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Background: The majority of women who experience spontaneous preterm delivery (SPTD) have low-risk, asymptomatic pregnan-
cies with a cervical length (CL) ≥25mm and no clear risk factors. Despite the fact that cervical elastography is a potential tool for
predicting SPTD, there is currently no feasible solution to make a reliable prediction for preventing SPTD.
Objective: The aim of this study was to construct a nomogram including multimodal transvaginal ultrasound parameters during
the second trimester to predict SPTD in low-risk women.
Methods: This multi-center study enrolled 1260 women with singleton pregnancies between 20 and 24 weeks’ gestation. CL and
cervical elastography data were obtained when they were undergoing the second-trimester anomaly scan. Univariate and multivariate
Logistic regression were utilized to screen predictors independently related to SPTD from the maternal characteristics and multimodal
ultrasound data. Then construct a nomogram to determine the likelihood of SPTD in pregnant women.
Results: A total of 66 pregnancies in the training cohort (7.8%, 66/842) and 37 pregnancies (8.9%, 37/418) in the validation cohort ended in
SPTD. Age, uterine curettage, CL, and strain in the anterior lip of internal os were the independent predictors of SPTD (P < 0.001, < 0.001,
= 0.007, and < 0.001, respectively). These predictors constituted a nomogram to predict the probability of SPTD for a pregnant woman in
her second trimester. It showed good discrimination (C-index = 0.898 and 0.839), calibration (P = 0.258 and 0.115), and yielded net benefits
both in the training and validation cohorts.
Conclusion: The nomogram including data of multimodal transvaginal ultrasound at 20 to 24 weeks’ gestation is expected to identify
women with SPTD in the low-risk, asymptomatic population.
Keywords: cervical length measurement, elasticity imaging techniques, nomograms, pregnancy trimester, second, premature birth

Introduction
One of the leading causes of under-5 deaths was preterm birth complication.1 Cervical insufficiency is an important cause
of preterm birth although many risk factors are not fully understood.2 Currently, transvaginal ultrasound measurement of
cervical length (CL) is mainly recommended to predict the risk of spontaneous preterm delivery (SPTD).3 However,
when using the 25 mm cut-off value in the second trimester, the sensitivity for predicting SPTD was only 37.3%.4 This
means that this alone may not be able to detect a considerable proportion of women who will subsequently have an
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SPTD.5,6 Furthermore, more than half of SPTD cases occur in low-risk pregnancies, and the majority have no obvious
risk factors.7

The assessment of changes in cervical stiffness with cervical elastography is proved to help predict SPTD because
cervical softening at inappropriate times seems to be related to preterm birth.8 Several studies have evaluated this
promising technology and found that cervical elastography showed better performance in predicting SPTD than CL.9–12

Recent research further revealed that cervical elastography combined with CL obtained a superior performance in SPTD
prediction.9,13 However, while this combination enhances prediction accuracy, it is difficult to make a credible prediction
based on measured CL and cervical elasticity in order to carry out corresponding interventions, limiting its use in clinical
diagnosis and prevention. Nomogram created by regression analysis is a graphical display tool that facilitates calculation
and interpretation of prediction results, and is of great significance for optimizing individualized treatment. It has been
widely employed to predict the clinical outcomes of diverse cancers.14–16

Therefore, the current study aimed to develop a nomogram including the multimodal transvaginal ultrasound
assessment to predict SPTD in asymptomatic and low-risk women presenting for a second-trimester anomaly scan in
the interest of precision medicine. The performance of the nomogram was validated by discrimination, calibration, and
decision curve analysis (DCA).

Materials and Methods
The institutional review board of Shanghai Pudong New District Zhoupu Hospital approved this study (2021-C-146) and
informed consents were obtained from all participants. It was conducted following the Declaration of Helsinki.

Study Participants
From January 2019 to May 2021, participating in this multi-center study were 1260 consecutively enrolled women
with singleton pregnancies between 20 and 24 weeks’ gestation, who underwent the second-trimester anomaly scan in
Shanghai Pudong New District Zhoupu Hospital (enrolled for training cohort) and Shanghai First Maternity and Infant
Hospital (enrolled for validation cohort). The included low-risk women were defined as those aged 18 to 45 years,
with a CL ≥ 25mm, no history of preterm birth and cervical surgery, and no genital malformation. The following were
the criteria for exclusion: 1) tocolytic or cerclage-assisted pregnancies, 2) recognized causes of preterm delivery
(premature rupture of membranes, multiple pregnancies, etc.), and 3) elective terminations and indicated preterm
deliveries. Only cases of SPTD occurred by spontaneous onset of labor or spontaneous rupture of membranes before
37 weeks’ gestation were evaluated. Maternal characteristics including age, obstetrical history, history of uterine
curettage, prepregnancy body mass index (BMI), smoking status, in vitro fertilization and embryo transfer (IVF-ET),
weeks of gestation at the examination, CL, and strain of distinct regions of interest (ROIs) in the cervix were
collected.

CL and Elastographic Measurements
For CL measurement and cervical elastography, a transvaginal ultrasound examination was performed utilizing the GE
Voluson E10 Ultrasound System (GE Medical Systems, Zipf, Austria) with a transvaginal probe. The interobserver
reliability was not evaluated because only one sonographer in each center completed the assessment to minimize the
interruption in the busy clinical practice and avoid prolonged examinations. A sagittal view of the cervix was acquired by
inserting the probe into the anterior fornix of the vagina. CL was determined as the distance between the internal and
external cervical os without pressure on the cervix.

Elastography was done after the CL was measured by applying external pressure to the anterior lip of the cervix with
gentle and rhythmic motions mostly perpendicular to the longitudinal axis until the posterior lip was dislocated. Under
the premise of the green elastic scale, which was designed for the performance of strain image acquisition, tissue
deformation was calculated as strain [0 (hard) to 1 (soft)] and shown on a colored scale from blue to red indicating stiff to
soft tissue. We chose four ROIs in the cervix near the anterior lip of internal os (AI), anterior lip of external os (AE),
posterior lip of internal os (PI), and posterior lip of external os (PE), respectively to determine the average strain inside
each ROI (Figure 1).
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Nomogram Construction
In the training cohort, univariate and multivariate Logistic regression were first performed to investigate the predictors
independently related to SPTD. Based on these factors, a nomogram was then constructed to determine the likelihood of
SPTD in women with singleton pregnancy between 20 and 24 weeks’ gestation. The performance of nomogram was
verified both in the training and validation cohorts.

Statistical Analysis
The sample size estimation was performed using an online sample size calculators (https://sample-size.net/sample-size-conf-
interval-proportion/). The sample size was appropriate based on the result of sample size calculation (expected proportion:
0.1, total width of confidence interval: 0.05, and confidence level: 95%). The normal distributed, skewed distributed, and
categorical data were compared using independent sample t-test, Mann–Whitney U-test, and Chi-square test, respectively.
The multivariate Logistic regression model only included variables with a P < 0.05 in the univariate Logistic regression
analysis, and calculated the odds ratio (OR) and 95% confidence interval (CI) of each independent factor to serve as the
components of the newly established nomogram. In the verification of the nomogram, bootstrap resampling (1000 times)
analysis was applied for verification. The discrimination and calibration of the nomogram were evaluated by C-index and
Hosmer-Lemeshow (HL) tests, respectively. Their distribution were displayed through the receiver operating characteristic
(ROC) curve and the calibration curve. DCAwas utilized to evaluate the clinical net benefits. IBM SPSS Statistics 22.0 (IBM
Corp., Armonk, NY, USA) and R package version 3.6.2 were used to conduct the statistical analyses.

Results
In this study, 66 pregnancies in the training cohort (7.8%, 66/842) and 37 pregnancies (8.9%, 37/418) in the validation
cohort ended in SPTD. Table 1 summarizes the clinical characteristics of the two cohorts. Among them, uterine curettage

Figure 1 Schematic representation of four ROI settings (AI: anterior lip of internal os, AE: anterior lip of external os, PI: posterior lip of internal os, and PE: posterior lip of
external os) of cervical elastography under the sagittal view of vaginal ultrasound assessment.
Abbreviation: ROI, region of interest.
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was found in 293 (34.8%) and 151 (36.2%) women in the training and validation cohorts, respectively. For all
characteristics, there were no significant differences between the two cohorts (all P values > 0.05).

Independent Predictors for SPTD
Table 2 reports the univariate and multivariate Logistic analyses performed on the training cohort to determine the
relationship between potential variables and SPTD. On univariate analysis, age, uterine curettage, smoking, IVF-ET, CL,
and strain of AI and PI were associated with SPTD (P < 0.001, < 0.001, = 0.027, = 0.039, < 0.001, and < 0.001,
respectively). The multivariate analysis revealed that age, uterine curettage, CL, and strain of AI were the independent
predictors of SPTD (P < 0.001, < 0.001, = 0.007, and < 0.001, respectively).

Nomogram Establishment
Based on the independent predictors, a nomogram was established to predict the probability of SPTD for a pregnant
woman in her second trimester (Figure 2). To estimate the probability, each predictor was given a number with a weight
equal to the OR value. For example, a 35-year-old pregnant woman received a uterine curettage. Her CL and strain of AI
were 30mm and 0.3, respectively. The total score of the nomogram was about 180, which indicated that the risk of SPTD
was approximately 60%.

Nomogram Verification
In the verification based on the training cohort, the overfitting-corrected C-index obtained after 1000 bootstrapping was
(0.898, 95% CI: 0.876–0.918), indicating good discrimination. The calibration test revealed no significant difference
between the predicted and actual SPTD probability (HL test: χ2 = 10.103, P = 0.258), confirming good calibration. The
ROC curve and calibration curve for evaluating the discrimination and calibration of the nomogram are plotted in
Figure 3A and B. The DCA curve showed that the nomogram yielded clinical net benefit (Figure 3C). In the verification
based on the validation cohort from another center, the nomogram also showed good discrimination (0.839, 95% CI:
0.800–0.873) (Figure 3D) and good calibration (HL test: χ2 = 13.492, P = 0.115). However, the calibration plot revealed
that the nomograms might underestimate the likelihood of SPTD when the predicted probability was >20% (Figure 3E).
The DCA plot still yielded net benefits although it was lower than that based on the training cohort (Figure 3F).

Table 1 Clinical Characteristics of Pregnant Women in the Training and Validation Cohorts

Variable Training Cohort (n=842) Validation Cohort (n=418) P value

Age, years 28 (25,31) 29 (25, 32) 0.271#

Multipara, n(%) 302 (35.9%) 159 (38.0%) 0.451$

Uterine curettage 0 549 (65.2%) 267 (63.8%) 0.160$

1 244 (29.0%) 137 (32.8%)

2 38 (4.5%) 12 (2.9%)
≥ 3 11 (1.3%) 2 (0.5%)

Prepregnancy BMI, kg/m2 22.51 ± 3.84 21.42 ± 3.37 0.092*
Smoking, n(%) 82 (9.7%) 34 (8.1%) 0.354$

IVF-ET, n(%) 116 (13.8%) 74 (17.7%) 0.067$

Weeks of gestation at the examination, weeks 22 (21,23) 22 (21,23) 0.081#

CL, mm 36 (33, 39) 35 (32, 37) 0.072#

Strain in the ROI AI 0.23 (0.18, 0.27) 0.23 (0.19, 0.28) 0.099#

PI 0.25 (0.20, 0.31) 0.26 (0.20, 0.32) 0.136#

AE 0.35 (0.29, 0.42) 0.33 (0.27, 0.39) 0.283#

PE 0.38 (0.31, 0.46) 0.39 (0.32, 0.47) 0.236#

Note: *For independent sample t-test, $for chi-square test, and #for Mann–Whitney U-test.
Abbreviations: BMI, body mass index; IVF-ET, in vitro fertilization and embryo transfer; CL, cervical length; AI, anterior lip of internal os; AE, anterior lip of external os; PI,
posterior lip of internal os; PE, posterior lip of external os.
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Discussion
Accurate prediction of SPTD in low-risk women in their second trimester may allow for more effective management to
avoid preterm birth. To solve this issue, we developed a nomogram incorporating age, history of uterine curettage, CL,
and strain of AI to predict SPTD in asymptomatic and low-risk women at 20 to 24 weeks’ gestation. It showed good
performance and yielded net benefits both in the training and validation cohorts, suggesting that it might become an
SPTD screening tool for low-risk pregnant women.

Figure 2 Nomogram predicting the likelihood of SPTD for a pregnant woman in her second trimester.
Abbreviations: SPTD, spontaneous preterm delivery; CL, cervical length; AI, anterior lip of internal os.

Table 2 Univariate and Multivariate Logistic Analyses to Determine the Independent Predictors Associated with SPTD

Variable Univariate Logistic Regression Multivariate Logistic Regression

P value OR 95% CI P value OR 95% CI

Age <0.001 1.271 1.198–1.349 <0.001 1.287 1.181–1.402

Multipara 0.251 1.593 0.828–3.066

Uterine curettage 0 Reference Reference

1 0.014 2.154 1.168–3.971 0.239 1.613 0.727–3.580

2 <0.001 13.341 6.114–29.109 <0.001 8.493 2.712–26.602

≥ 3 <0.001 60.986 15.174–245.102 <0.001 103.642 12.116–886.560

Prepregnancy BMI, 0.168 1.204 0.626–2.317

Smoking 0.027 1.834 1.354–2.515 0.162 1.648 0.952–2.853

IVF-ET 0.039 1.473 1.037–2.092 0.203 1.253 0.724–2.169

Weeks of gestation at

examination

0.710 0.967 0.810–1.154

CL <0.001 0.864 0.808–0.924 0.007 0.880 0.801–0.966

Strain in the cervix AI <0.001 1.256* 1.201–1.303 <0.001 1.257* 1.190–1.327

PI 0.023 1.164* 1.103–1.219 0.105 1.063* 0.940–1.203

AE 0.138 1.083* 0.858–1.367

PE 0.174 1.107* 0.877–1.398

Note: *Denotes a specific OR value, indicating that the risk increases by 0.01 unit increments.
Abbreviations: SPTD, spontaneous preterm delivery; BMI, body mass index; IVF-ET, in vitro fertilization and embryo transfer; CL, cervical length; AI, anterior lip of internal
os; AE, anterior lip of external os; PI, posterior lip of internal os; PE, posterior lip of external os.
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Preterm birth is a major cause of perinatal illness and mortality, but the early prediction is challenging. The use of
transvaginal ultrasonography to check CL as a means to detect a potentially high-risk population is now routinely
suggested. However, the incidence of SPTD in pregnant women with CL ≥ 25 mm is underestimated if applying a cut-off
value of 25 mm in the second trimester, which limits the application of CL in predicting SPTD, especially for low-risk
women with normal CL.17 Elastography has been used to evaluate the cervix, and recent studies on cervical elastography
have demonstrated its utility in predicting SPTD and successful labor induction.18–20 However, most studies have
concentrated on determining the accuracy of cervical elastography in predicting SPTD (alone or in combination with
CL), rather than proposing a practical approach for screening possible SPTD according to the measured CL and elastic
data.21–23 Therefore, we developed a nomogram (an easily applicable prediction model) containing CL and elastic data to
predict SPTD.

In addition to CL and strain of AI, age and uterine curettage were found to be the independent predictors of SPTD in
this investigation. The OR value of maternal age was 1.29, which was in line with the range reported by Ferrero et al.24

Jacobsson et al25 further reported that preterm birth was more common in women 40–44 years old, and the OR value for
preterm birth < 37 weeks was 1.54. The number of uterine curettage is recognized as an independent risk factor for
preterm birth, because curettage used to treat miscarriage or termination of pregnancy may induce cervical trauma.26 It
indicated that the number and method of elective termination should be meticulously recorded, and their influence on
SPTD should be thoroughly assessed.

Pregnant women were tested for cervical elasticity during 20 to 24 weeks’ gestation in our study. This timeframe is
chosen because it corresponds to the typical gestational age range at which a second-trimester anomaly scan is
conducted, which helps with clinical promotion. After all, repeatedly evaluating cervical elasticity is unrealistic. We
observed in this study that the strain of the internal os was lower than the external os. It meant that the internal os was
harder, which was consistent with the ex vivo study by Rosado-Mendez et al,27 who found that the stiffness within the
cervix increased significantly from distal (vagina) to proximal (uterus). The strains of the AI and PI were associated with
SPTD, which was in line with the research by Hernandez-Andrade et al,28 who claimed that the strain values in the

Figure 3 Nomogram verification using training and validation cohorts (A–C for training cohort and D–F for validation cohort). The AUCs of ROC are 0.898 (A) and 0.839
(D). Both calibration plots (B and E) show good agreement. The DCA plots (C and F) suggest that the probability of SPTD predicted by the nomogram yield net benefit in
both cohorts.
Abbreviations: SPTD, spontaneous preterm delivery; ROC, receiver operating characteristic curve; AUC, area under the curve; and DCA, decision curve analysis.
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internal cervical os were linked to the likelihood of SPTD. However, only the strain of AI was found to be an
independent predictor of SPTD. We believe that the the anterior lip of internal os is closer to the vaginal probe which
will directly absorb the pressure from compression or push pulse and reveal genuine tissue strain. This anatomical region
supports a widespread hypothesis that the internal os is necessary for pregnancy maintenance and may play a key role in
the mechanism of cervical ripening and labor onset.22,29

The main advantage of our study is the establishment of a nomogram with good predictive accuracy for identifying
women at high risk of SPTD in the asymptomatic, low-risk population. It allows an individualized decision for preterm
birth risk assessment. As described in the Result section (35-year-old woman, once curettage, CL = 30 mm, and strain of
AI = 0.3), she had a 60% chance of developing SPTD, implying that active intervention to prevent SPTD might be
required. Regarding the verification of the nomogram, strong discrimination and calibration were verified and it
generated net benefits both in the training and validation cohorts. The deviation from actual probability was slightly
larger in the validation cohort. The nomogram might underestimate the risk of SPTD when the predicted probability was
>20%. It suggested that if the predicted probability was in the range of 40–50%, the actual risk of SPTD might be more
than 50%. The decision of intervention should be further evaluated.

Two limitations exist in this study. First, the effectiveness of strain elastography using manual compression is
dependent on the sonographer. However, despite the fact that there are little data on the safety of shear wave elastography
for fetuses, we did not include it in our study due to the inherent danger of transmitting a focused beam so close to the
fetus.8,30,31 Second, the nomogram only included data from the second trimester of pregnancy which was suitable for
clinical application. It’s still unclear which weeks of pregnancy are best for detecting SPTD risk. It’s also important to
consider when interventions would have a major impact on maternal and perinatal outcomes. However, our study is
a preliminary attempt to show that the use of nomogram is possible to identify patients threatened with SPTD in the low-
risk population. Further research should focus on the standardization of the strain evaluation and test the accuracy and
feasibility of the nomogram with a larger population in a multi-center study.

Conclusion
The nomogram including data of multimodal transvaginal ultrasound at 20 to 24 weeks’ gestation is a reliable prediction
model for identifying women with SPTD in the low-risk population. It seems to be a promising approach for SPTD
prediction, and future research is warranted.
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