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Objective: To identify factors associated with indicated preterm birth (IPB) based on early pregnancy placental three-dimensional
power Doppler ultrasound (3D-PDU) indices and maternal clinical characteristics, and to develop and validate a predictive model for
IPB.

Methods: A total of 458 singleton pregnancies from 2022 were retrospectively analyzed. Early pregnancy placental 3D-PDU indices
—vascularization index (VI), flow index (FI), vascularization-flow index (VFI)—along with maternal clinical characteristics, were
collected. Subjects were randomly divided into a training set and a test set (7:3 ratio), and further categorized into the IPB group or the
full-term group based on pregnancy outcomes. Logistic regression analysis and Akaike Information Criterion (AIC) were used to
identify predictors and construct an IPB prediction model. Model performance was evaluated using discrimination, calibration, and
clinical utility metrics.

Results: Multifactorial logistic regression identified a history of recurrent pregnancy loss, preterm birth history, and hypertensive
disorders of pregnancy as independent risk factors for IPB, while early-pregnancy placental VFI was an independent protective factor.
Based on the filter results, a nomogram model was plotted, which showed good discrimination (AUC: 0.900 [training set] and 0.882
[test set]). Hosmer-Lemeshow tests indicated good calibration (P = 0.449 for training set, P = 0.585 for test set), and decision curve
analysis confirmed clinical utility.

Conclusion: The 3D-PDU indices, particularly VFI, may serve as valuable indicators of early placental perfusion. The nomogram
developed in this study showed good predictive performance by integrating the early pregnancy placental 3D-PDU index (VFI) with
maternal clinical characteristics, providing a potential tool for early identification of high-risk IPB pregnancies. Nonetheless, larger
multicenter, prospective studies are needed to validate its applicability, and standardized protocols for 3D-PDU use should be
established to ensure consistency.
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Introduction

Preterm birth, defined as delivery between 22 and 37 weeks of gestation,'* occurs in approximately 9.9% of pregnancies
worldwide, with no evidence of a declining trend.>* It remains a leading cause of perinatal mortality and long-term
neurodevelopmental disabilities.>® Preterm births are categorized into spontaneous preterm birth and indicated preterm
birth (IPB), with the latter now accounting for nearly half of all cases and showing a rising incidence.” Compared to
spontaneous preterm birth, IPB is associated with lower birth weights and higher risks of neonatal infection, admission to
intensive care, and adverse perinatal outcomes.® Furthermore, IPB significantly contributes to the rising cesarean section

https://doi.org/10.2147/IJWH.S555983 International Journal of Women’s Health 2026:18 555983 |
Received: 24 July 2025 © 2026 Chen et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallahle at https://www.dovepress.com/terms.php
Accepted: 9 January 2026 A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creati /by-nc/4.0/). By accessing the work

g/l
Published: 14 January 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press lelted provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Chen et al

rate and increases the risk of related complications, including intraoperative tissue injury and long-term consequences
such as cesarean scar pregnancy.’ Therefore, the prevention and management of IPB have become critical areas of focus
in contemporary maternal and fetal medicine research.

IPB typically represents a clinical outcome of severe maternal—fetal complications such as severe preeclampsia, fetal
growth restriction (FGR), and intrauterine distress.® Preeclampsia, as a key contributing factor, is closely associated with
impaired spiral artery remodeling in early pregnancy, leading to inadequate placental perfusion.'® Studies have reported
distinct risk factors for spontaneous and IPB: the former is mainly associated with infection, stress, and cervical
insufficiency, whereas the latter primarily involves placental vascular abnormalities.®'" Thus, IPB can be considered
a manifestation of uteroplacental hypoperfusion syndrome, with its pathophysiological mechanisms traceable to early
pregnancy spiral artery (SA) remodeling disorders and trophoblastic invasion defects.'>'* Anticoagulant therapy in early
pregnancy can improve placental microcirculation by reducing hypercoagulability and inhibiting the formation of
microthrombi, thereby increasing placental blood perfusion, promoting maternal-fetal substance exchange, and reducing
the risk of IPB.'*'5 Therefore, evaluating placental blood perfusion in early pregnancy is particularly important for
guiding early intervention and improving pregnancy outcomes.

Three-dimensional power Doppler ultrasound (3D-PDU) combines 3D imaging with energy Doppler blood flow
analysis, enabling quantitative assessment of tissue vascularization and perfusion.'® It quantifies tissue perfusion through
three key metrics: vascularization index (VI), which measures vascular volume as a percentage of total tissue volume to
assess vascular density; the flow index (FI), reflecting average blood flow intensity in the region and correlating with red
blood cell count and velocity; and the vascularization-flow Index (VFI), the product of VI and FI, providing
a comprehensive evaluation of tissue perfusion.'” Currently, the standard method for assessing placental perfusion is
uterine artery Doppler ultrasound, which evaluates maternal uterine artery inflow resistance and hemodynamics using the
pulsatility index (PI), resistance index (RI), and early diastolic notch index.'® In contrast, 3D-PDU can directly and
angle-independently assess perfusion within the placental villous space, with a greater focus on microvascular evaluation
of fetal-side placental function and showing potential advantages for early identification of placental dysfunction.'® 3D-
PDU measurements of the placenta during early pregnancy can assess placental perfusion and provide valuable predictive
insights for adverse pregnancy outcomes.'® ' Given the strong association between IPB and maternal health status, we
aimed to develop a logistic regression model that integrates early-pregnancy placental 3D-PDU indices (VI, FI, VFI)
with maternal clinical characteristics. Such a model could serve as a potential reference tool for identifying high-risk
pregnancies and guiding early anticoagulation interventions, ultimately aiming to improve maternal and fetal outcomes.

Materials and Methods
Clinical Data

We retrospectively collected data from singleton pregnancies with regular prenatal examinations and placental 3D-PDU
in early pregnancy at our hospital between January 2022 and December 2022. The study protocol was approved by the
Ethics Committee of Zhangzhou Hospital, Fujian, China (Approval No. 2025LWB150). The requirement for written
informed consent was waived by the ethics committee due to retrospective study design and use of anonymized patient
data. The study protocol adhered to the principles enshrined in the Declaration of Helsinki and relevant ethical
guidelines.

Participants were included in the study if they met all of the following conditions: 1) Singleton pregnancy; 2)
gestational age between 11 and 13" weeks; 3) Crown-rump length (CRL) measured by ultrasound between 45 and
84 mm; 4) no fetal structural abnormalities detected on early pregnancy screening; 5) nuchal translucency (NT) <
2.5 mm; 6) complete clinical data available. The exclusion criteria were as follows: 1) fetal genetic abnormalities or
structural malformations detected during pregnancy; 2) spontaneous preterm birth due to cervical insufficiency, pre-
mature rupture of membranes, congenital genital tract malformations, etc.; 3) incomplete clinical data.

Preterm birth includes two types: IPB and spontaneous preterm birth. IPB refers to preterm delivery resulting from
active medical intervention due to severe maternal or fetal complications, whereas spontaneous preterm birth occurs
without a clear medical indication and is often associated with spontaneous uterine contractions, cervical insufficiency,
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preterm premature rupture of membranes, infection, or multiple pregnancy. To comprehensively assess preterm birth risk,
this study analyzed delivery cases occurring between 22 and 37 weeks of gestation.' Full-term delivery refers to births
occurring between 37 and 417 weeks of gestation. Based on the inclusion criteria, 517 cases were initially identified.
After excluding 59 cases, 458 pregnant women were included in the final analysis. A detailed case selection and grouping

process is illustrated in the flowchart (Figure 1).

Instruments and Methods

Ultrasound examinations were performed using the GE Voluson E8 ultrasound diagnostic system, equipped with two
convex array probes: the 4C-D (3.5-5.0 MHz) and the RAB4-8D (4.0-8.5 MHz). The system is integrated with 3D-PDU
imaging capabilities. All scans were conducted by two obstetricians, each with over ten years of experience in prenatal
diagnosis. Image acquisition strictly adhered to the following unified operating standards to ensure consistency.

The examination was conducted in a supine position. Following completion of fetal NT screening and structural
assessment using the 4C-D convex array probe, the placental localization was identified, and the RAB4-8D 3D volume
probe was activated. The placental structure and umbilical cord attachment site were assessed to ensure that the maximal
placental outline was captured within the region of interest. To minimize motion artifacts, subjects were instructed to
hold their breath or minimize breathing movements during data acquisition. The 3D power Doppler mode was then
initiated, and placental scanning was performed for no more than 15 seconds to obtain 3D volume data. Offline analysis
was carried out using Virtual Organ Computer-aided Analysis software. The region of interest was manually traced at six
rotational steps, each at 30° intervals, to reconstruct a 3D image of the placental morphology. The software then
automatically calculated the three 3D-PDU indices—VI, FI, and VFI—using the Doppler blood flow histogram
(Figure 2).

Observation Indicators

The following maternal characteristics were collected: maternal age, clinical gestational age, body mass index (BMI), use
of assisted reproductive technology, history of recurrent pregnancy loss, history of preterm birth, hypertensive disorders
of pregnancy (HDP), FGR, gestational diabetes, and placental location. In addition, 3D-PDU indices of the placenta (VI,
FI, and VFI) were recorded in early pregnancy.

Atotal of 517 single pregnant women who had regular prenatal examination and
placenta 3D-PDU in early pregnancy from 2022 were retrospectively

Exclusion criteria: 12 cases of
fetal genetic abnormalities or
structural malformations;30
Atotal of 458 cases were included || cases of spontaneous preterm

birth; 17 cases with incomplete
l_J—_l clinical data
v
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59 cases group 399 generated according to the ratio ofabout 7:3
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There were 322 cases There were 136 cases in
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Figure | Flow chart of case selection and grouping.
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Figure 2 Quantitative assessment of placental perfusion using 3D-PDU. Measurement of the vascularization index (VI), flow index (Fl), and vascularization-flow index (VFI)
based on Doppler blood flow histogram analysis.

Statistical Methods

Statistical analysis was conducted using the R (version 4.0.4) software. Normally distributed continuous variables were presented
as mean + standard deviation, and categorical variables were presented as frequency (percentage). Inter-group comparisons were
performed using the r-test, Mann—Whitney U-test, and x*-test. A significance level of a. = 0.05 was used for all tests. Univariate
and multivariate logistic regression analyses were conducted using the rms package to identify independent risk factors, with
results expressed as odds ratios (OR) and 95% confidence intervals (CI). A logistic regression model was then constructed based
on the identified predictors and selected using the Akaike Information Criterion (AIC) for optimal model fit. Receiver operating
characteristic (ROC) curves were plotted for both training and test datasets, with the area under the curve (AUC) used to assess
discriminative ability. Model calibration was assessed using the Hosmer-Lemeshow goodness-of-fit test and the Bootstrap
method (1000 iterations). The clinical applicability of the model was evaluated using Decision Curve Analysis (DCA).

Results

Comparison of Baseline Clinical Characteristics and Placental 3D-PDU Indices

A total of 458 eligible pregnant women were enrolled and classified into two groups based on IPB and full-term
diagnostic criteria: the IPB group (n = 59) and the full-term group (n = 399). No significant between-group differences
were observed regarding maternal age, gestational age, BMI, use of assisted reproductive technologies, gestational
diabetes mellitus, or placental position (P>0.05). The IPB group had higher rates of recurrent pregnancy loss, preterm
birth history, HDP, and FGR, along with lower placental 3D-PDU indices (VI, FI, VFI) compared with the full-term
group (P<0.05 for all) (Table 1).
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Table 1 Comparison of Baseline Clinical Characteristics and Early Pregnancy 3D-PDU
Placental Indices in the Two Groups

Variable TPB Group | Full-term Group | t/zly’ P value
N=59 N=399
Age 30.37 £ 532 | 3024 + 492 0.179 0.8583
BMI 23.82 £ 4.66 | 22.40 £ 3.40 1.908 0.062
Clinical gestational age 12.63 £ 0.63 | 12.75 £ 0.59 1.029 0.308
Placental location 0.264 0.607
Anterior placenta 26 (44.07%) 194 (48.62%)
Posterior placenta 33 (55.93%) 205 (51.38%)
Assisted reproductive technology 4 (6.78%) 18 (4.51%) 0.189 0.664
History of recurrent pregnancy loss | 15 (25.42%) 15 (3.76%) 35.951 <0.001
History of preterm birth 6 (10.17%) 4 (1.00%) 16.159 <0.001
HDP 13 (22.03%) 7 (1.75%) 45.878 <0.001
FGR 17 (28.81%) 30 (7.52%) 23.051 <0.001
Gestational diabetes 12 (20.34%) 96 (24.06%) 0.215 0.643
Vi 1023 £7.23 | 18.77 £ 840 —8.281 <0.001
Fl 3124+ 742 | 37.60 + 7.58 —6.129 | <0.001
VFI 323 + 255 7.14 £ 3.63 —10.312 | <0.001

Abbreviations: HDP, hypertensive disorders of pregnancy; FGR, fetal growth restriction; VI, vascularization index;
Fl, flow index; VFI, vascularization-blood flow index.

Comparison of Clinical Characteristics and Placental 3D-PDU Indices Between the
Training and Test Sets

Except for a statistically significant difference in the proportion of gestational diabetes mellitus (P<0.05), there were no
significant differences between the training and test sets in terms of the incidence of IPB, other maternal clinical
characteristics, or early pregnancy 3D-PDU placental indices (P>0.05) (Table 2). These findings suggest that the training
and test sets were comparable and suitable for model development and validation.

Table 2 Comparison of Clinical Characteristics and Early Pregnancy 3D-PDU
Placental Indices Between Training and Test Sets

Variable Training Set | Test Set P value
N =322 N =136
TPB 42 (13.04%) 17 (12.50%) | 0.8
Age 30.17 £ 497 | 3046 + 498 | 0.5
BMI 2259 + 3.61 2276 £333 | 0.5
Clinical gestational age 12.73 £ 0.60 12.75 £ 0.57 | >0.9
Placental location 0.9
Anterior placenta 154 (47.83%) | 66 (48.53%)
Posterior placenta 168 (52.17%) | 70 (51.47%)
Assisted reproductive technology 16 (4.97%) 6 (4.41%) 0.8
History of recurrent pregnancy loss | 24 (7.45%) 6 (4.41%) 0.2
History of preterm birth 8 (2.48%) 2 (1.47%) 0.7
HDP 15 (4.66%) 5 (3.68%) 0.6
FGR 35 (10.87%) 12 (8.82%) 0.5
Gestational diabetes 65 (20.19%) 43 (31.62%) | 0.008
\ 17.78 + 8.80 1741 +£859 | 0.7
FlI 3686 785 | 36,61 +7.86 | 0.6
VFI 6.72 + 3.83 644 +£353 | 0.7

Abbreviations: IPB, indicated preterm birth; HDP, hypertensive disorders of pregnancy; FGR,
fetal growth restriction; VI, vascularization index; Fl, flow index; VFI, vascularization-blood flow
index.
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Univariate and Multivariate Logistic Regression Analysis and Nomogram Model in the
Training Set

Univariate logistic regression analysis identified seven variables significantly associated with TPB (history of recurrent
pregnancy loss, history of preterm birth, HDP, FGR, and early pregnancy placental 3D-PDU indices [VI, FI, VFI], all
P<0.05). Multivariate logistic regression further identified four independent predictors of TPB. A history of recurrent
pregnancy loss (OR = 7.33), history of preterm birth (OR = 26.33), and HDP (OR=4.36) were identified as independent
risk factors, while VFI in early pregnancy was an independent protective factor (OR = 0.55) (Table 3).

A logistic regression model was constructed based on the AIC, yielding the lowest AIC value of 162.665. The final
model is defined by the following equation:

Y =0.430+1.992xX; + 3.271xX, + 1.473xX5 — 0.590xX,, where X, represents the history of recurrent pregnancy
loss (0 =none, 1 = yes), X, represents the history of preterm birth (0 = none, 1 = yes), X; represents the HDP (0 = none,
1 = yes), X4 represents the VFI value from early pregnancy placental 3D-PDU, and Y represents the predicted risk score
for IPB. A corresponding nomogram (Figure 3) was developed to visualize the model. The chart assigns weighted scores
to each predictive factor based on a standardized scale. The total score is then mapped to a probability axis, allowing for
quantitative estimation of an individual’s IPB risk.

An application example of the nomogram model (Figure 4) involves a 34-year-old pregnant woman with a history of
recurrent pregnancy loss but no prior preterm birth. She was diagnosed with HDP and had a VFI value of 0.72. Her
scores were as follows: 14 for recurrent pregnancy loss, 11 for HDP, and 96 for VFI, yielding a total score of 121 points,
which corresponded to a predicted probability >0.9. Subsequent follow-up confirmed this case as IPB.

Internal Model Verification

The ROC curve analysis (Figure 5) demonstrated the strong discriminatory power of the model. In the training set, the
optimal diagnostic cut-off was —1.441, corresponding to a maximum Youden’s index of approximately 0.848. The AUC
value was 0.900 (95% CI: 0.840-0.959), yielding a sensitivity of 87.1%, a specificity of 85.7%, a positive predictive
value (PPV) of 45.49%, and a negative predictive value (NPV) of 97.98%. In the test set, the model also showed good
performance with an AUC of 0.882 (95% CI: 0.784-0.986), yielding a sensitivity of 70.6%, a specificity of 98.3%, a PPV
of 85.58%, and a NPV of 95.91%. The calibration curve drawn by the Bootstrap method (B=1000 times) and
H-L goodness-of-fit test (Figure 6) (P=0.449 for the training set and P=0.585 for the test set, P>0.05) demonstrated
the reliability of the prediction accuracy. Decision curve analysis (Figure 7) indicated that the model’s risk threshold in

Table 3 Univariate and Multivariate Logistic Regression Analysis in the Training Set

Variable Univariate Analysis Multivariate Analysis
OR (95% CI) P value | OR (95% CI) P value

Age 1.03 (0.96-1.10) 0.428

BMI 1.10 (0.71-1.19) 0.119

Clinical gestational age 0.71 (0.40-1.24) 0.236

Placental location (anterior wall comparison) 1.24 (0.65-2.42) 0517

Application of assisted reproductive technology | 1.72 (0.38-5.70) 0418

History of recurrent pregnancy loss 7.93 (3.20-19.62) <0.001 | 7.33 (2.39-23.22) 0.001
History of preterm birth 12.48 (2.94-62.83) | 0.001 26.33 (3.37-53.96) | 0.003
HDP 10.64 (3.73-31.61) | <0.001 | 4.36 (1.24-15.68) 0.021
FGR 4.69 (2.07-10.33) < 0.001

Gestational diabetes 0.75 (0.29-1.68) 0511

Vi 0.81 (0.75-0.87) < 0.001

Fl 0.88 (0.84-0.93) < 0.001

VFI 0.55 (0.45-0.67) <0.001 | 0.55 (0.44-0.68) 0.001

Abbreviations: HDP, hypertensive disorders of pregnancy; FGR, fetal growth restriction; VI, vascularization index; Fl, flow index; VFI,

vascularization-blood flow index.
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both the training and test sets ranged from approximately 0.04 to 1.0, both exceeding the two reference lines representing
strategies of treating no or all patients, respectively. These results support the clinical applicability of the prediction

model.

Discussion
This study aimed to address the need for early identification of high-risk pregnancies associated with adverse outcomes
of IPB by combining quantitative placental perfusion assessment with maternal high-risk clinical factors. Our findings
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indicate that incorporating the first-trimester placental 3D-PDU index (particularly VFI as an independent protective
factor) along with maternal history-based risk factors into a nomogram model provides a preliminary potential predictive
tool. The model demonstrated high discriminative ability and clinical utility, highlighting the value of 3D-PDU in
enhancing early risk assessment to improve pregnancy management.

The placenta is essential for sustaining pregnancy and fetal development, serving as the primary organ for maternal—
fetal exchange, endocrine regulation, and immune modulation. The first trimester is a critical period for placental
development, during which uterine spiral artery (SA) remodeling is the key process. The SA, originating from the
uterine artery and extending into the functional endometrium, provides the main channel for maternal-fetal blood
perfusion. Normal physiological remodeling involves degradation of the vascular muscular layer and luminal dilation,
transforming blood flow from high resistance and low flow to low resistance and high flow, thereby enhancing placental
perfusion and supporting efficient maternal—fetal circulation.”” Impaired SA remodeling leads to placental ischemia and

related complications such as preeclampsia and FGR,>-**

significantly increasing the risk of IPB. Therefore, research on
the placental blood supply is crucial for predicting IPB.

This study demonstrated that early pregnancy placental 3D-PDU indices (VI, FI, VFI) were significantly lower in the
IPB group than in the full-term group (VI: 10.23 + 7.23 vs 18.77 + 8.40; FI: 31.24 + 7.42 vs 37.60 + 7.58; VFI: 3.23 +
2.55vs 7.14 +£ 3.63; P<0.001). Multivariate logistic regression analysis identified VFI as an independent protective factor
against IPB (OR = 0.55, 95% CI: 0.46-0.68, P = 0.001). Previous studies® identified VFI in early pregnancy as an
independent protective factor for FGR (OR = 0.563), and Ying et al***’ found that VI, FI, and VFI were reduced in HDP,
with VFI showing a high sensitivity. In addition, Qin et al*® reported that increased placental perfusion in early
pregnancy, assessed by VFI, demonstrated good predictive value for macrosomia (AUC = 0.826).These findings align
with our results, supporting the utility of 3D-PDU for assessing placental perfusion in early pregnancy. VFI, in particular,
provides a comprehensive measure of placental perfusion status. This is likely because VFI simultaneously captures both
the presence (density) of blood vessels and their functional activity (blood flow signals). Prior research®” also indicated
that VFI had greater predictive value for FGR than the uterine artery PI in the first trimester (AUC = 0.741 vs 0.692).
Abdallah et al*® demonstrated higher first-trimester sensitivity of VFI than uterine artery PI for preeclampsia prediction.
Therefore, VFI may offer advantages over conventional 2D Doppler ultrasound PI in evaluating placental perfusion.
A low VFI value may reflect abnormal development of the placental villous vascular network, potentially impairing the
maternofetal nutrient and gas exchange process. Thus, 3D-PDU technology enables the detection of early signs of
placental dysfunction by quantifying the hemodynamic characteristics of the placental chorionic network.

This study identified a history of recurrent pregnancy loss and preterm birth as risk factors for IPB, consistent with the
“placental dysfunction persistence hypothesis” proposed by Bhattacharya et al***!* Recurrent pregnancy loss can impair
the endometrial vascular network, resulting in shallow placental implantation and defective spiral artery remodeling.
These pathophysiological changes contribute to a vicious cycle of maternal-fetal interface injury, placental hypoperfu-
sion, and elevated IPB risk.>* Notably, this study found that the risk of IPB in patients with HDP was 4.36 times higher.
This association may be attributed to the bidirectional exacerbation between systemic vascular endothelial dysfunction
and placental ischemia—hypoxia.**>** Although FGR did not emerge as an independent predictor in the multivariate
analysis, its shared pathological basis of placental hypoperfusion with IPB** suggests that both conditions may represent
distinct clinical manifestations of a common underlying placental pathology.

Recent years have seen progress in preterm birth risk prediction systems based on medical history and pregnancy
complications. Liu et al’*® developed a model integrating prenatal examination results, preterm birth history, and HDP,
demonstrating stable discriminative performance (AUC > 0.7) and confirming the broad applicability of clinical

phenotype parameters. Zimeng et al®’

analyzed mid-trimester singleton pregnancies and found strong correlations
between cervical morphological changes (eg, shortened cervical length and persistent internal os dilation) and
spontaneous preterm birth risk. Their model achieved AUC values of 0.850 in the training set and 0.881 in the
validation set, highlighting the importance of dynamic cervical function monitoring. However, most existing studies
focus on the prediction of preterm birth and spontaneous preterm birth,*® with few addressing intervention-induced
preterm birth (IPB). This present study integrates placental hemodynamics with high-risk maternal characteristics to

construct an IPB nomogram model, demonstrating excellent discrimination (training set AUC 0.900 [95% CI:
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0.840-0.959]; test set AUC 0.882 [95% CI: 0.784-0.986]), good calibration (H-L test P>0.05), and strong clinical
applicability based on decision curve analysis. Notably, this model captures early compensatory changes in placental
blood flow at 11-13 weeks, enabling early identification of high-risk cases before irreversible damage and providing
a time window for intervention. Moreover, the quantitative 3D-PDU index offers a potential tool for assessing
placental perfusion.

The clinical translational value of this model lies in its ability to simplify complex hemodynamic and clinical data
into a practical, user-friendly risk assessment tool. By estimating IPB risk based on individualized profiles, the model
may facilitate early interventions such as low-dose aspirin or heparin therapy, enhanced prenatal monitoring, and
nutritional support for high-risk pregnancies, thereby improving pregnancy outcomes. An international multicenter
study'* has demonstrated that anticoagulation intervention during early pregnancy can reduce the risk of IPB by
1.5 percentage points. Building on this evidence, the high-risk population screening framework proposed in our model
may offer a valuable tool for identifying candidates who would benefit most from such interventions. However, the
applicability of this model needs to be validated in large-scale prospective studies.

The low PPV of 45.5% in the training set is mainly attributed to the combination of its limited specificity (85.7%) and
low prevalence (13.0%) in this dataset, which increases false positives—a characteristic consistent with the calculation of
predictive values. Conversely, the test set demonstrated high specificity (98.3%) and higher PPV (85.6%), confirming the
model’s good generalization ability and making the results more clinically valuable.

This study preliminarily validated the predictive value of combining 3D-PDU indices with clinical characteristics for
IPB but has several limitations: First, its single-center retrospective design (n = 458) and data sparsity prevented the
inclusion of certain variables (eg, BMI, smoking, diabetes, placenta previa), which may have introduced confounding
bias. Second, the model underwent only internal validation and lacks independent external validation, making it
susceptible to selection bias. Third, reliance on a specific device (GE Voluson ES8) limits cross-platform applicability,
underscoring the need for a standardized acquisition protocol to enhance generalizability. Fourth, the relatively short
study period (data from 2022 only) limits assessment of long-term trends. Despite these limitations, this study provides
a potential reference for IPB risk identification and clinical intervention by quantifying placental perfusion in early
pregnancy and integrating maternal clinical characteristics.

Conclusion

This study developed an IPB prediction model integrating the early placental 3D-PDU index (VFI) and maternal clinical
characteristics (recurrent pregnancy loss, preterm birth history, and HDP). The 3D-PDU indices, particularly VFI, may
serve as potential reference tools for quantifying early placental perfusion. The model demonstrated good predictive
performance in internal validation, offering a potential approach for early identification and management of high-risk IPB
pregnancies to reduce adverse outcomes. Nonetheless, larger multicenter, prospective studies are needed to validate its
applicability, and standardized protocols for 3D-PDU use should be established to ensure consistency.
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