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Abstract
Introduction: This study aimed to develop a multiparameter predictive model for 
spontaneous preterm birth in pregnant women with a history of advanced labor ce-
sarean delivery, using cesarean scar ultrasound characteristics.
Material and Methods: This prospective observational cohort study included preg-
nant women with a history of advanced labor cesarean delivery (≥8 cm cervical dilata-
tion) at University College London Hospitals (August 2019–August 2023). Participants 
underwent transvaginal ultrasound using validated protocols for cesarean scar evalu-
ation. Measurements included scar distance to the internal os, niche dimensions 
(length, depth, and width), residual and adjacent myometrial thickness, and 3D niche 
and cervical volumes. Predictive models for spontaneous preterm birth and short cer-
vical length ≤25 mm were developed using multivariable logistic regression, adjusting 
for potential confounders.
Results: During the surveillance period, 12.6% (21/166) of women developed a 
short cervix, and 23.5% (39/166) received preterm birth prophylactic interventions. 
Spontaneous preterm birth rate was 7.8% (13/166) <37 weeks and 4.8% (8/166) 
<34 weeks. The cesarean scar was visualized in 89.8% (149/166), with a niche identi-
fied in 48.3% (72/149) of women. Scars positioned at or caudal to the internal cervical 
os were associated with significantly higher risks of short cervix and/or spontaneous 
preterm birth compared to scars cranial to the internal os (aOR 5.26, 95% CI 1.59, 
17.32, p = 0.006; aOR 5.00, 95% CI 1.10, 22.78, p = 0.037, respectively). Traditional 
predictive models based on cervical length and obstetric history demonstrated mod-
est performance. Scar distance to the internal os consistently emerged as the strong-
est independent predictor of short cervix across all models (p < 0.001–0.005). Models 
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1  |  INTRODUC TION

Preterm birth (PTB) remains a significant global health challenge, de-
spite extensive research into its risk factors1,2 and the implementa-
tion of preventative strategies.3–5

The estimated global PTB reduction rate was −0.14% from 2010 to 
2020.6 While a history of spontaneous PTB (sPTB) is recognized as the 
strongest predictor of subsequent PTB,2 this pattern does not apply to 
women who have undergone term advanced labor cesarean delivery 
(CD). Studies in the last decade have identified advanced labor CD as 
a distinct risk factor for subsequent late miscarriage or sPTB, increas-
ing the risk up to threefold compared to having a prior term vaginal 
birth.7–14 In a recent systematic review, pooled estimates indicated that 
the rate of sPTB in subsequent pregnancies was 6.9% after full dilata-
tion CD and 2.6% following operative vaginal birth.15 Increasing cervi-
cal dilatation at the time of CD has been independently associated with 
a higher risk of subsequent sPTB,7,11 with evidence suggesting that this 
risk is greatest following CD in advanced labor (≥8 cm dilatation).14 
A recent postnatal ultrasound study16 showed that CD in advanced 
labor, compared with early labor CD, more frequently results in low-
positioned hysterotomy incisions involving the cervix, which may influ-
ence cervical function in subsequent pregnancies. With the prevalence 
of CD on the rise, especially in late stages of labor,17,18 this association 
needs closer attention to refine screening and management strategies 
for at-risk populations.

Current methods for PTB surveillance—such as transvaginal cer-
vical length (CL) ultrasound measurement, obstetric history assess-
ment, and point-of-care biomarker testing—have not been validated 
for women with previous advanced labor CD. One promising approach 
to address this gap is the use of transvaginal ultrasound to evaluate CD 
scar morphology and location.19–21 Our previous research has found 
that a CD scar within 5 mm of the internal os on 2D ultrasound is linked 
to a higher risk of sPTB, suggesting that scar location may affect cervi-
cal function.22 CD scar ultrasound appearance may vary depending on 
the acquisition plane and may be influenced by factors such as irreg-
ular scar niche configuration and branching morphology, and defects 
related to hysterotomy extensions. Compared to 2D ultrasound, 3D 

ultrasound offers additional benefits, including superior visualization 
through coronal plane reconstruction23 and accurate volume assess-
ment,24–26 which enables a more comprehensive evaluation of scar 
niche volume characteristics.27 To our knowledge, no previous studies 
have directly evaluated associations between 3D ultrasound advanced 
labor CD scar parameters in pregnancy and subsequent sPTB. We hy-
pothesized that CD scar position and morphology assessed using 3D 
transvaginal ultrasound are associated with subsequent CL shortening 
and sPTB in women with advanced labor CD, and assessment of these 
ultrasound parameters may improve risk stratification in this high-risk 
group of women. The aim of this study was to evaluate the factors, 
including 3D ultrasound scar morphology, that could be applied in a 
multiparametric approach to predict the development of a short CL 
and/or sPTB in pregnant women with a history of advanced labor CD.

2  |  MATERIAL AND METHODS

This single-center prospective observational cohort study included 
consecutive singleton pregnant participants with a history of previous 
term advanced labor emergency CD (cervical dilatation ≥8 cm) who 
received PTB surveillance at the University College London Hospitals 
NHS Foundation Trust, London, UK, between August 2019 and August 
2023. Participants were monitored and clinically managed within a 
dedicated specialist antenatal service every 2–3 weeks between 12 
and 24 weeks of gestation, following local and national clinical care 
pathways for women considered at increased risk of sPTB. Participants 
who terminated the pregnancy or experienced iatrogenic PTB in the 

incorporating 3D ultrasound scar parameters improved predictive accuracy, with the 
final model achieving AUC 0.91 (95% CI 0.81, 0.98) and 91% (95% CI 0.73, 1.00) sen-
sitivity at FPR of 25% for spontaneous preterm birth. For short cervix prediction, the 
AUC was 0.89 (95% CI 0.80, 0.96), at 88% (95% CI 0.62, 1.00) sensitivity for the same 
FPR.
Conclusions: 3D transvaginal ultrasound assessment of cesarean scar morphology 
was associated with improved prediction of spontaneous preterm birth in pregnant 
women with a history of advanced labor cesarean delivery; however, scar position 
relative to the internal os remained the strongest individual predictor.

K E Y W O R D S
3D ultrasound, cesarean, niche, preterm birth, scar, volume

Key message

Ultrasound assessment of the scar distance to the internal 
os may be considered for inclusion in spontaneous preterm 
birth risk stratification for women with advanced labor ce-
sarean delivery.
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studied pregnancy were excluded, as were women with a history of 
sPTB or late miscarriage prior to the advanced labor CD or with pre-
pregnancy transabdominal cerclage placement. Cases of late miscar-
riage or sPTB occurring after the advanced labor CD were included 
in the study. If a participant experienced more than one pregnancy 
during the study period, only the pregnancy with complete data and 
closest to the advanced labor CD was included.

Prophylactic interventions for sPTB, such as vaginal cervical cer-
clage and/or progesterone, were offered based on detection of a short 
CL (≤25 mm) and/or a history of late miscarriage or sPTB following the 
advanced labor CD. Three types of vaginal cervical cerclage were per-
formed under regional anesthesia: McDonald, Shirodkar, and modified 
Wurm technique,28 selected according to previous clinical history, sur-
geon's or patient's preference. Micronized vaginal progesterone at a 
dose of 200-400 mg vaginally or rectally was offered to women as an 
alternative to cervical cerclage if the CL was ≤25 mm; however, if the 
CL was <15 mm, cerclage was prioritized. No additional tests beyond 
standard sPTB surveillance screening were conducted.

2.1  |  Examination ultrasound protocol of cesarean 
scar morphology

Transvaginal 3D ultrasound volumes were acquired by four fetal 
medicine specialists (MI, AB, ALD, and RN) using a Voluson E8 or 
E10 Expert ultrasound system (GE® Healthcare, Austria) equipped 
with a 4–9 MHz 3D TV probe. The region of interest for volume ac-
quisition encompassed the entire cervix and lower uterine segment 
in a longitudinal view, along with three key anatomical landmarks: 
the internal cervical os, cervical canal, and external cervical os. The 
location of the internal cervical os was further confirmed through 
2D color Doppler mapping of the uterine arteries in the paracervical 
region.21,29

The automatic volume capture was set with a 120° acquisition 
angle and high image resolution. The acquisition time for each vol-
ume was 4–5 s, during which time participants were instructed to 
remain still to minimize motion artifacts. The 3D volumes were pro-
cessed offline by a single operator (MI) using the VOCAL imaging 
function in the 4D View software (GE® Healthcare) on a Windows® 
10 platform, following a validated and highly reproducible CD scar 
examination protocol.27 The recorded volumes were displayed in 
three reference planes: sagittal (A), transverse (B), and coronal (C). 
The CD scar was identified by manipulating the sagittal plane (A) 
along the x-, y-, and z-axis and using the “parallel shift” function to 
move front to back through the volume. A CD scar niche was defined 
as an “indentation at the level of the scar with a depth measuring 
≥2 mm”.20 Measurements of CL, niche dimensions (length, depth, 
width), residual and adjacent myometrial thickness (RMT and AMT), 
and scar distance to internal os were recorded. The niche to internal 
os distance was measured by placing the calipers at the nearest edge 
of the niche to the internal os and the internal os. The scar distance 
to the internal os was recorded as an anatomic value—a mathemat-
ically positive value indicated that the CD scar was located cranial 
to the internal os, while a negative value indicated that the CD scar 
was located caudal to the internal os (Figure 1).27 Niche and cervix 
volumes were calculated using manual contouring in sic reference 
planes, spaced at 30° angle intervals.

2.2  |  Outcome measures

The primary aim of the study was to evaluate the predictive per-
formance of sPTB screening models for women with a history of 
advanced labor CD by integrating 3D ultrasound CD scar features 
and CL alongside clinical history. Secondary outcomes included the 
prediction of the development of a short CL ≤25 mm. For cases with 

F I G U R E  1  Schematic representation of cesarean scar niche measurements according to scar position relative to the internal cervical os.
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multiple examinations at different gestational ages (Gas), the exami-
nation with the shortest scar distance to the internal os was used in 
the predictive models, and the shortest CL recorded during the sur-
veillance period was considered. In women who received a cervical 
cerclage, the CD scar measurements were recorded prior to cerclage 
placement.

Data were collected during the clinic appointment and from elec-
tronic medical records (Viewpoint®, EPIC®), recording demographic 
details as well as maternal and neonatal clinical characteristics and 
outcomes. Some data fields relied on detailed information from the 
time of the index advanced labor CD (e.g., uterine extension, post-
partum hemorrhage), which was unavailable for women who gave 
birth at other hospital facilities. Analyses were restricted to cases 
with complete data for the main study outcomes.

2.3  |  Statistical analyses

Categorical variables were summarized as numbers and percent-
ages, while continuous numeric variables were expressed as median 
and interquartile range or median and standard deviation, as appro-
priate. Continuous variables were assessed for normality using vis-
ual inspection of histograms and Shapiro–Wilk tests. Demographic 

characteristics were compared using Chi-square tests for categori-
cal variables and Wilcoxon Rank Sum tests for continuous variables. 
The optimal threshold for scar distance to the internal os in predict-
ing sPTB or short CL (≤25 mm) was determined using receiver opera-
tor characteristic (ROC) curve analysis. Logistic regression models 
were applied to evaluate the risk for sPTB and short CL, adjusting 
for potential cofounders (demographics: age, ethnicity, body mass 
index, smoking status, parity, and mode of birth; risk factors for 
sPTB: cervical surgery and uterine anomaly).

Exploratory prediction models were constructed using R®, ver-
sion 4.2.2 (The R Foundation for Statistical Computing, Vienna, 
Austria). To maximize the data available for training, the bootstrap 
ROC method (boot.roc function from the fbroc package) was imple-
mented. Models were trained on the full dataset, and their perfor-
mance was evaluated on random samples with replacement from 
the same dataset. No imputations were used to estimate or replace 
missing/irrelevant data points in the analysis (e.g., trial of instrumen-
tal birth where CD occurred before full dilatation). Parameters were 
included in the model in a stepwise manner (Table 1), and their pre-
dictive performance was evaluated by calculating the area under the 
ROC curve (AUC). Detection rates were determined at fixed false 
positive rates (FPRs) of 10%, 15%, 20%, and 25% based on the ROC 
curves.

TA B L E  1  Summary of parameters included in each predictive model.

 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 

Demographics, sPTB risk 
factors, CL, fFN  

            

CD clinical data 
            

Scar visualisation 
            

Niche presence 
            

Scar distance to IO – 
continuous* (mm) 

            

Scar distance to IO - 
categorical (<5mm) 

            

Niche length, depth, 
width (mm) 

            

RMT: AMT ratio 
            

Niche volume -  
continuous (mm3) 

            

Niche volume -
categorical (≤0, 0-125, 
125-600, >600 mm3) 

            

Cervix volume (mm3) 
            

Niche : cervix volume 
ratio 
 

            

Abbreviations: AMT, adjacent myometrial thickness; CD clinical data: interpregnancy interval, trial of instrumental birth; CD, cesarean delivery; CL, 
cervical length (sPTB models only); fFN, fetal fibronectin; IO, internal cervical os; RMT, residual myometrial thickness; sPTB, spontaneous preterm 
birth.
*Anatomic value—a mathematically positive value indicates that the CD scar is located cranial to the internal os, and a negative value indicates that 
the CD scar is located caudal to the internal os.
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3  |  RESULTS

During the study, 3D ultrasound volumes were acquired for 196 
women, with 166 eligible participants included with complete pri-
mary and secondary outcome data. This cohort underwent 302 3D 
transvaginal ultrasound examinations during the PTB surveillance 
period. The demographic and advanced labor CD characteristics 
of the population examined in this study are detailed in Table 2. As 
previous full dilatation CD was a national referral criterion for PTB 
surveillance before the study period began, most women were in 
this group—89.8% (149/166) of cases had a full dilatation CD, and the 
median GA at birth was 40 weeks.

The rate of sPTB <37 weeks' gestation was 7.8% (13/166), with 
just over half of the PTBs 4.8% (8/166) occurring <34 weeks and 
1.2% (2/166) delivering <24 weeks' gestation (Table 3). The median 
GA at delivery was 39w1d (38w2d, 39w5d). Among women who ex-
perienced sPTB, approximately half, 46.1% (6/13), demonstrated no 
significant CL shortening during the surveillance period and had no 
other high-risk PTB factors than the previous advanced labor CD. In 
the study cohort, 12.6% (21/166) of women were identified with a CL 
≤25 mm. The median GA at the time of diagnosis was 18w6d (15w6d, 
22w2d). Among these women, 4.8% (1/21) opted for no prophylactic 
intervention for PTB and delivered at term, 33.3% (7/21) received 
prophylactic progesterone and delivered at term, and 61.9% (13/21) 
underwent ultrasound indicated cervical cerclage. In the broader 
cohort, 9% (15/166) of women underwent transvaginal cervical cer-
clage during pregnancy. Of these, 86.7% (13/15) were ultrasound 
indicated due to identification of a CL ≤25 mm, while 13.3% (2/15) 
had a cerclage placed based on a history of prior spontaneous late 
miscarriage following advanced labor CD. The median GA at cervical 

TA B L E  2  Demographic and advanced labor cesarean birth 
characteristics of the study population.

Demographic characteristics N = 166

Maternal age (years) 35 (32, 37)

Ethnicity

White 97 (58.4)

Black 19 (11.4)

Southeast Asian 29 (17.5)

Mixed/Other 21 (12.6)

BMI at booking (kg/m2) 24.4 (21.9, 27.5), 
N = 165

Smoker 2 (1.2)

Parity

1 126 (75.9)

2 35 (21.1)

≥3 5 (3.0)

IVF conception 12 (7.2)

Risk factors for PTB

Previous sPTB 5 (3.0)

Previous PPROM 3 (1.8)

Previous LM 4 (2.4)

Cervical surgery (LLETZ, cone biopsy) 6 (3.6)

Uterine anomaly 2 (1.2)

Number of advanced labor CD (8–10 cm)

1 164 (98.8)

2 2 (1.2)

Number of previous CDs

1 149 (89.8)

≥2 17 (10.2)

Advanced labor CD characteristics

Cervical dilatation (cm)

8 6 (3.6)

9 11 (6.6)

10 149 (89.8)

Gestational age at birth (weeks) 40 (39, 41)

Birthweight (g) 3469 ± 485 (2280, 
4640)

Active second stage 107 (73.3), N = 146

Trial of instrumental birth 61 (42.4), N = 144

Hysterotomy extensions 15 (20.0), N = 75

Uterine/broad ligament 15 (20.0)

Cervical 0 (0)

Postpartum hemorrhage >1000 mL 17 (15.3%), N = 111

Interpregnancy interval (months) 32 (22, 61)

Note: Data presented as median (IQR, interquartile range), n (%).
Abbreviations: BMI, body mass index; CD, cesarean birth; IVF, in vitro 
fertilization; LLETZ, large loop excision of the transformation zone; 
LM, late miscarriage; PPROM, preterm prelabor rupture of membranes; 
sPTB, spontaneous preterm birth.

TA B L E  3  Study outcomes.

Outcome N = 166

Spontaneous PTB

<37 weeks' gestation 7.8% (n = 13)

<34 weeks' gestation 4.8% (n = 8)

<28 weeks' gestation 1.8% (n = 3)

<24 weeks' gestation 1.2% (n = 2)

Gestational age at birth 39w1d (38w2d, 39w5d)

PPROM 4.2% (n = 7)

Cervical length ≤25 mm 12.6% (n = 21)

Cervical length ≤15 mm 3.0% (n = 5)

Gestational age at cervical length 
≤25 mm

18w6d (15w6d, 22w2d)

Prophylactic preterm birth intervention 23.5% (n = 39)

Vaginal cervical cerclage 9% (n = 15)

Prophylactic progesterone only 14.5% (n = 24)

Note: Data presented as median (IQR, interquartile range), % (n).
Abbreviations: PTB, preterm birth; PPROM, preterm prelabor rupture 
of membranes.
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cerclage insertion was 18w0d (16w0d, 21w0d), and removal oc-
curred at 38w2d (35w5d, 39w0d). Additionally, 80% (12/15) of 
women who received a cerclage also took supplementary proges-
terone. In the study cohort, 14.46% (24/166) received prophylactic 
progesterone until 37 weeks or delivery. Among those who received 
cervical cerclage, 33.3% (5/15) experienced sPTB, while 8.3% (2/24) 
of women managed with progesterone alone had sPTB (Figure S1).

A summary of the 3D ultrasound characteristics of the CD scar 
and cervix in the study cohort is presented in Table 4. The CD scar 
was visualized in 89.8% (149/166) of cases, and 48.3% (72/149) 
had a scar niche present. A detailed analysis of CD scar character-
istics in relation to maternal demographics, obstetric history, and 
peripartum factors related to advanced labor CD can be found in 
Table S1. Multiple CDs were linked to RMT/AMT ≤0.5 (p = 0.021). 
Significant correlations (p < 0.001) were identified between indi-
vidual 2D niche measurements derived from 3D ultrasound vol-
umes and corresponding niche volumes computed through the 
tracing method (Figure S2).

CD scars positioned at or caudal to the internal cervical os (cer-
vical scars) demonstrated a higher likelihood of developing a niche 
compared to scars situated cranial to the internal os (uterine scars), 
with niche rates of 58% (40/69) versus 40% (32/80), RR 1.45 (95% 
CI 1.04, 2.03; p = 0.029). There was no statistically significant differ-
ence in the median niche volume between scars located at or below 
the internal os compared to scars located above the internal os: 
0.065 cm3 (0.040, 0.108) versus 0.051 cm3 (0.024, 0.158); p = 0.813.

In the sPTB group, the median scar distance to the internal cervi-
cal os level was 0.0 mm (−3.07, 1.72), whereas in the group with term 
birth it was 2.6 mm (0.00, 4.70); p = 0.042. Similarly, among women 
who developed short CL ≤25 mm within the surveillance period, the 
median scar distance to the internal os was −3.4 mm (−4.90, 0.00), 
compared to 2.6 mm (0.00, 4.65) in the group that had no significant 
CL shortening; p = 0.011 (Figure 2).

Women who had a cesarean scar positioned at or caudal to the 
internal cervical os had significantly higher risks of sPTB and CL 
≤25 mm compared to those with scars cranial to the internal os, with 
aOR of 5.00 (95% CI 1.10, 22.78; p = 0.037) for sPTB and 5.26 (95% 
CI 1.59, 17.32; p = 0.006) for short CL, respectively.

The univariate analysis results for demographic factors, obstetric 
history, advanced labor CD characteristics, and 3D CD scar ultra-
sound features in relation to CL during the PTB surveillance period 
and GA at delivery are presented in the Table S2.

The performance evaluation of screening models for sPTB 
is summarized in Table  5. The baseline model, which included pa-
rameters such as demographics, sPTB risk factors, CL, and fetal fi-
bronectin testing, demonstrated an AUC of 0.69, 95% CI 0.52–0.85, 
and a sensitivity of 62%, 95% CI 0.31–0.85 at a FPR of 25% (Model 
1). Adding clinical data specific to advanced labor CD significantly 
improved the model's predictive performance, resulting in an AUC 
of 0.80, 95% CI 0.67–0.91, and a similar sensitivity of 67%, 95% CI 
0.33–0.92 at the same FPR (Model 2). However, models investigat-
ing basic caesarean scar details such as scar visualization, niche pres-
ence, and scar distance to IO (either as an anatomic or categorical 
variable) demonstrated limited improvement in predictive accuracy. 
The best performance was achieved by integrating 3D scar data as 
individual parameters, specifically niche volume and cervical vol-
ume, rather than using niche: cervix ratio, with an AUC of 0.91, 95% 
0.81–0.98, and a sensitivity of 91%, 95% CI 0.73–1.00 (Model 12).

Conventional predictors typically used in PTB surveillance 
showed modest performance for predicting CL ≤25 mm, with an 
AUC of 0.60, 95% CI 0.47–0.73, and a low sensitivity of 22%, 95% 
CI 0.06–0.44 at a FPR of 25% (Model 1). Integration of clinical data 
specific to advanced CD improved model sensitivity, increasing it 
to 44%, 95% CI 0.22–0.67 at the same FPR, though the overall 
AUC increased only slightly to 0.64, 95% CI 0.48–0.79 (Model 2). 
The inclusion of scar distance to the internal os as an anatomic 
value significantly increased model performance, showing an AUC 
of 0.84, 95% CI 0.73–0.93, and sensitivity of 82%, 95% CI 0.59–
1.00 at a FPR of 25% (Model 5). 2D CD scar niche measurements, 
such as length, depth, and width, marginally improved the model 
performance, while the RMT/AMT ratio did not demonstrate 

TA B L E  4  Characteristics of the cesarean birth scar and cervix 
measured on 3D ultrasound volumes.

Ultrasound characteristic N = 166

Shortest cervical length (mm) 29.9 (27.9, 32.0)

Gestational age at the shortest cervical 
length

17w6d (15w3d, 20w6d)

Cesarean scar visualization 89.8% (149/166)

Gestational age at cesarean scar 
assessment

16w5d (15w1d, 18w5d)

Presence of niche 48.3% (72/149)

Cesarean scar position N = 149

Scars above the internal os 53.7% (80/149)

Scars at the internal os 33.5% (50/149)

Scars below the internal os 12.7% (19/149)

Scar distance to the internal os (mm) 2.3 (0.0, 4.4)

Scars above the internal os 4.2 (2.9, 6.6)

Scars at the internal os 0.0 (0.0, 0.0)

Scars below the internal os 4.5 (3.0, 9.8)

Scar distance to the external os (mm) 32.6 (29.6, 35.9)

Scars above the internal os 35.1 (32.1, 38.3)

Scars at the internal os 31.4 (28.6, 33.9)

Scars below the internal os 22.9 (17.8, 25.9)

Niche measurements (mm, mm3) N = 72

Niche length 5.2 (3.9, 7.4)

Niche depth 5.6 (4.0, 7.2)

Niche width 6.5 (4.5, 8.6)

Niche volume 65 (30, 143)

Residual myometrial thickness (mm) 6.3 (4.3, 9.7)

Adjacent myometrial thickness (mm) 11.2 (8.3, 14.0)

Cervical length at cesarean scar 
assessment (mm)

32.0 (29.2, 34.5)

Cervical volume (cm3) 33.3 (27.1, 38.2)
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F I G U R E  2  Comparison of median cesarean scar distance to internal os measured by 3D transvaginal ultrasound and stratified by risk of 
spontaneous preterm birth and cervical length shortening.

TA B L E  5  Performance analysis of multiparameter screening models for spontaneous preterm birth and short cervical length.

First row: sPTB prediction, 
Second row: CL ≤25 mm 
prediction AUC (95% CI)

Sensitivity (95% CI)

FPR 10% FPR 15% FPR 20% FPR 25%

M1—demographics, risk factors 
sPTB, fFN, CL*

0.69 (0.52, 0.85) 0.38 (0.08, 0.62) 0.38 (0.15, 0.77) 0.38 (0.23, 0.85) 0.62 (0.31, 0.85)

0.60 (0.47, 0.73) 0.17 (0.00, 0.39) 0.22 (0.06, 0.44) 0.22 (0.06, 0.44) 0.22 (0.06, 0.44)

M2—step 1 and CD clinical data 0.80 (0.67, 0.91) 0.50 (0.17, 0.75) 0.58 (0.25, 0.83) 0.58 (0.33, 0.83) 0.67 (0.33, 0.92)

0.64 (0.48, 0.79) 0.17 (0.00, 0.61) 0.44 (0.11, 0.67) 0.44 (0.22, 0.67) 0.44 (0.22, 0.67)

M3—step 2 and scar visualization 0.80 (0.67, 0.91) 0.50 (0.17, 0.75) 0.50 (0.25, 0.83) 0.67 (0.33, 0.92) 0.67 (0.42, 0.92)

0.68 (0.52, 0.82) 0.44 (0.06, 0.67) 0.44 (0.17, 0.67) 0.44 (0.22, 0.67) 0.44 (0.22, 0.72)

M4—step 3 and niche presence 0.78 (0.62, 0.91) 0.50 (0.17, 0.75) 0.50 (0.25, 0.83) 0.58 (0.33, 0.92) 0.75 (0.42, 0.92)

0.69 (0.54, 0.83) 0.28 (0.11, 0.61) 0.44 (0.17, 0.72) 0.50 (0.28, 0.78) 0.61 (0.33, 0.83)

M5—step 4 and scar distance to 
IO (anatomic value)

0.79 (0.63, 0.93) 0.64 (0.27, 0.91) 0.64 (0.36, 0.91) 0.64 (0.36, 0.91) 0.73 (0.36, 0.91)

0.84 (0.73, 0.93) 0.59 (0.35, 0.82) 0.65 (0.41, 0.88) 0.76 (0.47, 0.94) 0.82 (0.59, 1.00)

M6.1—step 4 and scar distance to 
IO (categorical, cutoff 0 mm)

0.81 (0.65, 0.94) 0.55 (0.18, 0.82) 0.64 (0.27, 0.91) 0.73 (0.45, 2.00) 0.73 (0.45, 1.00)

0.80 (0.68, 0.90) 0.41 (0.12, 0.76) 0.59 (0.29, 0.82) 0.65 (0.41, 0.88) 0.65 (0.41, 0.88)

M6.2—step 4 and scar distance to 
IO (categorical, cutoff 5 mm)

0.79 (0.63, 0.92) 0.45 (0.18, 0.82) 0.64 (0.27, 0.91) 0.64 (0.36, 0.91) 0.64 (0.36, 0.91)

0.74 (0.61, 0.85) 0.24 (0.06, 0.53) 0.35 (0.12, 0.65) 0.47 (0.18, 0.76) 0.53 (0.29, 0.82)

M7—step 5 and niche length, 
depth, width

0.85 (0.72, 0.95) 0.64 (0.36, 0.91) 0.73 (0.45, 1.00) 0.73 (0.45, 1.00) 0.82 (0.55, 1.00)

0.86 (0.73, 0.95) 0.65 (0.41, 0.88) 0.71 (0.47, 0.88) 0.76 (0.53, 0.94) 0.76 (0.59, 0.94)

M8—step 7 and RMT: AMT ratio 0.85 (0.73, 0.95) 0.64 (0.36, 0.91) 0.73 (0.45, 0.91) 0.73 (0.45, 1.00) 0.73 (0.45, 1.00)

0.86 (0.74, 0.95) 0.71 (0.47, 0.88) 0.71 (0.47, 0.88) 0.71 (0.47, 0.88) 0.71 (0.47, 0.94)

M9—step 7 and niche volume 
(continuous)

0.88 (0.74, 0.98) 0.82 (0.55, 1.00) 0.82 (0.55, 1.00) 0.82 (0.55, 1.00) 0.82 (0.55, 1.00)

0.89 (0.79, 0.96) 0.76 (0.53, 0.94) 0.76 (0.53, 0.94) 0.76 (0.53, 0.94) 0.76 (0.59, 1.00)

M10—step 7 and niche volume 
(categorical, ≤0, 0–125, 125–600, 
>600 mm3)

0.86 (0.73, 0.96) 0.73 (0.27, 1.00) 0.82 (0.45, 1.00) 0.82 (0.55, 1.00) 0.82 (0.55, 1.00)

0.86 (0.76, 0.94) 0.65 (0.41, 0.88) 0.71 (0.47, 0.88) 0.71 (0.47, 0.88) 0.71 (0.47, 0.94)

M11—step 9 and cervix volume 0.91 (0.81, 0.98) 0.73 (0.45, 1.00) 0.82 (0.55, 1.00) 0.91 (0.64, 1.00) 0.91 (0.73, 1.00)

0.89 (0.79, 0.96) 0.62 (0.38, 0.88) 0.69 (0.44, 0.94) 0.81 (0.56, 1.00) 0.88 (0.62, 1.00)

M12—step 7 and niche: cervix 
ratio

0.87 (0.74, 0.97) 0.73 (0.36, 1.00) 0.82 (0.55, 1.00) 0.82 (0.55, 1.00) 0.82 (0.55, 1.00)

0.89 (0.79, 0.97) 0.69 (0.44, 0.94) 0.81 (0.56, 1.00) 0.81 (0.62, 1.00) 0.81 (0.62, 1.00)

Abbreviations: AMT, adjacent myometrial thickness; AUC, area under the curve; CD, cesarean birth; CL* included only in the sPTB prediction models; 
CL, cervical length; fFN, fetal fibronectin; FPR, false positive rate; IO, internal cervical os; RMT, residual myometrial thickness; sPTB, spontaneous 
preterm birth; sPTB, spontaneous preterm birth.
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8  |    IVAN et al.

predictive value for CL shortening ≤25 mm. Similar to the pre-
dictive models for sPTB, the highest predictive performance was 
achieved by the inclusion of 3D ultrasound features, niche volume, 
and cervical volume, as independent predictors. This final model 
reached an AUC of 0.89, 95% CI 0.80–0.96, with a sensitivity of 
88%, 95% CI 0.62–1.00 at a FPR of 25% (Model 12). The ROC 
curves corresponding to the analyzed models for CL ≤25 mm and 
sPTB prediction are shown in Figure 3.

A multivariable logistic regression analysis was conducted to 
identify which CD scar ultrasound parameters independently and 
significantly predicted outcomes (Table S3). Scar distance to the in-
ternal os consistently showed statistical significance across all mod-
els for short CL ≤25 mm. Furthermore, niche depth and length, as 
well as niche and cervix volume and niche/cervix volume ratio, were 
significantly associated with short CL prediction in specific models. 
In the sPTB models, the coefficients that demonstrated statistical 
significance included scar distance to the internal os, niche volume, 
and the niche/cervix volume ratio.

Additional maternal and perinatal outcomes are presented in 
Table S4. Repeat CD accounted for 68.9% (111/161) of cases, and 
uterine scar dehiscence was documented in 2.5% (4/161) of cases. 
These instances of scar dehiscence were recorded as incidental find-
ings at the time of surgery and did not represent the indication for 
birth. No incidents of uterine rupture were observed in this cohort. 
There were no cases of stillbirth or neonatal death. As anticipated, 
the incidence of neonatal adverse outcomes was significantly higher 
in women who experienced PTB.

4  |  DISCUSSION

In this prospective observational cohort of women with previous 
advanced labor CD, the inclusion of mid-gestation 3D transvaginal 
ultrasound parameters, such as niche volume and cervical volume, 
was associated with higher predictive performance for subsequent 
short CL ≤25 mm and sPTB and reaching sensitivity of 0.88, 95% 

CI 0.62–1.00 and 0.91, 95% CI 0.73–1.00 at FPR 25%, respectively. 
The improvement over models using 2D cesarean scar measure-
ments alone was marginal, which achieved a sensitivity of 0.76, 95% 
CI 0.59–094 for short CL and 0.82, 95% CI 0.55–1.00 for sPTB, at 
the same FPR.

No statistically significant differences in median niche volumes 
were observed between women who experienced sPTB and those 
who delivered at term, nor between those with a short CL ≤25 mm 
versus normal CL >25 mm.

CD scar position emerged as a key factor for evaluating the indi-
vidual risk of sPTB and short CL ≤25 mm. The median scar distance 
to the internal os was significantly more likely to be positioned cra-
nial to the internal os in women who had a term birth or did not 
experience significant CL shortening. In contrast, for women who 
delivered preterm or had CL shortening, there was a significantly 
higher likelihood that the median scar distance was at or caudal to 
the level of the internal os (i.e., the scar was in the cervix). Scar dis-
tance to the internal os demonstrated the strongest association with 
short CL ≤25 mm and remained the most robust individual parame-
ter that consistently showed statistical significance across all short 
CL models.

Overall we report a sPTB rate of 7.8%, which is comparable to 
the pooled sPTB rate of 6.9% observed in a recent meta-analysis 
of 18 retrospective cohort studies evaluating n = 605 138 women 
with a history of full dilatation CD.15 Interestingly, a significant 
proportion of women who experienced sPTB did not demonstrate 
significant CL shortening during surveillance and we propose 
several potential explanations for this observation.First, intraop-
erative cervical trauma during advanced labor CD due to low hys-
terotomy incision and/or uterine or cervical extensions may lead 
to cervical dysfunction in subsequent pregnancies.7,30 Therefore, 
CD scar parameters such as scar distance to the internal os can 
serve as a valuable additional risk stratification tool in this cohort 
of women. We also noted a tendency towards a higher incidence 
of unsuccessful attempts at instrumental birth prior to full dilata-
tion CD in the subsequent sPTB group compared to the term birth 

F I G U R E  3  Receiver operating characteristic curves for prediction models of spontaneous preterm birth and short cervical length. 2D, 
two dimensional; 3D, three dimensional; AUC, area under curve; CL, cervical length; sPTB, spontaneous preterm birth.
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    |  9IVAN et al.

group (72.7% vs. 39.8%, p = 0.054). A study by Eriksson et  al.31 
reported that women having a CD at a low fetal station have a 
higher risk of subsequent sPTB. Low fetal station in the maternal 
pelvis at the time of CD results in scars that are more caudal on 
the uterus or in the cervix on postnatal ultrasound.32 Since instru-
mental births are safely attempted only if the fetal station is at or 
below the maternal ischial spines,33 this may explain the increase 
in predictive performance for sPTB observed when this informa-
tion was integrated into the model.

Second, subclinical inflammatory or infection mechanisms 
could lead to sPTB with rapid CL changes. Observational studies 
in women with secondary subfertility found a higher rate of bac-
terial colonization in cases with a CD scar niche present.34 Chronic 
inflammatory changes have been observed in women with a CD 
scar niche undergoing niche resection.35 Our study found that CD 
scars positioned at or caudal to the internal cervical os were more 
likely to be associated with a niche compared to scars situated 
cranial to the internal os. This aligns with other studies concluding 
that women in active labor with advanced cervical dilatation at the 
time of CD are at a higher risk of developing a scar defect.36–39 In 
this study, IVF conception showed a significant association with 
the presence of a niche; however, associations with other risk 
factors for subfertility were not assessed, as this was outside the 
scope of the study.

A key strength of this research is its novel approach to risk strat-
ification in women with a history of advanced labor CD, using ultra-
sound assessment of the cesarean scar. We included women who 
experienced sPTB following a term advanced labor CD, excluding 
those with sPTB prior to the index CD, to better isolate the effect of 
advanced labor CD on subsequent sPTB risk without underestima-
tion. Analyses were adjusted for other established PTB risk factors 
to account for potential confounding.

We acknowledge, however, that the exploratory sPTB predic-
tive models are at risk of bias due to the prophylactic interventions 
that were often administered to women identified as high risk due 
to the history of a previous LM or sPTB or the finding of a short CL. 
This necessitates cautious interpretation and further multicenter 
validation. The exploratory models for short CL are less prone 
to bias, since most PTB interventions were initiated in response 
to the identification of short CL ≤25 mm, and adjustments were 
made for women receiving progesterone. However, even mod-
els for the prediction of CL shortening demonstrated that adding 
CD scar characteristics improves the performance of the model. 
Study limitations include the observational, clinic-based design, 
with an inherent risk of selection bias as well as variations in clin-
ical practices across cases, even within the same service, despite 
standardized protocols. Although the cohort primarily consisted 
of women with a previous full dilatation CD, potentially limiting 
the generalizability of the findings across all advanced labor CD, 
the inclusion of consecutive patients from a tertiary UK clinical 
setting aligned with national and international PTB prevention 
standards supports the relevance of these findings to comparable 
healthcare settings and populations. However, the feasibility and 

external validity of this approach across different clinical settings 
require further evaluation.

Direct comparisons on the effectiveness of PTB prophylactic 
measures are limited, given the observational nature of the study. 
Among women receiving an ultrasound indicated cerclage, 30% 
(4/13) experienced a sPTB, a rate comparable to previously reported 
effectiveness of cervical cerclage in other high-risk populations 
with short CL.40,41 Addressing the impact of PTB prophylactic in-
terventions in women with advanced labor CD, requires further in-
vestigation through multicenter RCTs incorporating data on CD scar 
characteristics such as position relative to the internal os and niche 
parameters.

5  |  CONCLUSION

This study highlights the importance of transvaginal sonographic as-
sessment of CD scar position relative to the internal os in evaluating 
the risk of sPTB in pregnant women with a history of advanced labor 
CD (8–10 cm dilatation). Our findings suggest that scar location may 
be a more critical determinant of sPTB risk than cervical dilatation 
alone at the time of surgery.

Although 3D ultrasound assessment of cesarean scar niche mor-
phology demonstrated the highest predictive performance for both 
sPTB and short CL, the added benefit over assessment of cesarean 
scar position alone was modest. Given the additional time, special-
ised training, and software required for 3D volume analysis, its rou-
tine application in clinical practice remains limited.

Our findings indicate that routine assessment of the cesarean 
scar distance to the internal os warrants further evaluation as a po-
tential addition to PTB surveillance in this high-risk population. This 
clinically accessible strategy may help with early identification of 
women with a scar located at or caudal to the internal os, who could 
be considered for closer surveillance, allowing more timely PTB pro-
phylactic interventions.
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