multiple dimensions. The mean age was 34 years, significantly 
higher than that of the non-high-risk group (p < 0.001), suggesting 
that age is a critical risk factor, especially after 35, when declines in 
oocyte quality, oxidative stress, and cell cycle abnormalities accelerate 
infertility (13, 14). A significant difference in occupational distribu-
tion was observed between the high-risk and non–high-risk infertility 
groups (p = 0.00604). Previous studies have suggested that occupa-
tional factors are closely associated with infertility risk, particularly 
through mechanisms related to work intensity, physical workload, 
shift work, and environmental or occupational exposures (15). 
Therefore, occupation may not function as a single causal factor but 
rather as a composite sociodemographic indicator reflecting work-
related stress, lifestyle patterns, and potential health risks relevant to 
reproductive outcomes.

Additionally, the proportion of ‘low sexual activity frequency’ 
was higher in the high-risk infertility group (p = 0.046), which 
aligns with reproductive medicine common knowledge, as reduced 
sexual activity frequency may decrease the chances of conception 
and prolong the duration of infertility. In addition, among repro-
ductive history–related indicators, a statistically significant differ-
ence in gravidity distribution was identified between the high-risk 
and non–high-risk groups (p = 0.0482), suggesting that prior 

pregnancy history may carry discriminative value in infertility risk 
stratification. Previous evidence indicates that women with no prior 
pregnancies or lower gravidity exhibit lower natural conception 
probabilities and a higher risk of infertility across different age 
groups, highlighting gravidity as not only a descriptive marker of 
past reproductive outcomes but also a proxy indicator of underlying 
fecundity (16). Furthermore, the distribution of previous miscar-
riage numbers also differed significantly between the two groups 
(p = 0.0218). On one hand, an increasing number of prior miscar-
riages is negatively associated with fecundity, with women experi-
encing one or more miscarriages demonstrating progressively 
reduced reproductive potential.

On the other hand, recurrent pregnancy loss may contribute to 
pelvic inflammation, intrauterine adhesions, or other reproductive 
tract damage, thereby further impairing the likelihood of successful 
conception and increasing infertility risk (17, 18). Additionally, 
recurrent miscarriages may reflect underlying uterine disorders, 
endocrine dysfunction, or immune abnormalities, further contribut-
ing to infertility (19). A significantly higher proportion of women in 
the high-risk group had undergone prior gynecological surgeries 
compared to the non-high-risk group (39.3% vs. 24.8%, p = 0.0027), 
which is associated with increased rates of tubal damage and pelvic 
adhesions (20, 21). Regarding contraceptive methods, the proportion 
of women who had never used contraception was significantly higher 
in the high-risk group than in the non–high-risk group (50.3% vs. 
31.7%, p = 0.001), suggesting that some women experienced pro-
longed unprotected intercourse without achieving pregnancy and 
thus inherently met the definition of infertility. In addition, although 
some individuals had reproductive intention and deliberately avoided 
contraception, underlying reproductive abnormalities may have pre-
vented successful conception, ultimately leading to classification as 
high-risk infertility.

4.2 Distribution characteristics of TCM 
syndromes and constitutions in the 
high-risk infertility population

From the perspective of TCM, the present study revealed that the 
proportions of Qi-deficiency constitution were significantly higher in 
the high-risk infertility group. In contrast, the prevalence of Phlegm-
dampness obstruction syndrome was notably lower (Tables 2, 3). 
Phlegm-dampness obstruction syndrome accounted for only 2.5% in 
the high-risk group, which was significantly lower than 9% in the 
non–high-risk group (p = 0.0148), making it the only TCM syndrome 
in the current analysis that showed a statistically significant difference 
between the two groups. This finding indicates that Phlegm-dampness 
obstruction syndrome is relatively uncommon in the high-risk popu-
lation, possibly due to its distinct etiological characteristics. Clinically, 
this syndrome is frequently observed in patients with metabolic or 
functional infertility, such as those with PCOS, obesity, or insulin 
resistance (22, 23). These patients typically present with prominent 
symptoms and well-defined etiologies, often showing excess-type 
pathogenesis. They tend to respond well to interventions such as 
dietary adjustment, weight reduction, and pharmacologic treatment. 
They thus are more likely to have shorter disease durations and sim-
pler etiologies, making them less likely to meet the criteria for high-
risk infertility as defined in this study. Notably, previous studies have 
highlighted the critical role of Kidney-deficiency syndrome in infertil-
ity and have gradually elucidated its underlying biological 
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mechanisms, thereby providing molecular-level support for its theo-
retical foundation (24, 25). In this study, the prevalence of Kidney-
deficiency syndrome in the high-risk group was 65.0%, higher than 
55.1% in the non-high-risk group, with a marginally significant differ-
ence (p = 0.0581). This suggests that Kidney-deficiency may be more 
common among women at high risk of infertility and could serve as a 
potential warning indicator. However, further validation in larger 
samples is warranted.

Regarding the TCM constitution, the prevalence of Qi-deficiency 
constitution in the high-risk group was 12.9%, which was significantly 
higher than the 5.3% in the non-high-risk group (p = 0.0114). This 
suggests a potential association between Qi-deficiency constitution 
and the severity of infertility risk. In TCM theory, qi promotes blood 
generation, and qi deficiency leads to blood weakness, resulting in 
insufficiency of both qi and blood. This may impair the production of 
Tian Gui, deplete the Chong and Ren meridians, and ultimately 
hinder conception (26).

In this study, based on the variables selected by LASSO regression, 
we further analyzed TCM syndromes and constitution types in 
Models 1 and 3. Specifically, the Qi-stagnation constitution, the 
Balanced constitution, and the Stasis obstruction in the uterus syn-
drome were selected. Among them, the standardized regression coef-
ficient for Stasis obstruction in the uterus syndrome was 0.06 (Table 6). 
Although its predictive power was relatively weak, it still showed a 
positive predictive effect when combined with other variables. Blood 
stasis obstructing the uterine vessels and disharmony of the Chong 
and Ren meridians prevent the uterus from receiving the essence, ulti-
mately leading to infertility. A systematic review and meta-analysis by 
Bai et al. (27) shows that TCM treatment based on the theory of 
“Kidney-deficiency and Blood-stasis,” with tonifying the kidney and 
activating blood circulation, can significantly improve pregnancy rates 
in patients with immune infertility. The core mechanism involves 
improving the blood stasis state in the uterus and regulating reproduc-
tive immune function, providing high-level evidence for TCM treat-
ment of Stasis Obstruction in the Uterus Syndrome.

In contrast, the standardized regression coefficients for Qi-stagnation 
constitution and balanced constitution were −0.032 and −0.055, show-
ing an adverse predictive effect. This suggests that, although the propor-
tion of these two constitution types in the high-risk infertility group is 
relatively low, their role in the overall model should not be overlooked. 
The liver is crucial to female reproduction; it stores blood and plays a key 
role in regulating menstruation and pregnancy. However, infertile 
patients, due to long treatment cycles, high costs, and the dual pressure 
of family and society, are prone to negative emotions such as stress and 
anxiety, leading to Liver Qi Stagnation, which forms a Qi-stagnation 
constitution. A Qi-stagnation constitution can cause the liver to lose its 
regulatory function, affecting the Chong and Ren meridians, which, in 
turn, can impact fertility. Modern medical research also shows that nega-
tive emotional states exacerbate infertility, creating a vicious cycle (28). 
While the Balanced constitution is considered a healthier constitution 
type, it did not show strong predictive power. However, its inclusion in 
Model 3 provides comparative information for predicting high-risk 
infertility, thereby enhancing the model’s accuracy and stability.

4.3 Construction and performance 
evaluation of the risk prediction model

Although this study compared the distribution of TCM syndromes 
and constitutions between high-risk and non-high-risk infertility 

groups in Tables 2, 3, only a few TCM diagnostic variables showed sta-
tistically significant differences between the groups, indicating that 
individual TCM syndromes or constitutional features have limited abil-
ity to distinguish high-risk infertility when used in isolation. This result 
reflects the multifactorial nature of infertility risk. It supports placing 
TCM diagnostic information within a multivariable framework for 
comprehensive evaluation, rather than using it as an independent judg-
ment criterion. Based on this understanding, this study constructed 
three models during the modeling phase: a TCM variable model, a 
modern medical variable model, and an integrated model to explore the 
relative contributions of different information dimensions in risk strati-
fication. The integrated model included both TCM diagnostic features 
and clinically available variables, emphasizing the complex background 
of high-risk infertility from demographic characteristics, reproductive 
history, menstrual features, and TCM diagnostic perspectives. Overall, 
the model comparison results suggest that modern clinical and repro-
ductive factors play a dominant role in risk prediction. At the same 
time, TCM diagnostic information serves primarily as a supplementary 
feature, providing only a limited improvement in model performance. 
Notably, the incremental performance analysis in this study shows that 
including TCM variables contributes very little to improving model 
performance. Specifically, although Model 3 exhibited a slight improve-
ment over Model 2 in terms of apparent AUC (ΔAUC = 0.02), the dif-
ferences between the two models in the AUNB derived from decision 
curve analysis and in overall prediction error (Brier score) were close 
to zero and inconsistent in direction. This indicates that the inclusion 
of TCM-related variables did not yield a robust gain in discriminative 
performance in the bias-corrected evaluation. This suggests that includ-
ing TCM variables does not significantly improve the model’s discrimi-
native ability. It is important to note that this study does not interpret 
TCM syndromes or constitutions as direct causes or protective factors 
for high-risk infertility, but instead considers them as risk representa-
tions that may reflect overall physiological status and regulatory capac-
ity. The TCM model’s predictive ability is relatively limited and is better 
suited to evaluating the potential information in TCM diagnostic data 
for risk stratification, rather than serving as an independent clinical 
decision-making tool. By contrast, the integrative model did not dem-
onstrate a clear and stable advantage over the modern medicine model 
in terms of corrected discrimination performance or net benefit met-
rics. Its potential clinical utility therefore requires further evaluation 
through external validation, and any incremental improvement should 
be interpreted with caution. Additionally, the comparison of model 
performance differences in this study is mainly based on descriptive 
metrics (such as AUC, Brier score, and decision curve shape), without 
formal hypothesis testing or uncertainty interval estimation for ΔAUC 
or net benefit differences. Therefore, all statements regarding incremen-
tal improvements in the models should avoid implying statistical sig-
nificance and should be clearly stated as exploratory analysis results. It 
is important to emphasize that the predictive models developed in this 
study are not intended to replace existing infertility diagnostic pro-
cesses, nor are they meant to re-evaluate outcomes that have already 
been clearly established. It should be explicitly stated that, although the 
definition of high-risk infertility in this study was based on confirmed 
etiological factors and disease duration, the constructed models were 
intended to perform risk stratification by estimating the probability that 
a patient would meet the high-risk classification as clinical information 
is progressively obtained during the assessment process, rather than to 
classify patients using etiological information that is already known at 
the time of decision-making. In this context, the models can assist 
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clinicians in identifying potential high-risk individuals earlier, allowing 
for more careful decision-making regarding follow-up arrangements, 
evaluation intensity, and the timing of interventions.

5 Strengths and limitations

This study offers methodological and practice-oriented value. First, 
we proposed an operational definition of high-risk infertility for predic-
tive modeling that integrates disease duration with etiological burden, 
aiming to capture heterogeneity among infertile women in terms of 
clinical complexity and cumulative etiological factors, thereby providing 
a reference framework for risk stratification and follow-up management 
during clinical assessment. In addition, information on TCM constitu-
tion and syndrome differentiation was systematically incorporated into 
the modeling workflow, enabling the transformation of TCM diagnostic 
information into structured and quantifiable variables and providing a 
reproducible technical pathway for integrating TCM informatics with 
modern risk prediction methods. With respect to modeling strategy, 
given the relatively large number of candidate predictors and the limited 
number of outcome events, LASSO penalized regression was adopted 
for variable selection and model construction to reduce the effective 
degrees of freedom through coefficient shrinkage and to mitigate the risk 
of overfitting, with the penalty parameter determined via ten-fold cross-
validation. On this basis, internal validation and optimism correction 
were further performed using bootstrap resampling, combined with out-
of-bag evaluation, to quantify predictive bias and uncertainty in dis-
crimination, calibration, and overall prediction error under a fixed 
model structure. Notably, after resampling-based correction, no extreme 
imbalance was observed in discrimination performance, calibration 
slopes, or Brier scores across the models, suggesting that, under the cur-
rent data conditions and modeling framework, the overall model per-
formance retains a degree of structural interpretability. These findings 
support the use of the proposed models as exploratory and comparative 
tools for risk stratification, aimed at characterizing the relative contribu-
tions of different variable domains to the identification of high-risk 
infertility. At the same time, they indicate that, given the present sample 
size and variable complexity, more complex integrative models may be 
subject to greater overfitting penalties and therefore should not be inter-
preted as definitive clinical decision-making tools.

Nevertheless, this study has several limitations. First, it is based on 
single-center, cross-sectional data and has not yet undergone external 
validation in multicenter settings or across diverse populations; thus, 
the generalizability of the models remains to be further evaluated. 
Although internal validation using bootstrap resampling with opti-
mism correction was performed, the corrected results indicated that 
the integrative model did not consistently outperform the modern 
medicine model in terms of discrimination or calibration. This suggests 
that the observed performance gains may be sensitive to sample char-
acteristics and modeling conditions, and that, in the absence of inde-
pendent external validation cohorts, the generalizability of the models 
requires further confirmation in other populations. Second, some key 
variables—such as TCM constitution, TCM syndrome patterns, and 
sexual activity frequency—were obtained through self-report, and are 
therefore inevitably subject to recall bias and inter-individual differ-
ences in subjective judgment. In addition, although all participants 
underwent routine infertility evaluation, the specific scope and depth 
of diagnostic investigations may have varied according to prior 

healthcare-seeking history and clinical decision-making, potentially 
introducing diagnostic confirmation bias into the outcome component 
of “multiple etiologies of infertility.” Third, the predictive models did 
not incorporate specific modern reproductive indicators, such as 
detailed hormonal profiles, follicular monitoring data, or advanced 
imaging parameters, which limits the depth of biological interpreta-
tion. Future studies should adopt prospective designs with indepen-
dent multicenter cohorts and further integrate TCM diagnostic 
information, modern reproductive indicators, and psychological fac-
tors to develop more robust, clinically applicable multidimensional risk 
assessment models.

6 Conclusion

In summary, this study developed and compared different types 
of predictive models for high-risk infertility based on multidimen-
sional information from both TCM and modern medicine. After 
internal validation and optimism correction, the modern medicine 
model demonstrated more robust predictive performance in terms of 
discrimination, calibration, and overall prediction error. Although 
the integrative model incorporating TCM differentiation information 
showed a numerical improvement in apparent discriminative ability, 
this advantage was not consistently retained after correction, suggest-
ing that under the current sample size and model complexity, the 
inclusion of additional variables may be subject to overfitting penal-
ties. Importantly, the predictive models developed in this study are 
not intended to replace existing diagnostic criteria for high-risk infer-
tility, but rather to serve as supportive tools for risk stratification 
during the infertility care pathway, particularly for women in whom 
etiological evaluation is still ongoing but who already exhibit multi-
dimensional high-risk features. In this context, the value of TCM 
differentiation variables lies primarily in providing complementary, 
structured information for risk stratification, rather than acting as 
independent or dominant predictors. This study offers a method-
ological exploration of the structured application of TCM differentia-
tion information in infertility risk assessment and provides practical 
evidence for optimizing risk stratification and clinical decision sup-
port within an integrative Chinese–Western medicine framework. 
The clinical applicability and incremental value of the proposed 
models still require further evaluation in larger samples and through 
external validation studies.
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