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Purpose: The objective of this study was to develop and validate a nomogram designed to predict the likelihood of intrapartum
cesarean delivery in singleton pregnancies at term, utilizing an ultrasound-based system.

Patients and Methods: This prospective study involved women who gave birth at Hangzhou Women’s Hospital from August 2022
to March 2024. The study recruited pregnant women who were in a cephalic position, had singleton pregnancies at term (37+0 to 41
+6 weeks), and expressed a preference for vaginal delivery. The LaborPro system was employed to perform infrapubic ultrasound
imaging and to assess fetal head positioning. A nomogram was generated through multivariate logistic regression analysis, incorpor-
ating various maternal, fetal, and pregnancy-related characteristics. The predictive accuracy and discriminative capacity of the
nomogram underwent internal validation via 1000-bootstrap resampling. A decision curve analysis was performed to determine a net-
benefit threshold for the predictive model.

Results: A total of 705 women were included, with an observed intrapartum cesarean delivery rate of 13.6%. The logistic regression
analysis identified six significant predictors of intrapartum cesarean delivery: maternal height, parity, onset of labor, interspinous
diameter, fetal position and estimated fetal weight. Following bootstrap resampling for internal validation, the nomogram demon-
strated good calibration, achieving an area under the curve of 0.77 (95% confidence interval, 0.72-0.82). In the induction of labor
subgroup, the inclusion of the Bishop score significantly enhanced predictive performance, outperforming existing clinical models (P <
0.001). Decision curve analysis indicated a substantial net benefit across a wide threshold range (0.1-0.7), supporting its utility in
shared decision-making.

Conclusion: The LaborPro-based nomogram provides a validated, objective tool for individualized ICS risk stratification. The
integration of internal pelvic dimensions with traditional cervical assessments offers superior predictive accuracy, particularly for
women undergoing induction. Future multi-center studies are warranted to externally validate these findings across diverse
populations.
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Introduction

In clinical practice, intrapartum caesarean section (ICS) is frequently employed to address dystocia and to avert severe
complications for both mothers and newborns. Currently, cesarean section rates are rising worldwide. In many regions,
the rate of ICS for first-time mothers with full-term, singleton pregnancies remains high, often between 21% and
29.4%."* However, ICS is associated with an elevated risk of maternal infections, postpartum hemorrhage, and increased
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likelihood of respiratory distress and neonatal asphyxia.®> Consequently, a primary concern for obstetricians and
laboring women is the ability to accurately predict labor outcomes.

To address this challenge, various prediction models have been developed to assist obstetricians in identifying women who
are at a higher risk for requiring ICS.°'? These models consider a range of variables as potential risk factors, including
maternal demographic information, antenatal history, and findings from cervical examinations. However, there is a clear gap in
these models: they rarely include precise measurements of the internal pelvis. This is a problem because the fit between the
fetal head and the maternal pelvis is a key factor in labor success. In the past, internal pelvic measurements were hard to get.
External measurements are not accurate enough, and clinical exams of the pelvic interior are difficult to quantify.

The X-ray imaging system is utilized for the measurement of pelvic dimensions; however, its safety during pregnancy raises
significant concerns. Some researchers have explored the use of magnetic resonance imaging (MRI) with three-dimensional
reconstruction technology to analyze the female pelvis. Nonetheless, MRI is associated with several limitations, including
extended imaging durations, high costs, and restricted accessibility.'* > Conversely, the LaborPro system employs magnetic
field spatial positioning and tracking techniques, which are controlled by computer software. This system generates a non-
invasive, low-power magnetic field environment and enables the identification of marker points through a position sensor held by
the examiner, allowing for automatic calculation of radial line lengths. This method is characterized by its convenience, cost-
effectiveness, and absence of radiation, enabling it to be performed concurrently with a vaginal examination.

The present study was undertaken to develop a novel predictive model that incorporates pelvic measurements to
assess the risk of ICS, with the objective of mitigating unnecessary ICS.

Materials and Methods

Study Population and Data Collection

This prospective cohort study was carried out from August 2022 to March 2024 at a tertiary specialty hospital and
received approval from the medical ethics committee of Hangzhou Women’s Hospital (2022-A-5-10). This study was
conducted in accordance with the Declaration of Helsinki, and the researchers are committed to safeguarding the personal
privacy of participants and ensuring the security of their information. All participants provided written informed consent
prior to enrollment. This study adheres to the TRIPOD (Transparent Reporting of a Multivariable Prediction Model for
Individual Prognosis or Diagnosis) statement, while external validation was beyond the scope of this single-center study.
Participants were recruited at admission using consecutive sampling based on the following inclusion criteria: (1)
singleton term pregnancy (explicitly defined as 37+0 to 41+6 weeks of gestation confirmed by first-trimester ultrasound);
(2) cephalic presentation; (3) prior to active labor (cervical dilation < 5 cm); (4) planned trial of labor.

Exclusion criteria were: (1) multiple gestation; (2) non-cephalic presentation; (3) known contraindications to vaginal
delivery, including placenta previa, active genital herpes infection, prior classical cesarean section, and severe fetal
anomalies; (4) major fetal congenital anomalies; (5) contraindications to LaborPro measurement (eg, implanted electro-
nic devices); and (6) refusal to participate. To enhance the generalizability of our findings, the study also included women
experiencing spontaneous labor as well as multiparous women. Spontaneous labor was defined as the presence of regular
uterine contractions (at least 1 every 5 minutes) associated with cervical effacement and a cervical dilatation of 1 cm.

Following the enrollment process, data pertaining to maternal and neonatal characteristics were systematically
gathered, which comprised: maternal age, height, weight at the time of delivery, parity, the onset of labor, and clinical
estimated fetal weight. Variables were selected a priori based on their established clinical significance in previous
literatures.®'? For participants undergoing induction of labor, the cervical Bishop score was additionally assessed by
clinical examination upon admission. Clinical fetal weight estimation is based on ultrasound estimations, which was
conducted utilizing a sonographic model that incorporated measurements of the head, body, and femur.'® The mathe-
matical representation of this model is as follows:

Logl0 estimated fetal weight = 1.326-0.00326* abdominal circumference* femur length + 0.0107* head circumfer-
ence + 0.0438* abdominal circumference + 0.158 femur length.
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The LaborPro system (LaborPro®, Trig Medical Ltd., Haifa, Isracl; model: LaborPro Prenatal; software version:
3.0.3.100) was utilized in conjunction with a vaginal examination for each participant at clinical admission. The accuracy
and reliability of the LaborPro system for pelvic measurement have been previously validated in multiple studies,
demonstrating high intra- and inter-operator reproducibility and strong correlation with conventional imaging
modalities.'”'® All LaborPro measurements were performed at clinical admission with the participant in the dorsal
lithotomy position, with the hips flexed and abducted. Measurements were obtained after bladder emptying to minimize
potential interference with pelvic anatomy. All measurements were conducted by a designated sonographer who had
completed a standardized training protocol (at least 50 supervised scans). To ensure objectivity, the operators performing
the LaborPro scans were blinded to the participants’ clinical history and the subsequent delivery outcomes and were not
involved in the management of labor. The implementation of the LaborPro system is delineated in the following steps:'’

Step 1 involves the spatial localization of the pelvic inlet plane and the birth canal. This process entails the mapping
of the maternal pelvis through the identification of specific anatomical points utilizing small positional sensors in
conjunction with ultrasound technology. The L5 spinous process serves as a reference point, ensuring that measurements
remain consistent and are not influenced by variations in the maternal position or movement.

Step 2 focuses on the determination of fetal station via infrapubic ultrasound imaging. In this phase, the superior and
inferior boundaries of the symphysis pubis, along with the intersection point between the birth canal and the fetal skull,
are marked either automatically or manually. The system then computes and displays the station of the fetal head in
relation to the pelvic inlet plane and the birth canal, providing real-time data.

The evaluation of fetal head positioning by the system is conducted by assessing the spatial relationship of key head
landmarks to the center of the birth canal. This is achieved by designating one of several ultrasound landmarks on the
display, which may include the biparietal or occipitofrontal diameter, cervical vertebra, midline, or orbits. The results are
graphically represented according to the measured degree of rotation.

Statistical Analysis

The primary outcome was ICS, defined as cesarean delivery performed after the initiation of a trial of labor. Predictors
included maternal age, BMI, parity, gestational age, cervical dilation at admission, and pelvic inlet diameter measured by
LaborPro. Women who did not achieve successful labor induction through various methods were included in the ICS
group. Missing data were addressed using Multiple Imputation by Chained Equations (MICE) under the assumption that
data were missing at random. Following data imputation, multicollinearity among the predictors was assessed using the
Variance Inflation Factor (VIF). Any variable with a VIF exceeding 5 was further evaluated for potential removal or
combination to ensure model stability. Continuous variables were expressed as means with standard deviations, whereas
categorical variables were reported as frequencies and percentages. The comparison between the two groups, along with
univariate analyses, was performed using appropriate statistical tests, including Student’s ¢-test, Mann—Whitney test, Chi-
square test, or Fisher’s exact test. Variables that yielded a p-value of less than 0.1 in the univariate analysis were
subsequently incorporated into a multivariate logistic regression model. Covariates were systematically removed in
a stepwise manner until all remaining covariates in the final model had a p-value of less than 0.05.

A nomogram was developed utilizing coefficients derived from a logistic regression model implemented in R. The
internal validation of the nomogram involved assessments of both discrimination and calibration. The model’s discri-
minative capability was evaluated using the area under the receiver operating characteristic (ROC) curve, which ranges
from 0.5, indicating no discrimination, to 1, indicating perfect discrimination. The differences between AUCs were
compared using the DeLong test.”’ The optimal cutoff value for risk stratification was determined using Youden’s index
based on the ROC curve. Model calibration was evaluated using both the Hosmer-Lemeshow test and a visual calibration
plot. Furthermore, the nomogram underwent 1000 bootstrap resampling for internal validation to evaluate its predictive
accuracy. A decision curve analysis was also conducted to identify a net-benefit threshold for prediction.”'** An
interactive, web-based dynamic nomogram application was created using Shinyapps.io (Published July 22, 2024).

To evaluate the incremental value of incorporating pelvic measurements, we compared the performance of our
proposed model with a baseline model that included only conventional predictors (maternal demographic information
and antenatal history). To evaluate our nomogram, we compared its performance with existing models designed for both
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nulliparous and multiparous women.”?® Pre-specified subgroup analyses were conducted to evaluate the model’s
performance across clinically relevant subgroups, including: (1) nulliparous vs multiparous women; (2) spontaneous
vs induced labor. All analyses were performed in RStudio version 2023.09.1 Build 494 within the R environment version
4.3.3 (2024-02-29). Results with a p-value of less than 0.05 were deemed statistically significant and are reported as odds
ratios (ORs) accompanied by 95% confidence intervals (CIs).

The minimum sample size was determined based on the criteria proposed by Riley et al for developing clinical
multivariable prediction models.** Assuming a c-statistic of 0.80 and an anticipated outcome prevalence of 20% for ICS
according to a previous prospective study,” a model with 15 predictor parameters requires a minimum of 666
participants. To account for a potential 5% rate of missing data or loss to follow-up, we planned to recruit a total of
700 participants, which would provide approximately 140 primary outcome events.

Results

Baseline Characteristics of the Study Population

A total of 705 women satisfied the inclusion criteria and were subsequently enrolled in the present study. Table 1 presents
the baseline characteristics of the participants and the labor circumstances within the study cohort. The incidence of ICS
was found to be 13.6%. It was observed that women who underwent ICS were older in comparison to those who
delivered vaginally. Additionally, women who experienced induced labor exhibited a greater likelihood of resulting in
ICS compared to their counterparts who had spontanecous labor. The fetal weight assessed clinically and the neonatal
weight were observed to be comparable in both groups.

Table | Baseline Participant and Labor Characteristics

Vaginal Cesarean thAIZ | P-value
Delivery (n=609) | Delivery (n=96)

Age, year 304 + 3.2 3.1 £36 —2.105 0.044
Height, cm 162.7 + 5.0 l61.1 +54 2911 0.004
Pre-pregnancy BMI, kg/m? 208 + 2.7 21.3 £33 —-1.788 0.203
Weight at delivery, kg 679 £ 86 685 9.3 —0.613 0.540
Nulliparous (%) 544 (89.3) 94 (97.9) 7.115 0.008
Highest level of education 2615 0.271

Primary or secondary school 89 (14.6) 18 (18.8)

University 476 (78.2) 68 (70.8)

Higher professional education 44 (7.2) 10 (10.4)
Gestational age at delivery 6.821 0.146

37 weeks 0 days to 37 weeks 6 days 26 (4.3) 3 3.0

38 weeks 0 days to 38 weeks 6 days 112 (18.4) 9 (94)

39 weeks 0 days to 39 weeks 6 days 257 (42.2) 40 (41.7)

40 weeks 0 days to 40 weeks 6 days 203 (33.3) 42 (43.8)

41 weeks 0 days to 41 weeks 6 days I (1.8) 2. (2.1)
Cervical dilation at admission, median (IQR) 0.00 (0.00, 2.00) 0.00 (0.00, 0.00) | —4.577 | <0.001
Induction of labor (%) 351 (57.6) 80 (83.3) 23.049 | <0.00l
Bishop score for induction, median (IQR)? 4.00 (4.00, 5.00) 3.00 (4.00, 4.00) | —4.548 | <0.001
Interspinous diameter, cm 10.5 + 0.8 102 + 0.8 3.556 <0.001
Anteroposterior diameter of mid-pelvis, cm 11.9 £ 0.6 11.7 £ 0.7 1.825 0.068
Ischial tuberosity diameter, cm 10.6 + 0.9 104+ 1.0 1.798 0.073
Anterior posterior diameter of outlet, cm 11,5+ 0.6 114+ 0.6 1.592 0.112
Angle of pubic arch, degree 2.1 +£77 110.6 + 8.0 1.784 0.075
Fetal position (%) 5.0113 0.078

Occiput anterior 123 (20.2) I (11.5)

Occiput posterior 404 (66.3) 67 (69.8)

Occiput transverse 82 (13.5) 18 (18.7)

(Continued)
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Table | (Continued).

Vaginal Cesarean thAIZ | P-value
Delivery (n=609) | Delivery (n=96)
Ultrasound estimated fetal weight (g) 3265.1 + 3074 3397.3 £ 349.0 —3.843 | <0.001
Estimated fetal weight based on uterine height and abdominal circumference (g) 33552 £ 2938 3490.8 + 309.4 —4.174 | <0.001
Clinical estimated fetal weight (g) 3309.8 + 280.1 3440.2 + 300.5 —4.195 | <0.001
Neonatal weight (g) 3289.4 + 347.8 3442.4 + 427.8 —3.873 | <0.001

Notes: Data are expressed as mean * standard deviation (SD) for normally distributed continuous variables, median (interquartile range, IQR) for skewed continuous
variables, and frequency (percentage, %) for categorical variables. P-values were calculated using Student’s t-test, Mann—Whitney U-test, or Chi-square test as appropriate.
Bishop scores were compared only among patients who underwent induction of labor.

Abbreviation: BMI, Body Mass Index.

Univariate and Multivariate Analysis of Risk Factors
To ensure the parsimony and stability of the final model, cervical dilation and weight were removed to minimize the

impact of multicollinearity (Supplementary Figures 1 and 2). In the univariate analysis, several variables demonstrated

a significance level of P<0.1 and were subsequently included in the multivariate logistic regression modeling. These
variables comprised maternal age, height, pre-pregnancy BMI, parity, onset of labor, interspinous diameter, anteropos-
terior diameter of mid-pelvis, ischial tuberosity diameter, angle of pubic arch, fetal position and estimated fetal weight.
Among these variables, height, parity, onset of labor, interspinous diameter, fetal position and estimated fetal weight
retained its significance in the multivariate logistic regression analysis (Table 2). Each 1 c¢cm increase in height was
associated with a 7.1% reduction in the risk of ICS after adjusting for other clinical confounders (OR 0.92, 95% CI

Table 2 Univariable and Multivariable Logistic Regression Analyses of Risk Factors for Intrapartum Cesarean Delivery

Variables Unadjusted OR (95% CI) | P-value | Adjusted OR (95% CI) | P-value
Age, year 1.066 (1.001, 1.136) 0.045 1.070 (0.995, 1.151) 0.068
Height, cm 0.937 (0.897, 0.980) 0.004 0.929 (0.880, 0.980) 0.007
Pre-pregnancy BMI, kg/m? 1.068 (0.993, 1.149) 0.075 1.000 (0.920, 1.087) 0.999
Parity 0.018 0.002

Multiparous Ref Ref

Nulliparous 5.616 (1.352, 23.326) 10.676 (2.375, 47.981)
Highest level of education 0.274 Not included

Primary or secondary school Ref Not included

University 0.706 (0.401, 1.245) 0.229 Not included

Higher professional education 1.124 (0.479, 2.638) 0.789 Not included
Gestational age at delivery 0.161 Not included

37 weeks 0 days to 37 weeks 6 days Ref Not included

38 weeks 0 days to 38 weeks 6 days 0.696 (0.176, 2.753) 0.606 Not included

39 weeks 0 days to 39 weeks 6 days 1.349 (0.390, 4.664) 0.636 Not included

40 weeks 0 days to 40 weeks 6 days 1.793 (0.519, 6.199) 0.356 Not included

41 weeks 0 days to 41 weeks 6 days 1.576 (0.230, 10.781) 0.643 Not included

(Continued)
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Table 2 (Continued).

Variables Unadjusted OR (95% CI) | P-value | Adjusted OR (95% CI) | P-value
Labor < 0.001 < 0.001
Spontaneous Ref Ref
Induced 3.675 (2.099, 6.436) 3.288 (1.818, 5.945)
Interspinous diameter, cm 0.580 (0.428, 0.787) < 0.001 0.518 (0.362, 0.742) < 0.001
Anteroposterior diameter of mid-pelvis, cm 0.713 (0.496, 1.026) 0.068 0.773 (0.508, 1.177) 0.230
Ischial tuberosity diameter, cm 0.807 (0.638, 1.020) 0.073 1.026 (0.783, 1.344) 0.853
Anterior posterior diameter of outlet, cm 0.721 (0.482, 1.079) 0.112 Not included
Angle of pubic arch, degree 0.975 (0.948, 1.003) 0.075 0.989 (0.958, 1.02) 0.474
Fetal position 0.084 0.104
Occiput anterior Ref Ref
Occiput posterior 2.455 (1.102, 5.465) 0.028 2.151 (1.053, 4.394) 0.036
Occiput transverse 1.854 (0.950, 3.620) 0.070 2.092 (0.882, 4.962) 0.094
Estimated fetal weight (100g) 1.183 (1.092, 1.282) < 0.001 1.304 (1.180, 1.441) < 0.001

Notes: Variables with P < 0.10 in the univariable analysis or those clinically recognized as significant predictors were considered for inclusion in the
multivariable model. The multivariable model was performed using backward stepwise selection.
Abbreviations: OR, odds ratio; Cl, confidence interval; BMI, body mass index; Ref, reference category.

0.88-0.97). Women who experienced induced labor exhibited more than a threefold increase in the risk of ICS compared
to those who underwent spontaneous labor (OR 3.68, 95% CI 2.10-6.44). Additionally, a 1 cm increase in interspinous
diameter was associated with a 46.6% reduction in the odds of ICS (OR 0.53, 95% CI 0.38-0.75), while an increase of
100 grams in estimated fetal weight corresponded to a 29.7% increase in the odds of ICS (OR 1.30, 95% CI 1.18-1.43).
While estimated fetal weight and labor induction occupied the top two positions, interspinous diameter served as the
foundational anatomical predictor, outperforming both maternal height and parity in its contribution to the model’s
variance (Supplementary Figure 3).

Nomogram Development and Model Performance
The final logistic model was formulated as a user-friendly nomogram, as illustrated in Figure 1A, and is accessible online
(https://wuhanglin.shinyapps.io/Cesarean-Calculator/), as depicted in Figure 1B. The calibration plot for the nomogram,

presented in Figure 2, indicated a strong correlation between the observed and predicted risks of ICS, with a mean
absolute error of 0.016. The Hosmer-Lemeshow test results (P = 0.697) confirm that the model is well-calibrated and
reliable for clinical use. The full model achieved a marginally significant superior AUC of 0.771 (95% CI: 0.720-0.823,
Figure 3), outperforming the clinical (AUC = 0.752) and basic (AUC = 0.751) models. At the optimal Youden index
threshold, the full model demonstrated a marked improvement in specificity (73.07%) and accuracy (72.77%) compared
to the basic model (62.73% and 64.26%, respectively, Supplementary Table 1).

The decision curve analysis for the nomogram is illustrated in Figure 4. The threshold range (0.1-0.7) represents
a spectrum of clinical scenarios: from conservative monitoring (low threshold) to strict surgical intervention (high threshold).
The nomogram model (red line) consistently outperformed the “treat-all” strategy, which loses its clinical viability when the
risk threshold exceeds 15%, and the “treat-none” strategy, which fails to capture any high-risk events. Specifically, within the
most common clinical decision-making window (20—40% risk), our model provides a significant standardized net benefit,

thereby optimizing the balance between avoiding unnecessary procedures and ensuring timely surgical intervention.
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Figure | Established (A) and online dynamic (B) nomogram predicting risk of intrapartum cesarean delivery in singleton pregnancies at term. We considered
a representative case of a nulliparous woman (163 cm in height) admitted for induction of labor. Her clinical parameters included a clinical estimated fetal weight of
3300g, an interspinous diameter of 10.0 cm, and a fetus in the occiput anterior position. According to the dynamic nomogram, the predicted probability of intrapartum
cesarean delivery for this participant was approximately 12%.

Abbreviations: OA, Occiput anterior; OP, Occiput posterior; OT, Occiput transverse.
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Figure 2 Calibration curve of the nomogram for intrapartum cesarean delivery prediction. The x-axis represents the predicted probability calculated by the nomogram, and
the y-axis represents the actual observed rate of cesarean delivery. The dashed line represents an ideal match between predictions and observations. The solid blue line
indicates the performance of our model, with the shaded area representing the 95% confidence interval calculated via the Wilson score method. The model shows high
predictive accuracy with a Mean Absolute Error of 0.016.
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Figure 3 Comparison of ROC curves for the three predictive models. The ROC curves represent the discrimination performance of the full model (solid blue line), the
clinical model (dashed Orange line, excluding interspinous diameter), and the basic model (dotted red line, further excluding fetal position). At the blue optimal cutoff point
(Youden’s index), the full model achieved a sensitivity of 70.83% and a specificity of 73.07%. Pairwise comparisons of AUCs were performed using the Delong test.
Abbreviations: ROC, receiver operating characteristic; AUC, area under the curve.

Sensitivity Analysis and Subgroup Analysis

Given that nulliparous women constituted the vast majority of the study population (n = 638, 90.5%), a sensitivity
analysis was performed exclusively within this subgroup to ensure the robustness of the predictive model. The multi-
variable logistic regression analysis within the nulliparous cohort yielded results highly consistent with the primary
analysis (Supplementary Table 2 and Supplementary Figures 4, 5). The stratified subgroup analysis was performed based

on the mode of labor onset. Though the adjusted OR (aOR) for interspinous diameter was nearly identical between the
spontaneous (a0OR = 0.51) and induced labor (aOR = 0.52) groups, and maternal height showed a consistent aOR of 0.93
in both cohorts, the spontaneous labor group exhibited notably wider 95% CI without statistical significance compared to
the induced labor group (Supplementary Table 3). The lack of statistical significance in the spontaneous group is likely

a reflection of diminished statistical power due to the smaller sample size and wider confidence intervals in this stratum.

Given the inherent uncertainties observed in the spontaneous labor cohort and the focus of existing literature on
induced populations, an enhanced multivariable model was developed specifically for the induction of labor subgroup (n
= 431). This model incorporated the cervical Bishop score alongside the previously predictors. Following multivariable
adjustment, the Bishop score emerged as a significant independent predictor of delivery mode (Supplementary Table 4).
The enhanced nomogram achieved a significantly higher AUC: 0.791 (95% CI: 0.736—0.846) compared to the Alavifard
model (AUC: 0.631; 95% CI: 0.568-0.695) and the Rossi model (AUC: 0.665; 95% CI: 0.601-0.729). Pairwise
comparisons using the DeLong test confirmed that the improvements in discrimination were highly statistically

significant (P < 0.001, Supplementary Figure 6).

Discussion

In this prospective cohort study, we identified several independent risk factors for ICS, including maternal height, parity,
onset of labor, interspinous diameter, fetal position and estimated fetal weight. The model demonstrated good discrimi-
native ability with an AUC of 0.771 (95% CI: 0.720-0.823), indicating that it can correctly distinguish between women
who will and will not require ICS in approximately 77% of cases. The superior performance of our model likely reflects
the incremental value of objective pelvic measurements, which have been underutilized in previous models due to
limitations in measurement techniques.”*>*® From a clinical perspective, this level of discrimination suggests that the
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Figure 4 Decision curve analysis of the nomogram. The y-axis represents the standardized net benefit, and the x-axis represents the high-risk threshold probability. The red
solid line indicates the net benefit of using the nomogram model. The grey line (All) represents the strategy of assuming all patients will require a cesarean delivery, and the
horizontal black line (None) represents the strategy of assuming no patients will require a cesarean delivery. The nomogram model curve remains above both the “All” and
“None” lines across most threshold probabilities, particularly in the 10-70% range, indicating its practical clinical utility in optimizing delivery mode management.

model could serve as a valuable adjunct to clinical judgment, helping to identify women at sufficiently low risk to safely
continue labor, as well as those at sufficiently high risk to warrant heightened preparedness for cesarean delivery. The
significant advancement in the enhanced nomogram underscores the necessity of integrating objective pelvic measure-
ments with traditional cervical assessments (Bishop score) to optimize induction outcomes.

Key factors contributing to successful vaginal delivery include maternal pelvic size and shape, soft tissue thickness,
the molding of the birth canal during labor, the coordination and intensity of the laboring force, as well as the size of the
fetus, fetal head size, and its ability to undergo deformation.”” Current obstetric consensus widely acknowledges that the
match between maternal pelvic size and fetal size is a critical determinant for successful vaginal delivery. Throughout
pregnancy, fluctuating hormonal levels affect the laxity of pelvic joints and ligaments, while the descent of the fetal
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presenting part imposes pressure on the pelvis, resulting in dynamic changes in maternal pelvic dimensions at different
stages of pregnancy, before, and during labor. Prior predictive models for vaginal delivery based solely on single imaging
measurements such as ultrasound, CT, or MRI have consistently failed to encompass all these influential factors, resulting
in unsatisfied predictive outcomes.'>'*

Our research develops a predictive model integrating intrapelvic measurement using the LaborPro system to assess
the risk of ICS. The LaborPro system measures pelvic dimensions directly via a vaginal probe, estimates fetal weight
through ultrasound, and identifies the fetal head engagement and position, mitigating the impact of variables such as
differences in soft tissue thickness and joint ligament laxity within the birth canal, fetal obesity, and the cranial suture
overlapping ability of deformed fetal heads on model establishment. LaborPro system, since its invention and clinical
application, has seen reports on its clinical applicability in determining fetal position during labor and vaginal
measurements.'**® Based on our limited literature review, there is currently no evidence regarding the use of the
LaborPro system to develop a predictive model for pelvic-fetal compatibility in predicting vaginal delivery, making
this study pioneering in this field.

In our study, maternal age showed a borderline significant association with intrapartum cesarean delivery (aOR =
1.070, P = 0.068), suggesting a potential trend consistent with several previous reports.'?* Although it did not reach
strict statistical significance in the multivariable model, the observed trend may still be linked to age-related physiolo-
gical changes. This finding may be attributed to age-related physiological changes in myometrial function, including
reduced uterine contractility and diminished responsiveness to oxytocin, as well as progressive stiffening of the pelvic
connective tissue and decreased pelvic joint mobility, all of which may impair the efficiency of labor progression.*” In the
literature by Li Jun et al, maternal BMI was utilized as an indicator, concluding that an elevated BMI is a detrimental
factor for vaginal delivery'® Considering the individual variability in weight and body shape changes during pregnancy,
similar BMI values may correspond to different body compositions and pelvic characteristics. To further elucidate the
isolated effects of height and weight, we conducted separate analyses for each variable. The findings indicate that height
serves as an independent influencing factor, corroborating the results of previous studies.’*! Another explanation may
be due to the dominant predictive power of internal anatomical metrics (interspinous diameter) which override indirect
markers like BMI in determining cephalopelvic compatibility.

Our findings indicate that the transverse diameter of the mid-pelvic plane, specifically the interspinal distance, is the
most significant indicator related to the occurrence of ICS. One research study posited that a minimum interspinal
distance of 10 cm at the mid-pelvic plane is a critical criterion for the passage of a fetus weighing 3400 grams.*
Additionally, research conducted by Li Jun et al suggested that the interspinal distance at the mid-pelvic plane, along with
the ischial tuberosity distance at the outlet plane, serves as predictive indicators for successful vaginal delivery'® The
mid-pelvic plane represents the narrowest section of the pelvis; thus, any constriction at this level may hinder internal
rotation, subsequently affecting the descent of the fetal head and leading to labor stagnation, with a higher incidence of
ICS at such times.”® Notably, among Chinese women, characteristics such as a female pelvis and flat pelvis are
predominant, with instances of outlet diameters being smaller than those at the mid-pelvic plane being relatively rare.
Our research findings corroborate this observation. Some studies have utilized radiological measurements, such as fetal
biparietal diameter and abdominal circumference, to indirectly reflect fetal weight.'** In contrast, this model employs
the clinical estimated fetal weight as the predictive indicator. By integrating maternal abdominal height, fetal abdominal
circumference, and multiple ultrasound measurements, the model comprehensively estimates fetal weight, thereby
mitigating disturbances related to estimation accuracy, fetal adiposity, and fetal head molding capabilities. In our
study, the average clinical estimated weight closely approximated the actual newborn weight, enhancing the robustness
of our model and substantiating that fetal weight is a significant influencing factor for ICS.

Historically, the findings from numerous early observational studies contributed to a widespread belief among
healthcare providers and patients that labor induction is linked to an increased likelihood of failed labor and cesarean
delivery.>>*® This was attributed to the potential for exogenous oxytocin to induce contractions before cervical ripening
is complete, leading to dysfunctional labor patterns, as well as the absence of physiological priming that occurs during
spontaneous labor onset.>” Similar to our research, these conclusions were drawn from comparisons between women
undergoing induction and those experiencing spontaneous labor, which is both an inadequate and unrealistic comparison.
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The ARRIVE trial provided evidence that elective induction at 39 weeks of gestation in low-risk nulliparous women is
correlated with a lower rate of cesarean births, without a corresponding rise in adverse perinatal outcomes when
compared to expectant management.”® Furthermore, a recent systematic review and meta-analysis indicated that labor
induction does not elevate the risk of emergency cesarean section.>”

We propose the following stepwise approach for clinical implementation of the nomogram: First, perform LaborPro
pelvic measurement at admission to the delivery unit prior to active labor (cervical dilation < 5 cm). The measurement
can be performed concurrently with the initial cervical examination, minimizing additional time and patient discomfort.
Then input the following variables into the online dynamic nomogram: height, parity, onset of labor, interspinous
diameter, fetal position and estimated fetal weight. The tool generates an individualized predicted risk of ICS. The
clinical utility of the LaborPro model was further demonstrated through three representative cases across a risk spectrum
from 4% to 83% (Supplementary Table 5). The proposed prediction model is designed to complement existing labor

management protocols. Current guidelines emphasize the use of partograms, cervical dilation progression, and clinical
judgment to monitor labor and identify dystocia.***'

The economic implications of adopting LaborPro-based pelvic measurement warrant consideration. In the Chinese
healthcare context, the per-procedure cost of LaborPro measurement is approximately ¥200, which is modest compared
to the incremental cost of an unnecessary cesarean section. Notably, beyond direct cost savings, reducing unnecessary
cesarean deliveries confers additional benefits, including lower risks of surgical complications, shorter postpartum
recovery, and improved outcomes for subsequent pregnancies.

This study has several notable strengths. First, the prospective cohort design minimized recall bias and allowed
for standardized data collection, ensuring consistency across participants. Second, the use of the LaborPro system
provided objective, quantitative pelvic measurements with demonstrated reliability, overcoming the limitations of
subjective clinical assessment. Third, our model incorporated a comprehensive set of predictors, including both
traditional risk factors and novel pelvic dimensions, enabling a more holistic assessment of ICS risk. Fourth, we
employed rigorous methodological approaches, including bootstrap internal validation to mitigate overfitting and
decision curve analysis to evaluate clinical utility. Fifth, we have developed an online dynamic nomogram
(available at https://wuhanglin.shinyapps.io/Cesarean-Calculator/) that facilitates easy implementation in clinical

settings, allowing clinicians to obtain individualized risk estimates without requiring specialized software.

The main limitation of this study is the reliance on the interspinous diameter of the ischium, which necessitates an
accurate method of internal pelvic measurement. In regions where such precise techniques are unavailable, traditional vaginal
examination becomes the alternative measurement, potentially compromising the accuracy of the results. Although in our
cohort, the clinical estimated fetal weight demonstrated a high correlation with birth weight, with a Mean Absolute
Percentage Error of approximately 6.33%, a more standardized and quantifiable fetal weight estimation model is necessary
to enhance the certainty of fetal weight estimation, thereby improving the predictive accuracy of this model. Secondly, due to
the single-institute nature of our research, external validation of data from other institutions could not be conducted, thereby
affecting the robustness of the proposed model. We have made the prediction program available online and will seek to
engage additional centers for the purpose of further validating the model in future studies. Thirdly, the study focused solely
on pregnant women of Chinese descent, which may restrict the applicability of the model to women of other ethnic
backgrounds. Lastly, although the integration of cervical readiness and internal pelvic dimensions significantly improved
risk stratification, the sample size for this specific subpopulation (n = 431) remains relatively modest.

To address the limitation, future research should focus on: (1) external validation in diverse populations to confirm
generalizability; (2) a multi-center randomized controlled trial comparing nomogram-guided care versus standard care;
(3) integration with electronic health records to enable automated real-time risk calculation; (4) a formal cost-
effectiveness analysis incorporating the per-procedure cost of LaborPro; and (5) validation in women with prior cesarean
undergoing trial of labor after cesarean (TOLAC).

Conclusion
The LaborPro system demonstrates high accuracy and reliability in measuring the pelvic diameter. Maternal height,
parity, onset of labor, interspinous diameter, fetal position and estimated fetal weight are independent influencing factors
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for ICS. The ICS prediction model provides a validated tool for individualized risk stratification that can be integrated
into routine obstetric practice at the time of admission, supporting shared decision-making between clinicians and
patients. Future multicenter external validation in diverse populations is essential to confirm generalizability before
widespread clinical adoption.
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