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This study aimed to develop and validate a prediction model of cesarean following induction of labor (IOL). A nomogram for the prediction of cesarean following IOL for singleton, cephalic term deliveries was created by comparing combinations of ultrasonographic and nonultrasonographic factors in a retrospective manner using patient data collected from a Chinese hospital between July, 2017 and December, 2023. Model discrimination and calibration were evaluated using the area under the receiver operating characteristic curve (AUROC) and a calibration curve. Subsequently, decision curve analysis (DCA) was conducted to pinpoint the optimal probability threshold for the predictive model to exhibit practical significance for clinical decision-making. A total of 738 women were included. The inclusion of ultrasound factors yielded a higher AUC when combined with nonultrasonographic factors. Of the three ultrasonographic factors analyzed, the most predictive factor for cesarean following IOL was fetal head circumference. After generating a nomogram with eight validated factors, including maternal age, gestational age, height, prior caesarean delivery, previous vaginal delivery, modified Bishop score, body mass index at delivery, and fetal head circumference by ultrasound, the trained and validated AUC values were 0.826 (95% confidence interval 0.786–0.867) and 0.883 (95% confidence interval 0.839–0.926), respectively. Decision curve analysis indicated that the model provided net benefits of between 0% and 80% of the probability threshold, indicating the benefits of using the model to make decisions concerning patients who fall within the identified range of the probability threshold. Our nomogram based on obstetric factors and fetal head circumference as obtained by ultrasound could be used to help counsel women who are considering IOL. The model demonstrates favorable net benefits within a probability threshold range of 0 to 80%.
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1 Introduction

Induction of labor (IOL) is the artificial initiation of labor prior to its natural onset and stands as one of the most frequently conducted obstetrical procedures. IOL commonly carried out when the benefits of childbirth are deemed to outweigh the potential risks associated with prolonging the pregnancy. About 25% of all births necessitate the IOL (1), and this number is anticipated to rise in light of recently published studies that newly recommend IOL for various medical indications (2). Additionally, IOL is often considered for women over the age of 35, even in low-risk pregnancies, at 39 weeks’ gestation, as it has been shown that IOL does not lead to a higher rate of caesarean birth compared to expectant management (3, 4).

Unfortunately, exceeding 25% of IOLs fail to facilitate vaginal delivery and result in unintended cesarean sections (5–7) that both compromise the birth experience and heighten the likelihood of maternal and fetal complications, posing significant concerns. Therefore, it is important to predict the likely outcome of an IOL as accurately as possible on an individual basis in order to achieve the best maternal and infant outcomes.

To this end, multiple studies have developed models for predicting cesarean section after IOL (7–12), and most of them are based on obstetric factors measured during prenatal examinations or admission (7, 9–12). In addition, the use of single ultrasound data to predict cesarean section after induction is controversial as different studies have reported conflicting results (13–15). Hence, it appears viable to utilize maternal obstetric factors in conjunction with fetal ultrasound indicators in order to develop a more comprehensive prediction model. Currently, there has been limited research in China that combines obstetric factors with fetal ultrasound assessment (like fetal head circumference [HC], abdominal circumference [AC], as well as estimated fetal weight [EFW]) to predict the likelihood of cesarean section following IOL. Ultrasound measurements provide objective data, thus improving obstetricians’ ability to make informed clinical judgments during labor induction. The aim of our study was thus to establish a nomogram for the prediction of cesarean section among women who underwent IOL using the combinations of both ultrasonographic and non-ultrasonographic factors.



2 Materials and methods

We undertook a retrospective analysis of electronic medical records for pregnancies between July, 2017 and December, 2023 at a tertiary-level center in China. This study included women with singleton pregnancies in cephalic presentation who were induced after 36 completed weeks of gestation, irrespective of the indication for induction or cervical favorability. We excluded IOLs conducted for intrauterine fetal demise or major congenital malformations, those for women with more than one previous cesarean section, and those with missing ultrasound factor information.

Labor inductions were carried out similarly for all individuals. Although this was not controlled, standard management was used across the institution. The standard management technique was to begin with intracervical Foley balloon placement 12 h for cervical dilation. Then, 25 ug of misoprostol vaginally every 4 h at the providers’ discretion when additional cervical ripening was needed. Oxytocin was initiated once cervical ripening was completed or when > 4 misoprostol doses were used. Artificial rupture of membranes was performed at the discretion of the provider and Bishop scores were performed prior to cervical ripening.

The outcome for the prediction model was defined as cesarean birth for any indication. All the variables included in the model were derived from two previously published models (11, 12) on predictors of cesarean section following induction that have demonstrated the highest potential for application after prospective validation (16). Predictive variables include maternal age, gestational age, height, weight at birth; prior caesarean birth, previous vaginal birth, body mass index (BMI, body weight [kg]/height [m]2) at birth, as well as modified Bishop score (cervical dilation, station, and effacement). Considering the Han ethnic group represents most of the Chinese population, race was excluded a variable in this study.

The women included in the study had all undergone evaluation with ultrasonography for fetal biometry within one week prior to birth. Ultrasound scans were performed using a general electric voluson E6 machine (GE Healthcare, Zipf, Austria) with a con vex probe. Fetal biometry involved the assessment of fetal AC, fetal HC, and femur length (FL). Moreover, estimated fetal weight (EFW) was determined based on the Hadlock formula (17).

During the study period, comparisons were made between women who underwent IOL and had a cesarean delivery, and women who underwent IOL and had a vaginal birth, for all the aforementioned variables. Factors that showed statistical significance (P < 0.05, Supplementary Table 1) in the univariate comparisons were identified as potential candidates for inclusion in the predictive model.

Logistic regression was used to compare the odds ratios (ORs) of three ultrasound indicators within one week prior to the birth: fetal HC (mm), fetal AC (mm), and EFW (g). Due to collinearity, it was not possible to include all three indicators together in the logistic model. Consequently, we incorporated each ultrasound indicator individually into the model and identified the variable with the highest significant OR and area under the receiver operating characteristic (ROC) curve (AUC) as the optimal predictor. Next, we created a visual nomogram to depict the logistic regression model, utilizing the most significant OR value derived from the three ultrasound indicators in logistic regression analysis.

We estimated the required sample size for our predictive model following the simulations performed by Peduzzi et al. (18) and found that we needed to include at least 520 in the study. After we increased our initial calculation by 30% for validation purposes we reached a required sample size of 676 participants.

The model’s ability in discrimination and calibration were assessed through the AUC of the ROC as well as calibration curves. The result of final regression model was then visualized through an ROC curve. AUC together with asymptotic 95% confidence intervals (CI) were calculated to test the null hypothesis that the true area had a value of 0.5. Additionally, decision curve analysis (DCA) was performed to assess the net clinical benefit across various threshold probabilities of the predictive model with the highest discriminative capacity. SPSS 26.0 (IBM, Armonk, NY, USA) as well as STATA 17 (StataCorp College Station, TX, USA) were used to carry out all calculations.

Categorical variables were expressed as numbers and percentages, while continuous variables were expressed as mean ± standard deviation (SD). To assess the statistical significance of factors, Pearson’s chi-square test or Fisher’s exact test was used to analyze the differences in qualitative variables, and Student’s t test or the Kruskal-Wallis rank test was adopted to compare the differences in continuous variables.

The study was approved by the institutional review board of the Fourth Hospital of Hebei Medical University (2023KS280). Informed consent was waived since the electronic medical records alongside all information was processed anonymously. The data utilized did not contain any sensitive information such as the name, phone number, home address, or other identifying details of the individual patient. Finally, the study was conducted in accordance with the Declaration of Helsinki.



3 Results

A total of 738 women who underwent IOL at our hospital between July, 2017 and December 2023 were included in this analysis. Among them, 187 individuals (25.3%) underwent a cesarean section. The flow of participants through the study is depicted in Figure 1. Demographic and obstetric details can be found in Table 1 and Supplementary Table 1. Notably, no statistical variances (P > 0.05) were observed between the training and validation sets across all study variables, affirming the robustness of the grouping’s randomness.
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FIGURE 1
Flow of participants throughout the study.



TABLE 1 Demographic and obstetric characteristics of women undergoing IOL.
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Table 2 shows the predictive factors associated with cesarean after multivariate logistic regression of the frequency of cesarean in the training cohort on the three ultrasonographic factors together with nonultrasonographic factors. Model 1 included gestational age, maternal age, height, maternal BMI at birth, prior vaginal birth, prior caesarean birth, modified Bishop score, as well as fetal AC by ultrasound (AUC 0.822; 95% CI 0.780–0.863); Model 2 included gestational age, maternal age, height, maternal BMI at birth, prior vaginal birth, prior caesarean birth, modified Bishop score, as well as fetal HC by ultrasound (AUC 0.826; 95% CI 0.786–0.867); and Model 3 included gestational age, maternal age, height, maternal BMI at birth, prior vaginal birth, prior caesarean birth, modified Bishop score, as well as EFW by ultrasound (AUC 0.821; 95% CI 0.780– 0.863). A nonultrasonographic-factor-only model included maternal age, gestational age, height, maternal BMI at birth, prior vaginal birth, prior caesarean birth, as well as modified Bishop score (AUC 0.821; 95% CI 0.780–0.863) (Table 3). Notably, each ultrasound factor included (except EFW by ultrasound) reached a higher AUC when combined with nonultrasonographic factors, and Model 2 had a higher AUC in the training cohort.


TABLE 2 Predictors associated with cesarean following induction in multivariable logistic regression by three indicators of ultrasound in the training cohort (n = 503)a.
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TABLE 3 Area and asymptotic 95% confidence interval under the ROC curve in the training cohort (n = 503).
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Within the validation cohort, the AUC values achieved by models 1, 2, 3, and the model based on nonultrasonographic factors were 0.860, 0.883, 0.869, and 0.854, respectively (Table 4 and Figure 2). Notably, Model 2 had the largest AUC in the validation cohort. Consequently, we derived the predictive equation and constructed the nomogram based on the findings from Model 2. The equation derived from logistic regression to estimate the likelihood of cesarean delivery after IOL was as follows: predicted probability of cesarean following IOL = exp(w)/ [1 + exp(w)], where w is −12.741 + 0.199 × (maternal age) + 0.271 × (gestational weeks) −0.088 × (height) + 0.096 × (maternal BMI at the time of admission) −2.717 × (prior vaginal birth) + 1.716 × (prior cesarean birth) −0.179 × (modified Bishop score) + 0.022 × (fetal HC measured by ultrasound). On the basis of this established model, we subsequently developed a nomogram for visual reference (Figure 3).


TABLE 4 Area and asymptotic 95% confidence interval under the ROC curve in the validation cohort (n = 235).

[image: Table 4]

 
[image: image]

FIGURE 2
Receiver operating characteristic curve for prediction of cesarean following induction in the validation cohort.
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FIGURE 3
Nomogram for predicting the cesarean rate following induction.


The calibration plot for the validation cohort is presented in Figure 4. As illustrated, the predicted probability for cesarean following IOL was very close to the actual probability, and Hosmer-Lemeshow test results showed that this model was well calibrated (P = 0.28). Finally, DCA indicated that the model’s applicability was confined to threshold probabilities ranging from 0 to 0.8 (Figure 5).
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FIGURE 4
Calibration of the nomogram.
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FIGURE 5
Decision curves of the predictive model.




4 Discussion

In this study we developed and validated a nomogram to predict the chance of cesarean for women undergoing IOL based on combinations of ultrasonographic and nonultrasonographic factors. We compared combinations of three ultrasound indicators (EFW, fetal HC, and fetal AC) with maternal factors, and found that the combination of fetal HC as measured by ultrasound with the maternal obstetric factors produced the most accurate predictions. The AUCs of this model were 0.826 (95% CI 0.786–0.867) and 0.883 (95% CI 0.839–0.926) for the training and validation cohorts, respectively.

Numerous predictive models of cesarean following IOL have already been reported for many countries, including China (7–12, 19, 20). Nevertheless, the majority of studies have been centered on maternal characteristics, with only a limited number incorporating EFW near term or fetal birth weight. To our knowledge, there have been currently no studies available that investigate the predictive capacity of fetal HC, fetal AC, or EFW derived from ultrasound imaging. Some scholars have established a prediction model for the cesarean rate following IOL, and most studies in this literature merely describe validations of these existing models with novel cohorts (8, 9, 11, 19). The Levine model (12), considered one of the most widely used in this context, has been validated in three different settings, with its AUC ranging from 0.61 to 0.76 in these studies (9, 16, 21). However, we believe that this and other models that were developed using Western populations are not directly applicable to Chinese populations due to notable differences in factors such as weight, height, fetal weight, pelvic size and IOL services between these demographic groups.

The model presented in this paper is a novel predictive model specifically validated on a Chinese cohort. This model integrates both non-ultrasonographic and ultrasonographic factors, allowing for personalized predictions tailored to individual women in this population. For pregnant women desiring for IOL, Ultrasound indicators can play a crucial role in boosting their confidence in IOL and can also aid obstetricians in making informed clinical decisions. Research has indicated that outcomes for both mothers and newborns following cesarean births after IOL are poorer compared to those of planned elective cesarean deliveries (22). Therefore, accurately identifying pregnant women with a low probability of cesarean following IOL is crucial for reducing maternal and neonatal complications. Our model has demonstrated applicability to the Chinese population and potentially to women with similar features in East Asia. Nevertheless, it is necessary to conduct further validation studies to ensure the model’s effectiveness and accuracy across other ethnicities.

Fetal size is a critical factor influencing the likelihood of successful vaginal birth following IOL in pregnant women with vertex singleton pregnancies. The estimation of fetal size encompasses factors such as estimated weight, AC, HC, and many other indicators. The application of ultrasound in the estimation of fetal size for the prediction of IOL remains controversial. D’Souza et al. (23) demonstrated that ultrasound-estimated third-trimester birth weights should not be included in a predictive model due to the fact that this measurement is not routinely determined in all pregnancies and because it has been shown to have a tendency to overestimate the true weight (24). Nevertheless, Jochum et al. (9), Danilack et al. (8), together with Migliorellia et al. (25) demonstrated that ultrasound estimation of macrosomia, excessive fetal growth, and ultrasound EFW were found to be independent factors related to the mode of birth after IOL, respectively.

There have been few studies on the effects of ultrasound measurement of fetal AC or HC on the outcome of induced labor. As routine ultrasound measurements taken prior to IOL in our clinical practice, this study showed that fetal HC, fetal AC, as well as EFW were all related to the mode of birth after IOL. However, due to the collinearity between different ultrasonic indicators, they cannot be placed together in the same prediction model. Therefore, it was only possible to compare these factors one-by-one and select the best predictor. After this one-by-one comparison, we proceeded to assess the predictive abilities of the three ultrasound parameters in conjunction with non-ultrasonographic maternal factors. Our analysis indicated that the optimal combination for prediction was fetal HC along with maternal factors.

In addition to ultrasound estimation of fetal size, there may be other ultrasound factors that can help predict cesarean birth after IOL. Pre-induction measurement of cervical length using transvaginal ultrasound is a well-known method for predicting the success of IOL, and some studies (26–29) have demonstrated that transvaginal ultrasonographic measurement of cervical length is a more accurate predictor of IOL success compared to the Bishop score. Additionally, a prospective observational study highlighted that the occiput posterior position, assessed via transabdominal ultrasound, was a significant independent predictor for cesarean birth with an OR of 5.7 and a p-value of 0.006 (30). Moreover, several parameters of transperineal ultrasound, a non-invasive imaging technique that provides a view of the pelvic anatomy through the perineum, have provided valuable insights into labor outcomes, including head-perineum distance, head-symphysis distance, as well as angle of progression (31–33). However, these ultrasonic indicators are not regularly checked or are only monitored after labor induction and were therefore not considered in this study.

The graphic nomogram in this paper was concise and easy to understand and could therefore be used to obtain the cesarean rate after IOL quickly. It was also convenient in clinical practice. The model predicted the probability of cesarean delivery for pregnant women undergoing IOL based on their demographic characteristics, obstetric background, and ultrasound data. Due to its high predictive accuracy, the model could offer objective and precise assistance to pregnant women and their obstetricians when selecting the birthing method. In particular, our findings indicated that the model yielded greater net benefits when the probability threshold ranged from 0% to 80%. This suggested that employing the model for decision-making regarding women within this probability range might be advantageous.

The main strength of our study is that we compared three fetal ultrasound indicators in order to obtain the most predictive combination of ultrasound and nonultrasound factors for cesarean after IOL. In addition, all variables in the nomogram can be easily measured prior to IOL. Importantly, the predictions from the model were most useful for women predicted to have less than an 80% chance of success. The study’s retrospective design posed a limitation, and its scope was restricted to the Han population in Shijiazhuang, Hebei Province. Furthermore, this study excluded individuals who underwent more than one previous cesarean section, as well as a lack of control over the administration of labor induction medications in the study, which may have had an impact on the results. Consequently, the findings may not be generalizable to the broader Chinese population. In addition, relationships between different characteristics and indications of cesarean birth should be further investigated in order to improve the nomogram if possible.



5 Conclusion

In conclusion, this study demonstrated that a combination of obstetric factors and fetal ultrasound indicators outperformed non-ultrasonographic factors in terms of AUC. Among the ultrasound indicators examined, fetal HC emerged as the most predictive factor for cesarean delivery following IOL. The nomogram developed using obstetric factors and fetal HC measured by ultrasound exhibited strong predictive capability in both the training (AUC = 0.826) and validation (AUC = 0.883) cohorts. This suggests its potential utility in providing guidance to women contemplating IOL. In addition, the predictions from the model proved most useful for patients predicted to have a < 80% chance of success. Nevertheless, we advise that additional external validation studies be undertaken with a substantial sample size across diverse populations before considering widespread clinical implementation of the model, so as to ensure the robustness and generalizability of the nomogram in varied clinical settings.
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Variable Non- Model 1P Model 2° Model 3P

ultrasonographic

factors

Maternal age (year) 1.217 (1.126-1.314) <0.001 1.217 <0.001 1.220 <0.001 1.217 <0.001
(1.127-1.315) (1.129-1.319) (1.127-1.315)

Gestational age (week) 1.419 (1.102-1.826) 0.007 1.448 0.008 1.311 0.047 1.474 0.007
(1.101-1.905) (1.004-1.711) (1.112-1.955)

Height (cm) 0.918 (0.869-0.970) 0.002 0.918 0.002 0.915 0.002 0.918 0.003
(0.869-0.970) (0.866-0.968) (0.869-0.971)

BMI at delivery (kg/m2) 1.111(1.046-1.180) 0.001 1.114(1.047- 0.001 1.101(1.036- 0.002 1.116(1.049— <0.001

1.186) 1.170) 1.187)

Prior vaginal delivery 0.067 (0.033-0.134) <0.001 0.066 <0.001 0.066 <0.001 0.066 <0.001
(0.033-0.134) (0.033-0.134) (0.033-0.134)

Prior caesarean delivery 5.504 (1.181-25.651) 0.030 5.629 0.029 5.561 0.026 5.539 0.031
(1.190-26.621) (1.223-25.293) (1.172-26.189)

Modified Bishop score 0.839 (0.712-0.989) 0.036 0.840 0.037 0.837 0.035 0.842 0.041
(0.713-0.990) (0.709-0.987) (0.715-0.993)

Indicators of fetal - 0.997 0.710 1.023 0.045 1.000 0.554

ultrasound (0.982-1.013) (1.001-1.045) (0.999-1.001)

2Data are presented as odds ratio (95% confidence interval) unless otherwise stated. bModel 1: fetal abdomen circumference by ultrasound (cm); Model 2: fetal head circumference by ultrasound
(cm); Model 3: estimate fetal weight by ultrasound (g).
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Demographic and obstetric characteristic

Training set (n = 503)?

Validation set (n = 235)2

Maternal age (year) 303 +£3.7 30.5+ 3.6 0.614
Gestational age (week) 393+£1.0 393+ 1.1 0.717
Height (cm) 1619 +£4.5 162.1 £4.3 0.529
BMI at delivery (kg/m?) 287 +3.9 286439 0.739
Prior vaginal delivery 0.270
No 302(60.0) 131(55.7)

Yes 201(40.0) 104(44.3)

Prior caesarean delivery 0.891
No 491(97.6) 229(97.4)

Yes 12(2.4) 6(2.6)

Modified Bishop score 23+14 23415 0.940
Estimated fetal weight (g) 3381.0 £ 338.7 3377.2 £ 326.7 0.886
Fetal head circumference (cm) 336.8 £16.5 3374+ 125 0.658
Fetal abdominal circumference (cm) 3422 £16.9 341.6 £ 16.1 0.659

BMI, body mass index (calculated as weight in kilograms divided by the square of height in meters). *Data are presented as mean =+ standard deviation or as number (percentage).
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Test result model® Asymptotic sig.© Asymptotic sig.©

Lower bound Upper bound
Model 1 0.860 0.025 <0.001 0.811 0.908
Model 2 0.883 0.022 <0.001 0.839 0.926
Model 3 0.869 0.024 <0.001 0.822 0915
Non-ultrasonographic factors 0.854 0.025 <0.001 0.804 0.903

CI, confidence interval; ROC, receiver operating characteristics; SE, standard error. *Model 1: fetal abdomen circumference by ultrasound (cm); Model 2: fetal head circumference by ultrasound
(cm); Model 3: estimate fetal weight by ultrasound (g). ® Under the nonparametric assumption. °Null hypothesis: true area = 0.5.
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Test result model® Asymptotic sig.© Asymptotic 95%Cl

Lower bound Upper bound
Model 1 0.822 0.021 <0.001 0.780 0.863
Model 2 0.826 0.021 <0.001 0.786 0.867
Model 3 0.821 0.021 <0.001 0.780 0.863
Non-ultrasonographic factors 0.821 0.021 <0.001 0.780 0.863

CI, confidence interval; ROC, receiver operating characteristics; SE, standard error. *Model 1: fetal abdomen circumference by ultrasound (cm); Model 2: fetal head circumference by ultrasound
(cm); Model 3: estimate fetal weight by ultrasound (g). ® Under the nonparametric assumption. °Null hypothesis: true area = 0.5.
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