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Objective: Developing and validating nomogram to predict severe postpartum hemorrhage (SPPH) in women with placenta previa (PP) undergoing cesarean delivery.

Methods: We conducted a multicenter retrospective case-control study in five hospitals. In this study, 865 patients from January, 2018 to June, 2020 were enrolled in the development cohort, and 307 patients from July, 2020 to June, 2021 were enrolled in the validation cohort. Independent risk factors for SPPH were obtained by using the multivariate logistic regression, and preoperative nomogram and intraoperative nomogram were developed, respectively. We compared the discrimination, calibration, and net benefit of the two nomograms in the development cohort and validation cohort. Then, we tested whether the intraoperative nomogram could be used before operation.

Results: There were 204 patients (23.58%) in development cohort and 80 patients (26.06%) in validation cohort experienced SPPH. In development cohort, the areas under the receiver operating characteristic (ROC) curve (AUC) of the preoperative nomogram and intraoperative nomogram were 0.831 (95% CI, 0.804, 0.855) and 0.880 (95% CI, 0.854, 0.905), respectively. In validation cohort, the AUC of the preoperative nomogram and intraoperative nomogram were 0.825 (95% CI, 0.772, 0.877) and 0.853 (95% CI, 0.808, 0.898), respectively. In the validation cohort, the AUC was 0.839 (95% CI, 0.789, 0.888) when the intraoperative nomogram was used before operation.

Conclusion: We developed the preoperative nomogram and intraoperative nomogram to predict the risk of SPPH in women with PP undergoing cesarean delivery. By comparing the discrimination, calibration, and net benefit of the two nomograms in the development cohort and validation cohort, we think that the intraoperative nomogram performed better. Moreover, application of the intraoperative nomogram before operation can still achieve good prediction effect, which can be improved if the severity of placenta accreta spectrum (PAS) can be accurately distinguished preoperatively. We expect to conduct further prospective external validation studies on the intraoperative nomogram to evaluate its application value.
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INTRODUCTION

The placenta previa (PP) is defined as placenta complete or partial covering the internal orifice of cervix (1), the prevalence of PP in obstetrics is about 0.3–1.5% (2). The PP is a major risk factor for severe postpartum hemorrhage (SPPH), which is the leading cause of maternal and neonate mortality and morbidity worldwide (3, 4). In the United States, SPPH accounts for 11% of maternal deaths (3, 5). In China, the incidence of SPPH increased from 0.62% in 2016 to 0.93% in 2018 (6), and the proportion of maternal deaths due to SPPH is increasing, rather than decreasing (7).

The risk prediction tools for SPPH have been established based on previous research of risk factors (8), and researchers developed prediction models for SPPH in women with PP (9–12). However, they cannot be recommended for clinical at present due to lack of studies on the performance, impact, and effectiveness of these models (13). Future research is needed to develop models with strong applicability (14). Therefore, we aim to develop and validate a new nomogram to predict SPPH in women with PP undergoing cesarean delivery by a multicenter retrospective case-control study.



MATERIALS AND METHODS


Research Centers and Patients

We aimed to conduct a multicenter retrospective case-control study in five centers. The research centers included are Tongji Hospital, Renmin Hospital of Wuhan University, Maternal and Child Health Hospital of Hubei Province, Xianning Central Hospital, and the Central Hospital of Wuhan. They are all tertiary hospital in Hubei Province, China. Patients were retrieved through electronic medical record systems in each hospital. The inclusion criteria were patients with PP who underwent cesarean delivery after 28 weeks of gestation between January, 2018 and June, 2021. The exclusion criteria were induced labor, twins, vaginal delivery, preoperative stillbirth, and incomplete ultrasound and clinical information. A total of 1,250 patients were retrieved, 78 patients were excluded according to the inclusion criteria and exclusion criteria, the remaining 1,172 patients were enrolled in the study. Then, 865 patients from January, 2018 to June, 2020 were divided into the development cohort, and 307 patients from July, 2020 to June, 2021 were divided into the validation cohort. The research centers, principal investigators, and the number of patients recruited in the centers are listed in Appendix Table 1. The process of inclusion, exclusion, and grouping of the patients is shown in Figure 1.
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FIGURE 1. Flow chart for study design. ROC, receiver operating characteristic; DCA, decision curve analysis; Se, sensitivity; Sp, specificity; FNR, false negative rate; FPR, false positive rate; PPV, positive predictive value; NPV, negative predictive value; AUC, area under the receiver operating characteristic curve; YDI, Youden's index.




Data Collection

We collected the general characteristics and clinical manifestations of patients, such as maternal age, in-vitro fertilization (IVF), intracytoplasmic sperm injection (ICSI), delivery gestational age (DGA), fibroids, complications (such as hypertensive disorders of pregnancy, diabetes mellitus, intrahepatic cholestasis of pregnancy, pulmonary hypertension, and cardiac insufficiency), gravida, parity, number of prior cesarean delivery (CDs) and abortion, history of intrauterine operations, postpartum hemorrhage (PPH), myomectomy and abdominal operations, preoperative bleeding (PB), hemoglobin (HGB), and use of tocolytics. The ultrasound information, such as fetal position, anterior placenta (AP), PP, placenta accreta spectrum (PAS), placenta sinuses (PS), blood flow signal (BFS) in lower uterine segment were collected. Moreover, we collected the intraoperative conditions and maternal and neonate outcomes, such as vascular engorgement (VE) in lower uterine segment, the anterior wall of the uterus adheres to the surrounding tissues, muscular layer thinning, PAS, arterial balloon presetting, tourniquet or serrata forceps, uterine artery ligation, suture hemostasis, tamponade balloon or gauze in uterine, hysterectomy, intraoperative blood loss, red blood cell (RBC) transfusion unit, cell salvage, use other blood products (platelets, fibrin, plasma, etc.), postoperative bleeding, transfer to ICU, postoperative hospital stay, neonate birth weight, 1-min Apgar score, 5-min Apgar score, and transfer to neonatology.



Variable Definitions

Referring to the recommendations of the Society of Obstetricians and Gynecologists of Canada (1), placenta covering the internal orifice of cervix was defined as PP, and placenta lower than 2 cm away from the internal orifice of cervix was defined as low-lying placenta (LL). According to the Federation International of Gynecology and Obstetrics (FIGO) consensus guidelines (15), the PAS disorders were divided into three categories: crete, increta, and percreta. Due to the low rate of placenta crete and percreta reported by preoperative ultrasound, we did not distinguish the severity of PAS preoperatively and only classified with and without PAS, and we classified the severity of PAS according to intraoperative conditions. The comparison of preoperative ultrasound and intraoperative assessment of the severity of PAS is shown in Appendix Table 2. Following the American protocol for obstetric mass transfusion (16) and definition of SPPH in other study (17), we defined SPPH as total blood loss ≥ 1,500 ml or RBC transfusion ≥4U between cesarean delivery and 24 h before and after cesarean delivery (the intraoperative cell savage volume was converted into RBC transfusion units, 200 ml = 1U). Combining blood loss volume and RBC transfusion unit as the definition of SPPH is helpful to avoid misjudgment of outcome caused by the underestimation of blood loss and insufficient blood transfusion due to inadequate blood supply.

In our study, preoperative and postoperative bleeding was defined as excessive bleeding that required urgent management. The intrauterine operations referred to diagnostic curettage, endometrium polyp extirpation, uterus mediastinum surgery, and uterine cavity adhesion decomposition. Our definition of abdominal operations excluded myomectomy and cesarean section. If the placenta mostly covered the anterior wall of uterus, it was defined as the anterior placenta.



Statistical Analyses

The quantitative variables in this study were not normally distributed and were represented as P50 (P10, P90), and the categorical variables were described as n (%). We used the chi-square test or Fisher's exact test to preliminarily screened risk factors of SPPH in development cohort, and adopted multivariate stepwise forward logistic regression to screen independent risk factors. Based on the independent risk factors, we established the preoperative nomogram and intraoperative nomogram, respectively. Nomogram is a visual graphical tool for quantitative calculation, which makes the complicated regression results easy to calculate (18). Then, we have drawn receiver operating characteristic (ROC) curve for the two nomograms in development cohort, the cut-off point was determined when the Youden's index (YDI) was maximum (YDI = sensitivity (Se) +specificity (Sp) – 1).

In validation cohort, we calculated the total points of each patient using the nomograms. The patient was predicted to experience SPPH if the total points exceeded the cut-off value. The actual occurrence of SPPH as the gold standard, and the predicted result as the test value to calculate the Se, Sp, YDI, false negative rate (FNR), false positive rate (FPR), positive predictive value (PPV), negative predictive value (NPV), and draw the ROC curve, decision curve analysis (DCA) curve, and calibration curve of each nomogram. We used the DeLong's test to compare the areas under the ROC curve (AUC) between models. Calibration curves were drawn by bootstrap validation with 1,000 repetitions. In this study, the incidence of SPPH in development cohort was 23.58%, so the population prevalence was 0.236 when DCA curves were drawn.

Statistical analyses were performed using the IBM SPSS statistics (version 22.0, IBM, NY, USA), R software (version 4.1.0, Austria), and MedCalc (version 12.7.0, Belgium). All tests were two-sided, and p < 0.05 was considered statistically significant.




RESULTS

In our study, there were 204 patients (23.58%) in the development cohort and 80 patients (26.06%) in the validation cohort experienced SPPH. Between the development and validation cohort, there were statistical differences in the proportion of PP (p = 0.022), preoperative HGB < 90 g/L (p = 0.012), PB (p = 0.048), the anterior wall of the uterus adheres to the surrounding tissue (p = 0.044) and the severity of PAS found during operation (p = 0.009), and there were no statistical differences in other factors. Patients characteristics are summarized in Table 1. In both cohorts, there were statistical differences in the rate of artery balloon presetting, tourniquet or serrata forceps, suture hemostasis, uterine artery ligation, tamponade balloon or gauze in uterine, hysterectomy and postoperative hospital stay, the rate of premature birth, low birth weight, neonatal asphyxia, and transfer to neonatology between the SPPH and non-SPPH group, the values of p were all <0.05. In the development cohort, there were statistical differences in the rate of transfer to ICU (p < 0.001) and postoperative bleeding (p < 0.001) between SPPH and non-SPPH group. However, there were no statistical differences in the rate of transfer to ICU (p = 0.067) and postoperative bleeding (p = 0.167) between the SPPH and non-SPPH group in the validation cohort, we considered that might be related to the small sample size in validation cohort. The intraoperative hemostatic measures are shown in Appendix Table 3, and the maternal and neonate outcomes are shown in the Appendix Table 4.


Table 1. Baseline characteristics of patients in the development cohort and validation cohort.
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In the development cohort, among the features which can be detected preoperatively, there were statistical differences in IVF or ICSI (p < 0.001), DGA < 37 w (p < 0.001), fibroids (p = 0.013), gravida (p < 0.001), parity (p < 0.001), number of prior CDs (p < 0.001), number of prior abortion (p = 0.004), history of PPH (p = 0.015), AP (p < 0.001), PP (p < 0.001), PAS (p < 0.001), PS (p < 0.001), BFS (p < 0.001), PB (p < 0.001), preoperative HGB < 90 g/L (p < 0.001), use of tocolytics (p < 0.001) between the SPPH and non-SPPH group. Among the features which can be detected intraoperatively, there were statistical differences in VE (p < 0.001), the anterior wall of uterus adheres to the surrounding tissues (p = 0.001), muscular layer thinning (p < 0.001) and the severity of PAS (p < 0.001) between the SPPH and non-SPPH group. The results of univariate analysis are shown in Table 2. We used the independent risk factors in the preoperative characteristics screened by using the multivariate logistic regression to establish preoperative nomogram. According to the point of each predictor shown in the preoperative nomogram, the formula is: total points = DGA < 37 w (36 points) + HGB < 90 g/L (55 points) + PB (50.5 points) + AP (22 points) + PP (51 points) + PS (37.5 points) + BFS (45.5 points) + number of CDs (0: 0 point; 1: 57.5 points; ≥2: 100 points). We used the independent risk factors in the preoperative and intraoperative characteristics screened by using the multivariate logistic regression to establish intraoperative nomogram. Due to the intraoperative characteristics included the severity of PAS and VE, the PAS and BFS detected by ultrasound were not included in the regression analysis to avoid inclusion of similar indicators. The formula of the intraoperative nomogram is: total points = DGA < 37 w (25.5 points) + HGB < 90 g/L (53 points) + PB (44.5 points) + VE (43.5 points) + PP (37 points) + PAS (normal: 0 point; crete: 43 points; increta:76 points; percreta:100 points) + number of prior CDs (0: 0 point; 1: 40 points; ≥2: 65 points). The cut-off points of the preoperative nomogram and intraoperative nomogram are 145.25 and 145.75, respectively. The multivariate logistic regression results are reported in Table 3, and the nomograms are shown in Figure 2.


Table 2. Univariate analysis in the development cohort.
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Table 3. Multivariate logistic regression in the development cohort.
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FIGURE 2. Nomogram. (A) Preoperative nomogram. (B) Intraoperative nomogram. DGA, delivery gestational age; HGB, hemoglobin; PB, preoperative bleeding; AP, anterior placenta; PPT, placenta previa type; LL, low-lying; PP, placenta previa; BFS, blood flow signal of lower uterine segment; PS, placental sinuses; CDs, number of prior cesarean delivery; VE, vascular engorgement of lower uterine segment; PAS, placenta accrete spectrum; SPPH, severe postpartum hemorrhage.


The nomograms were first evaluated in the development cohort. The AUC of preoperative nomogram and intraoperative nomogram was 0.831 (95% CI, 0.804–0.855) and 0.880 (95% CI, 0.854–0.905), respectively and DeLong's test confirmed that there was significant different between the intraoperative and preoperative nomogram (p < 0.001). The Se, Sp, YDI, PPV, and NPV of intraoperative nomogram were all higher than the preoperative nomogram, the FNR and FPR of intraoperative nomogram were all lower than the preoperative nomogram. In DCA curves, the intraoperative nomogram obtained more net benefit than the preoperative nomogram in most areas of the risk threshold. The calibration curves of the preoperative nomogram and intraoperative nomogram were all close to the ideal curves. In the validation cohort, the AUC of preoperative nomogram and intraoperative nomogram was 0.825 (95% CI, 0.772–0.877) and 0.853 (95% CI, 0.808–0.898), respectively. The AUC of the intraoperative nomogram was still higher than the preoperative nomogram, but there was no statistical difference (p = 0.117). The Se, NPV, and FPR of intraoperative nomogram were all higher than the preoperative nomogram, but the Sp, YDI, FNR, and PPV of intraoperative nomogram were all slightly lower than the preoperative nomogram. In DCA curves, the intraoperative nomogram obtained more net benefit than the preoperative nomogram in most areas of the risk threshold. In addition, the calibration curve of intraoperative nomogram was closer to the ideal curve than that of preoperative nomogram. By comparing the discrimination, calibration, and net benefit of the intraoperative nomogram and preoperative nomogram in the development and validation cohort, we think that the intraoperative nomogram is more effective than the preoperative nomogram. The test results of the two nomograms are shown in Table 4. The ROC curves, DCA curves, and calibration curves are given in Figure 3.


Table 4. Prediction results.
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FIGURE 3. Calibration cures, ROC cures and DCA cures. (A) Calibration cure of preoperative model in development cohort. (B) Calibration cure of intraoperative model in development cohort. (C) Calibration cure of preoperative model in validation cohort. (D) Calibration cure of intraoperative model in validation cohort. (E) ROC curve in development cohort. (F) ROC curve in validation cohort. (G) DCA curve in development cohort. (H) DCA curve in validation cohort.


To examine whether the intraoperative nomogram can be applied before operation and the effect when used before operation, we performed a predictor replacement test in the validation cohort. Due to VE and the severity of PAS found in operation cannot be obtained before operation, we used BFS and the severity of PAS detected by ultrasound to replace VE and PAS found in operation. For example, if preoperative ultrasound of a patient suggests BFS in the lower uterine segment, VE = 43.5 points should be observed, and the AUC [0.867, 95% CI, (0.823, 0.911)], Se (76.25%), Sp (83.70%), YDI (0.60), PPV (62.24%), NPV (90.91%), and DCA were slightly higher than VE was not replaced. And if preoperative ultrasound of a patient suggests placenta increta, PAS = 76 points should be observed, and the AUC [0.828 (95% CI, 0.777, 0.879)], Se (65%), YDI (0.47), NPV (86.98%), and DCA were slightly lower than the severity of PAS found intraoperatively was not replaced. The intraoperative nomogram can be used preoperatively only when the two predictors are replaced together, and the AUC [0.839 (95% CI, 0.789, 0.888)], Se (62.5%), YDI (0.48), NPV (86.61%), and DCA were slightly lower than the two predictors that were not replaced. But DeLong's test confirmed that there were no statistical differences between the two predictors that were replaced compared with the original intraoperative nomogram (p = 0.478) and preoperative nomogram (p = 0.283). The test results of predictors that were replaced are shown in Table 4, and the ROC curves and DCA curves are given in Figure 3.



DISCUSSION

We established nomogram to predict the risk of SPPH in patients with PP undergoing cesarean delivery in this study. We hope that the nomogram can help clinicians identify patients at high risk of SPPH and make adequate preoperative preparations to reduce the intraoperative blood loss and the incidence of serious maternal and neonate complications caused by SPPH. In the following paragraphs, we will discuss the predictors, predictive performance, and application of the nomogram.

We established the preoperative nomogram and intraoperative nomogram according to whether intraoperative factors were included in the multivariate logistic regression analysis. The preoperative nomogram contains eight predictors and the intraoperative nomogram contains seven predictors, of which five predictors are same. The five same predictors are DGA < 37 w, preoperative HGB < 90 g/L, PB, PP, and number of prior CDs, respectively. The difference is that the intraoperative nomogram contains the severity of PAS and VE detected intraoperatively, while the preoperative nomogram contains AP, BFS, and PS detected by ultrasound. It may be related to the poor diagnostic accuracy of PAS by ultrasound and we guess that the AP plus PS may indicate the presence of PAS. Considering the subjective differences of operators in judging the degree of BFS, the size and number of PS and the degree of VE in the lower uterine segment, we divided the three factors into dichotomous variables (yes and no). Moreover, the dichotomous is more convenient for clinical application than the multi-classification made by Kang et al. (11), and has no adverse impact on the prediction effect of the model. In our study, the DGA < 37 weeks is a risk factor for SPPH, which is consistent with Kim et al. (9) and contrary to Chen et al. (12). It may be associated with more severe conditions in patients who delivered before 37 weeks. Our nomogram includes preoperative HGB < 90 g/L, which is not a predictor in the existing models (9–12). We think that may be related to the amount of RBC transfusion is one of the outcomes of SPPH and the influence of HGB concentration on coagulation function (19, 20). The PB, AP, PP, number of prior CDs, and PAS in the nomogram were similar to the existing models (9–12) and other research (21, 22). More information about the existing models for predicting the risk of SPPH for women with PP is shown in Appendix Table 5.

By comparing the predictive performance of the preoperative nomogram and intraoperative nomogram in the development cohort and validation cohort, we found that the intraoperative nomogram had higher net benefits, calibration, and discrimination than the preoperative nomogram. In addition, the results of the predictor replacement test showed that the intraoperative nomogram possessed acceptable performance when used before operation. Additionally, we can see that the predictive performance improved slightly when VE was replaced by BFS, it may be related to the fact that ultrasound is more sensitive to blood flow than clinician. However, the performance declined slightly when the severity of PAS detected intraoperatively was replaced by ultrasound. It is concluded that there are some deficiencies in judging the severity of PAS by ultrasound, and the more accurate for classifying the severity of PAS preoperatively, the more authentic are the prediction results. It is well known that PAS is a major risk factor for SPPH and patients with PP are at high risk for PAS, so the diagnostic accuracy of the severity of PAS preoperatively should be improved. The methods for predicting the severity of PAS based on ultrasound information are available (23), but their indicators are complex and different sonographers may have subjective differences in judgment of the same indicator, and they have not been widely used. MRI is more accurate than ultrasound in diagnosing the depth and topography of PAS (24). However, MRI is more expensive and has complex imaging principles (25), which limit its general applicability. Nowadays, the researchers try to find biochemical markers of PAS, which may be potential markers for the diagnosis of the severity of PAS. Schwickert A et al. (26) found that the level of VEGF in maternal serum could predict the severity of PAS. Shainker SA et al. (27) found that the soluble VEGF receptor 2, soluble Tie2, median plasminogen activator inhibitor one concentrations, and median antithrombin III concentrations in maternal plasma were associated with the severity of PAS. Yang T et al. (28) found that the hsa-miR-490-3p and hsa-miR-133a-3p were positively correlated not only with the severity of PAS but also with the volume of blood loss during operation. To improve the performance of the prediction model for SPPH, the more convenient and accurate methods for diagnosing the severity of PAS remain to be explored.

After identifying the high-risk group of SPPH, we need to know what preparations should be made preoperatively. We found that the rates of artery balloon presetting, use of tourniquet or serrata forceps, suture for hemostasis, ligation of uterine artery, tamponade balloon or gauze in uterine, hysterectomy, intraoperative cell salvage, and transfusion of other blood products in SPPH group were all higher than non-SPPH group. It indicates that patients with SPPH often need to use a combination of treatment methods, so obstetricians should fully master various hemostatic measures and the transfusion composition ratios and application time preoperatively (4). Referring to the guidelines of cell salvage proposed by the Australia, the United States, and England (29), we recommend cell salvage for patients at high risk of SPPH, but it should be performed by an experienced multidisciplinary team (30). The rates of neonate premature birth, low birth weight, asphyxia, and transfer to neonatology in SPPH group were all higher than the non-SPPH group, so neonatal rescue should be also done well before operation. We hope that the intraoperative nomogram can help clinicians identify the high-risk group and low-risk group of SPPH and make preparation according to the condition. However, a small number of patients without risk factors may experience SPPH (8). Obstetricians should be vigilant when treating patients without risk factors.

There are some strengths in our study. First, it is a multicenter study with a large sample size. Second, we included not only preoperative risk factors but also intraoperative risk factors, which made the predictors more reliable. Third, we tested the intraoperative nomogram and demonstrated its potential value when used preoperatively. There are some limitations in our study. First, it was a retrospective study, all information were collected from the existing data. Second, due to some irresistible reasons, we cannot collect all patients in the sub-research centers and only select the most cases randomly. Third, we included a hospital in the validation cohort that did not appear in the development cohort, but its sample size was small, future studies need to conduct external validation of the developed nomogram.

We developed the preoperative nomogram and intraoperative nomogram to predict the risk of SPPH in women with PP undergoing cesarean delivery. By comparing the discrimination, calibration, and net benefit of the two nomograms in the development cohort and validation cohort, we think that the intraoperative nomogram performed better. Moreover, application of the intraoperative nomogram before operation can still achieve good prediction effect, which can be improved if the severity of PAS can be accurately distinguished preoperatively. We expect to conduct further prospective external validation studies on the intraoperative nomogram to evaluate its application value.
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