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a prospective cohort study in
Chinese pregnant women
Tai-Shun Li1,2†, Yuan Wang1†, Ya Wang1, Hui-Rong Tang1,
Hong-Lei Duan1, Guang-Feng Zhao1, Jie Li1* and Ya-Li Hu1*

1Department of Obstetrics and Gynecology, Nanjing Drum Tower Hospital, The Affiliated Hospital of
Nanjing University Medical School, Nanjing, China, 2Medical Statistics and Analysis Center, Nanjing
Drum Tower Hospital, The Affiliated Hospital of Nanjing University Medical School, Nanjing, China
Background: Adverse pregnancy outcomes, such as preterm birth, preeclampsia

(PE), small for gestational age (SGA), pose significant risks to maternal and

neonatal health and contribute to healthcare burdens. Placental Growth Factor

(PIGF), a key pro-angiogenic biomarker involved in placental development, has

been implicated in the pathophysiology of these complications. This study aimed

to investigate the association between maternal serum PIGF levels and adverse

pregnancy outcomes in a prospective cohort.

Methods: We conducted a cohort study involving 5,870 women with singleton

pregnancies enrolled at Nanjing Drum Tower Hospital from January 2017 to

September 2020. Participants were followed from early pregnancy (≤14

gestational weeks) through delivery. Logistic regression models were used to

evaluate the associations between serum PIGF levels (measured at 11–14

gestational weeks) and adverse pregnancy outcomes, reported as adjusted

odds ratios (ORs) with 95% confidence intervals (CIs). Dose–response

relationships were assessed using restricted cubic spline analysis.

Results: Serum PIGF concentrations in early pregnancy were inversely associated

with PE (OR = 0.97, 95% CI:0.96 – 0.98), preterm PE (OR = 0.96, 0.94 – 0.98),

SGA <10th percentile (OR = 0.99, 0.98 – 0.99) and SGA <3rd percentile (OR =

0.98, 0.97 – 0.99). Expressed as multiples of the median (MoM), PIGF showed

stronger associations with these outcomes, including PE (OR = 0.32, 0.21– 0.48),

preterm PE (OR = 0.23, 0.09 – 0.56), SGA <10th percentile (OR = 0.67, 0.54 –

0.83) and SGA <3rd percentile (OR = 0.43, 0.29 – 0.64), compared with its

absolute concentrations. Notably, PIGF demonstrated a consistent inverse

association with PE across different modes of conception, including

spontaneous pregnancies (OR = 0.97, 0.96 – 0.98) and those conceived via

ovulation induction or in vitro fertilization (OR = 0.95, 0.92 – 0.97). The highest

predictive performance for PE was observed between 28–34 gestational weeks,

with an area under the curve (AUC) of 0.79 (95% CI: 0.77 – 0.81). Additionally,

dose–response analysis revealed nonlinear associations between PIGF levels and

risks of SGA <10th and SGA <3rd.
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Abbreviations: AUC, area under the curve; BMI,

confidence interval; FGR, fetal growth restriction; GW,

in vitro fertilization; MAP, mean arterial pressure; MoM,

LBW, low birth weight; LGA, large for gestational age; O

OR, odds ratio; PE, preeclampsia; PIGF, placental growth

cubic splines; SGA, small for gestational age.
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Conclusion: This cohort study reinforces the inverse association between

maternal PIGF levels and the risks of PE and SGA. The findings highlight the

potential clinical utility of PIGF as a gestational age–specific biomarker in prenatal

risk stratification.
KEYWORDS

preeclampsia, small for gestational age, placental growth factor, cohort, adverse
pregnancy outcomes
1 Introduction

Adverse pregnancy outcomes such as preeclampsia (PE),

preterm birth, and small for gestational age (SGA) pose

significant threats to maternal and neonatal health, and

contribute to increased perinatal morbidity and mortality

worldwide (1–4). Numerous maternal risk factors have been

implicated, including advanced maternal age, elevated pre-

pregnancy body mass index, chronic hypertension, renal

dysfunction, and autoimmune diseases (5–8). However,

identifying early biomarkers to predict and manage these

complications remains a major clinical priority.

Placental Growth Factor (PIGF), a pro-angiogenic protein

secreted by the placenta, plays a central role in placental vascular

development and has garnered attention as a potential biomarker

for pregnancy complications (9). Several studies have shown that

low maternal serum PIGF levels are associated with an increased

risk of PE (10–12), low birth weight, and fetal growth restriction

(FGR) (13). In contrast, elevated PIGF concentrations have been

linked to a reduced risk of spontaneous preterm birth (14).

Nevertheless, the predictive performance of PIGF remains

variable across studies, potentially due to differences in

population characteristics, gestational timing of sampling, and

methodological heterogeneity (15–17).

Importantly, limited evidence exists regarding the performance of

PIGF across different modes of conception—such as spontaneous

pregnancy, ovulation induction (OI), and in vitro fertilization (IVF)—

and whether its predictive utility varies according to gestational age at

measurement. Moreover, few studies have systematically characterized

the dose–response relationships between PIGF and pregnancy

outcomes, or assessed gestational age–specific predictive performance

using standardized multiples of the median (MoM) values.

To address these gaps, we utilized data from our large

prospective cohort study to investigate the association between

maternal serum PIGF levels and a spectrum of adverse pregnancy
body mass index; CI,

gestational weeks; IVF,

multiple of the median;

I, ovulation induction;

factor; RCS, restricted
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outcomes. We examined dose–response patterns, assessed

predictive performance across gestational age windows, and

performed subgroup analyses stratified by mode of conceptions.

Our findings aim to generate evidence that may inform future

applications of PIGF in individualized risk assessment and

screening strategies during early and mid-pregnancy.
2 Materials and methods

2.1 Study design and participants

This prospective, longitudinal cohort study included 5,870

singleton pregnant women who were admitted to Nanjing Drum

Tower Hospital between January 2017 and September 2020.

Participants were followed from early pregnancy (within 14

gestational weeks (GW), defined by a crown–rump length of 45–

84 mm) through delivery. The study aimed to identify predictive

factors for PE and collected comprehensive data on baseline

characteristics, biochemical and biophysical markers, as well as

maternal and fetal outcomes. Ethical approval was obtained from

the Research Ethics Committee of Nanjing Drum Tower Hospital

(Approval No. 2016-113-01).

The inclusion criteria for this study were defined as follows (1):

maternal age ≥18 years (2); singleton pregnancy; (3) confirmed fetal

viability at 11–13 GW; and (4) provision of written informed

consent. The exclusion criteria were: (1) multiple pregnancy; (2)

presence of major fetal structural abnormalities detected at 11–13

GW; (3) planned termination of pregnancy; and (4) cognitive

impairment or inability to provide informed consent.
2.2 The measurement of Placental Growth
Factor levels in serum

Blood samples were collected from all participants on the day of

enrollment, between the 11–14 GW. In addition, for the first 1,800

participants, additional blood samples were also obtained at three

subsequent time points: 18–24 GW, 28–34 GW, and after 35 GW.

Serum separation was performed according to a standardized

operating procedure (18). PIGF concentrations were quantified
frontiersin.org
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using the Cobas e602 analyzer (Roche Diagnostics, Germany).

Quality control procedures adhered to both institutional and

manufacturer guidelines. Specifically, the coefficient of variation

for quality control materials at different concentrations within each

batch was required to remain below 5%. Furthermore, quality

control measurement values for each assay were required to fall

within ±2 standard deviations of the established target values.
2.3 Adverse pregnancy outcomes

Adverse pregnancy outcomes assessed in this cohort included

gestational diabetes mellitus (GDM), gestational hypertension, PE,

ectopic pregnancy, placental abruption, premature rupture of

membranes (PROM), spontaneous abortion, placenta praevia,

single live birth, large for gestational age (LGA), SGA, and

preterm birth. The definitions and diagnostic criteria for each

outcome are provided in Supplementary Material 1. Specifically,

the definitions of LGA and SGA were based on gestational age-

specific growth curves constructed from our own Chinese cohort,

ensuring that the cutoff values were tailored to the study

population (19).
2.4 Covariates

Maternal covariates included maternal age (years), pre-

pregnancy body mass index (BMI, kg/m²), mean arterial pressure

(MAP, mmHg) measured at 11–14 GW, gestational age at the time

of PIGF testing, parity (0, 1, 2, or 3), smoking status (no/yes), and

medical history including diabetes (no/yes), hypertension (no/yes),

renal disease (no/yes), and systemic lupus erythematosus (no/yes).
2.5 Statistical analysis

All statistical analyses were conducted using R software (version

4.2.2). For continuous data, descriptive statistics were expressed as

mean and standard deviation. Comparisons between groups were

performed using independent-sample t-tests or non-parametric

tests, as appropriate. Categorical data were presented using

frequency and percentage, and comparisons between groups were

made using Chi-square tests or Fisher's exact test. A two-sided P <

0.05 was considered statistically significant. Logistic regression

models were applied to assess the relationship between PIGF

levels and adverse pregnancy outcomes. In the multivariable

models, key covariates such as maternal age, pre-pregnancy BMI,

and MAP were adjusted. Additional covariates, including parity,

smoking status, and medical history of diabetes, hypertension, renal

disease, and systemic lupus erythematosus, were included in

sensitivity analyses. PIGF concentrations were converted to MoM,

calculated by dividing the observed value by the expected median

value for the corresponding gestational age. The methodology for

MoM calculation was based on the approach described by H N

Madsen (20)., and PIGF MoM values were obtained using
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calculators provided by the Fetal Medicine Foundation (https://

fetalmedicine.org/). To assess potential non-linear dose–response

relationships between PIGF levels and maternal-fetal outcomes,

restricted cubic splines (RCS) were fitted using the R

package ‘rcssci’.
3 Results

3.1 General characteristics of cohort
participants

The flow diagram of the cohort study is shown in Figure 1. A

total of 5,870 eligible pregnant women were initially enrolled.

Among them, 560 participants (9.5%) were excluded, including

525 who discontinued participation without providing follow-up

outcomes and 35 who selected to terminate the pregnancy before 28

GW. The final analytical cohort included 5,310 women: 4,664

(87.8%) in the spontaneous conception group, 79 (1.5%) in the

OI group, and 567 (10.7%) in the IVF group. Follow-up results

revealed that 515 participants (9.7%) developed gestational diabetes,

and 278 (5.27%) were diagnosed with PE, including 64 cases

(1.22%) of preterm PE. There were 5,268 singleton live births

(99.23%), of which 246 (4.67%) were preterm births. A total of

655 neonates (12.43%) were SGA below the 10th percentile (SGA

<10th), among them 238 cases (4.52%) classified as SGA

<3rd percentile.

Baseline characteristics of participants are summarized in

Table 1. Women in the IVF group were older and had higher

pre-pregnancy body weight and MAP compared with those in the

spontaneous and OI groups (P < 0.05), and higher incidence of

gestational diabetes, PE, placental abruption, placenta praevia, and

ectopic pregnancy (P < 0.05). Fetal outcomes were generally

comparable across the groups, with no statistically significant

differences observed.
3.2 Association between PIGF levels and
adverse maternal-fetal outcomes

Table 2 summarizes the associations between serum PIGF levels

in 11–14 GW and adverse pregnancy outcomes. In adjusted logistic

regression models, higher PIGF concentrations were inversely

associated with PE (odds ratio [OR] = 0.97, 95% confidence

interval [CI]: 0.96 – 0.98), preterm PE (OR = 0.96, 95% CI: 0.94 –

0.98), SGA <10th percentile (OR = 0.99, 95% CI: 0.98 – 0.99), and

SGA <3rd percentile (OR = 0.98, 95% CI: 0.97 – 0.99). When using

PIGF MoM values, the inverse associations were stronger for PE

(OR = 0.32, 95% CI: 0.21 – 0.48), preterm PE (OR = 0.23, 95% CI:

0.09 – 0.56), SGA <10th percentile (OR = 0.67, 95% CI: 0.54 – 0.83),

and SGA <3rd percentile (OR = 0.43, 95% CI: 0.29 – 0.64). These

associations remained robust in sensitivity analyses further

adjusting for parity, smoking, history of diabetes, history of

hypertension, history of renal disease, and systemic lupus

erythematosus (Supplementary Table S1).
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3.3 Subgroup analysis

Subgroup analysis stratified by mode of conception are

presented in Table 3. In the spontaneous conception group,

serum PIGF concentrations were inversely related to PE (OR =

0.97, 95% CI: 0.96 – 0.98), preterm PE (OR = 0.96, 95% CI: 0.94 –

0.99), SGA <10th percentile (OR = 0.99, 95% CI: 0.98 – 0.99), and

SGA <3rd percentile (OR = 0.98, 95% CI: 0.97 – 0.99). Similarly,

inverse associations between PIGF levels and PE were observed in

both the IVF and OI subgroups. In these groups, the ORs for PE

were 0.95 (95% CI: 0.92 – 0.97) for raw PIGF levels and 0.14 (95%

CI: 0.05 – 0.37) for PIGF MoM values, respectively. However, no

significant associations were found between PIGF levels (both raw

and MoM values) and the risks of preterm PE, SGA <10th

percentile, or SGA <3rd percentile in the IVF and OI subgroups.

Interaction analysis with GDM (Supplementary Table S2) showed

that the associations between PIGF levels and PE were evident only
Frontiers in Endocrinology 04
in the non-GDM group, whereas no significant associations were

observed in the GDM group. By contrast, PIGF was significantly

inversely associated with SGA in both the GDM and non-GDM

groups. The inverse association of PIGF MoM values with SGA

<3rd percentile was stronger in the GDM group (OR = 0.24, 95%

CI: 0.06 – 0.86), while it also remained significant in the non-GDM

group (OR = 0.46, 95% CI: 0.30 – 0.69).
3.4 Evaluation of predictive performance

The predictive performance of PIGF levels in the 11–14 GW for

identifying adverse pregnancy outcomes is detailed in Table 4.

Generally, PIGF levels during early pregnancy showed an area

under the curve (AUC) of 0.61 for predicting PE, 0.64 for

preterm PE, 0.57 for SGA < 10th percentile, and 0.59 for SGA <

3rd percentile. Similar trends were observed in the spontaneous
FIGURE 1

The flow diagram of the cohort study.
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conception subgroup (N = 4635). In contrast, within the IVF and OI

subgroup (N = 639), no statistically significant associations were

identified between PIGF levels and the risks of preterm PE, SGA

<10th percentile, or SGA <3rd percentile. Nonetheless, for PE in the

IVF and OI subgroup, the AUC reached 0.65, with a sensitivity of

0.78 and a specificity of 0.49. The MoM values of PIGF displayed

similar predictive performance to that of raw PIGF levels.

To place our findings in context, we further summarized recent

studies published in the past five years that evaluated PIGF for risk

stratification across different pregnancy complications

(Supplementary Table S3). These studies covered diverse clinical

indications including preterm birth, PE, discordant fetal growth,

and ectopic pregnancy, with reported PIGF thresholds ranging

from 15.5 pg/ml to 290 pg/ml. The predictive performance varied

by outcome and study design (with AUCs ranging from 0.72 to
Frontiers in Endocrinology 05
0.90), but consistently supported the potential clinical utility of

PIGF as a biomarker for early risk stratification in pregnancy.
3.5 Dose-response relationship analysis

The dose–response relationships between serum PIGF

concentrations measured during 11–14 GW and adverse

pregnancy outcomes were examined using RCS models

(Figure 2). A linear inverse association was observed for both PE

(Figure 2A) and preterm PE (Figure 2B). In contrast, non-linear

associations were found for SGA <10th percentile and SGA <3rd

percentile (Figures 2C, D, respectively). The optimal PIGF cut-off

value for minimizing the risk of SGA <10th percentile was 27.27 pg/

mL, while that for SGA <3rd percentile was 26.92 pg/mL (Table 5).
TABLE 1 Study population characteristics.

Characteristic Spontaneous (N = 4664) OI (79) IVF (567) All (N=5310) P

Maternal characteristic

Maternal age, year* 29.90 ± 3.69 29.81 ± 3.03 32.45 ± 3.85 30.17 ± 3.78 <.001

Height, cm* 162.10 ± 4.70 160.62 ± 5.21 160.89 ± 5.13 161.95 ± 4.78 <.001

Pre-pregnancy weight, kg* 57.31 ± 8.77 57.72 ± 7.87 58.74 ± 9.17 57.47 ± 8.81 0.001

Pre-pregnancy Body Mass Index, kg/m2* 21.79 ± 3.06 22.39 ± 2.94 22.66 ± 3.20 21.89 ± 3.08 <.001

Early pregnancy mean arterial pressure, mmHg* 83.07 ± 7.90 83.52 ± 7.11 86.08 ± 8.51 83.39 ± 8.01 <.001

Placental growth factor, pg/mL* 32.51 ± 46.69 37.35 ± 50.67 30.61 ± 16.48 32.38 ± 44.52 0.382

Gestational week at Delivery, week* 38.95 ± 2.14 38.82 ± 2.44 38.60 ± 2.35 38.91 ± 2.17 <.001

Maternal outcome

Gestational Diabetes, n (%) 405(8.68) 7(8.86) 103(18.17) 515(9.70) <.001

Gestational hypertension, n (%) 145(3.11) 2(2.53) 28(4.94) 175(3.30) 0.065

Preeclampsia, n (%) 215(4.64) 6(7.69) 57(10.16) 278(5.27) <.001

Preterm Preeclampsia, n (%) 53(1.14) 1(1.28) 10(1.79) 64(1.22) 0.425

Ectopic pregnancy, n (%) 38(0.81) 2(2.53) 37(6.53) 77(1.45) <.001

Placental Abruption, n (%) 49(1.05) 0(0.00) 14(2.47) 63(1.19) 0.020

Premature rupture of membranes, n(%) 996(21.36) 16(20.25) 104(18.34) 1116(21.02) 0.247

Spontaneous abortion, n (%) 30(0.64) 1(1.27) 6(1.06) 37(0.70) 0.225

Placenta praevia, n (%) 31(0.66) 1(1.27) 16(2.82) 48(0.90) <.001

Fetal outcome

Single live birth, n (%) 4630(99.29) 78(98.73) 560(98.77) 5268(99.23) 0.256

NICU > 24h, n (%) 9(0.19) 0(0.00) 0(0.00) 9(0.17) 0.659

Neonatal asphyxia, n (%) 3(0.06) 0(0.00) 0(0.00) 3(0.05) 1.000

Large for gestational age, n (%) 591(12.73) 83(14.77) 7(8.97) 681(12.73) 0.230

SGA < 10th, n(%) 577(12.46) 7(8.97) 71(12.66) 655(12.43) 0.642

SGA < 3rd, n (%) 202(4.36) 3(3.85) 33(5.88) 238(4.52) 0.251

Preterm birth (< 37w), n (%) 209(4.51) 3(3.85) 34(6.07) 246(4.67) 0.241
fron
*Data are presented as mean ± standard deviation. Spontaneous, Spontaneous pregnancy; OI, Ovulation Induction; IVF, In Vitro Fertilization; SGA < 10th, birth weight below the 10th percentile
for gestational age; SGA < 3rd, birth weight below the 3rd percentile for gestational age.
tiersin.org

https://doi.org/10.3389/fendo.2025.1674540
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Li et al. 10.3389/fendo.2025.1674540
Two-piecewise logistic regression models were further used to

evaluate the threshold effects of PIGF on SGA outcomes, as shown

in Table 4. After adjusting for potential confounders, a significant

inverse association was observed below the inflection points: for

SGA <10th percentile (OR = 0.96, 95% CI: 0.94 – 0.98) and SGA

<3rd percentile (OR = 0.95, 95% CI: 0.92 – 0.98). No significant

associations were found to the above the thresholds (P > 0.05).
Frontiers in Endocrinology 06
3.6 Comparative analysis of the association
between PIGF levels and adverse maternal-
fetal outcomes across gestational stages

The results of a logistic regression analysis evaluating the

association between PIGF levels and adverse maternal-fetal

outcomes at different stages of pregnancy are presented in
TABLE 2 Multivariable logistic regression analysis on the association between PIGF and adverse pregnancy outcomes.

Outcome
PIGF Mom value of PIGF

OR* 95%CI P OR * 95%CI P

Maternal outcome

Gestational Diabetes 1.00 0.99-1.01 0.908 1.01 0.92-1.21 0.436

Gestational hypertension 0.99 0.98-1.00 0.883 0.94 0.70-1.26 0.683

Preeclampsia 0.97 0.96-0.98 <0.001 0.32 0.21-0.48 <0.001

Preterm Preeclampsia 0.96 0.94-0.98 0.001 0.23 0.09-0.56 0.001

Ectopic pregnancy 0.99 0.98-1.01 0.654 1.00 0.69-1.46 0.985

Placental Abruption 0.99 0.98-1.01 0.501 0.83 0.46-1.47 0.513

Premature rupture of membranes 1.00 0.98-1.00 0.355 0.95 0.85-1.06 0.372

Spontaneous abortion 1.00 0.98-1.02 0.824 0.92 0.48-1.77 0.805

Placenta praevia 0.98 0.96-1.01 0.144 0.62 0.28-1.38 0.246

Fetal outcome

Single live birth 1.00 0.98-1.02 0.660 1.18 0.58-2.39 0.648

Large for gestational age 1.00 0.99-1.01 0.839 1.08 0.96-1.21 0.220

SGA < 10th 0.99 0.98-0.99 <0.001 0.67 0.54-0.83 <0.001

SGA < 3rd 0.98 0.97-0.99 <0.001 0.43 0.29-0.64 <0.001

Preterm birth 1.00 0.99-1.01 0.805 1.01 0.82-1.25 0.928
OR, odds ratio; CI, confidence interval. SGA < 10th, birth weight below the 10th percentile for gestational age; SGA < 3rd, birth weight below the 3rd percentile for gestational age.
*adjusted model: adjusted for maternal age, BMI, mean arterial pressure, gestational week for PIGF testing.
TABLE 3 Subgroup analysis on the association between PIGF level and adverse pregnancy outcomes.

Outcome
Spontaneous IVF and OI

OR* 95%CI P OR* 95%CI P

PIGF

Preeclampsia 0.97 0.96-0.98 <0.001 0.95 0.92-0.97 0.001

Preterm Preeclampsia 0.96 0.94-0.99 0.003 0.96 0.91-1.02 0.220

SGA<10th 0.99 0.98-0.99 0.001 0.99 0.97-1.01 0.177

SGA<3rd 0.98 0.97-0.99 <0.001 0.99 0.97-1.02 0.596

MoM value of PIGF level

Preeclampsia 0.36 0.23-0.58 <0.001 0.13 0.05-0.37 <0.001

Preterm Preeclampsia 0.24 0.09-0.62 0.003 0.27 0.03-2.60 0.256

SGA<10th 0.67 0.54-0.84 <0.001 0.63 0.33-1.22 0.170

SGA<3rd 0.37 0.24-0.58 <0.001 0.82 0.37-1.83 0.631
Spontaneous, Spontaneous pregnancy; OI, Ovulation Induction; IVF, In Vitro Fertilization; OR, odds ratio; CI, confidence interval. SGA<10th, birth weight below the 10th percentile for
gestational age; SGA<3rd, birth weight below the 3rd percentile for gestational age. *adjusted model: adjusted for maternal age, BMI, mean arterial pressure, gestational week for PIGF testing.
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TABLE 4 Predictive performance of the PIGF levels at 11–14 gestational week for the detection of adverse pregnancy outcomes.

Group Outcome
PIGF Mom value of PIGF

AUC (95%CI) Se (95%CI) Sp (95%CI) AUC (95%CI) Se (95%CI) Sp (95%CI)

All (N = 5310)

PE 0.61 (0.60-0.63) 0.70 (0.64 – 0.76) 0.47 (0.45 – 0.48) 0.61 (0.59-0.62) 0.60 (0.54 – 0.66) 0.57 (0.56 – 0.59)

Preterm PE 0.64 (0.63-0.65) 0.55 (0.42 – 0.67) 0.68 (0.67 – 0.70) 0.63 (0.62-0.65) 0.53 (0.40 – 0.66) 0.70 (0.69 – 0.71)

SGA<10th 0.57 (0.56-0.58) 0.48 (0.45 – 0.52) 0.64 (0.62 – 0.65) 0.57 (0.56-0.59) 0.47 (0.43 – 0.51) 0.65 (0.64 – 0.67)

SGA<3rd 0.59 (0.58-0.61) 0.53 (0.46 – 0.59) 0.62 (0.61 – 0.64) 0.60 (0.59-0.62) 0.53 (0.46 – 0.59) 0.65 (0.63 – 0.66)

Spontaneous
Pregnancy
(N = 4635)

PE 0.60 (0.59-0.62) 0.87 (0.82 – 0.92) 0.27 (0.26 – 0.29) 0.61 (0.60-0.63) 0.70 (0.64 – 0.76) 0.47 (0.45 – 0.48)

Preterm PE 0.64 (0.62-0.65) 0.53 (0.39 – 0.67) 0.69 (0.68 – 0.70) 0.62 (0.61-0.64) 0.45 (0.32 – 0.59) 0.76 (0.75 – 0.77)

SGA<10th 0.57 (0.56-0.58) 0.48 (0.44 – 0.53) 0.64 (0.63 – 0.66) 0.57 (0.56-0.59) 0.44 (0.40 – 0.48) 0.69 (0.67 – 0.70)

SGA<3rd 0.60 (0.59-0.62) 0.54 (0.46 – 0.61) 0.63 (0.61 – 0.64) 0.61 (0.60-0.63) 0.42 (0.35 – 0.49) 0.76 (0.75 – 0.78)

IVF and OI*
(N = 639)

PE 0.65 (0.61-0.68) 0.78 (0.66 – 0.87) 0.49 (0.45 – 0.54) 0.66 (0.63-0.70) 0.67 (0.54 – 0.78) 0.63 (0.59 – 0.69)
F
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AU, Area Under the Curve; Se, Sensitivity; Sp, Specificity; PE, Preeclampsia; SGA,C Small for gestational age; CI, Confidence Interval; Spontaneous, Spontaneous pregnancy; OI, Ovulation
Induction; IVF, In Vitro Fertilization. *In the IVF and OI subgroup, no significant statistical association was identified between PIGF levels and the outcomes of preterm PE, SGA<10th and
SGA<3rd. hence no predictive performance analysis is performed here.
FIGURE 2

Restricted cubic spline plots of the association between serum placental growth factor level and adverse pregnancy outcomes. (A) Restricted cubic
spline analysis of PLGF in relation to PE outcomes, with a simplified plot using an odds ratio of 1 as the cutoff point; (B) Restricted cubic spline
analysis of PLGF in relation to preterm PE outcomes, with a simplified plot using an odds ratio of 1 as the cutoff point; (C) Restricted cubic spline
analysis of PLGF in relation to SGA<10th, with a simplified plot using an odds ratio of 1 as the cutoff point; (D) Restricted cubic spline analysis of
PLGF in relation to SGA<3rd, with a simplified plot using an odds ratio of 1 as the cutoff point.
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Supplementary Table S4. Overall, PIGF MoM values were

consistently inversely associated with PE, SGA <10th percentile,

and SGA <3rd percentile across all gestational stages. Specifically,

for PE, the ORs were 0.27 (95% CI: 0.14 – 0.55) at 18–24 GW, 0.11

(95% CI: 0.04 – 0.27) at 28–34 GW, and 0.18 (95% CI: 0.06 – 0.49)

after 35 GW. Additionally, PIGF MoM values during 28–34 GW

were inversely associated with preterm birth (OR = 0.62, 95% CI:

0.41 – 0.93) and positively associated with LGA (OR = 1.39, 95% CI:
Frontiers in Endocrinology 08
1.21 – 1.61). Detailed characteristics of the study population across

different gestational stages are provided in Supplementary Table S5.

The predictive performance of PIGF levels for adverse

pregnancy outcomes at different gestational stages is summarized

in Table 6. The highest predictive performance for both PE

and preterm PE was observed during 28–34 GW, with AUCs of

0.79 (95% CI: 0.77 – 0.81) and 0.86 (95% CI: 0.85 – 0.88),

respectively. Similarly, the best performance for SGA <10th
TABLE 6 The predictive performance of PIGF values for adverse pregnancy outcomes at different stages of pregnancy.

GW Outcome
PIGF MOM of PIGF

AUC (95%CI) Se (95%CI) Sp (95%CI) AUC (95%CI) Se (95%CI) Sp (95%CI)

11–14 GW
(N = 5310)

PE 0.61 (0.60-0.63) 0.70 (0.64-0.76) 0.47 (0.45-0.48) 0.61 (0.59-0.62) 0.60 (0.54-0.66) 0.58 (0.56-0.59)

Preterm PE 0.64 (0.63-0.65) 0.55 (0.42-0.67) 0.69 (0.67-0.70) 0.63 (0.62-0.64) 0.53 (0.40-0.66) 0.70 (0.69-0.71)

SGA < 10th 0.57 (0.56-0.58) 0.48 (0.45-0.52) 0.64 (0.62-0.65) 0.57 (0.56-0.59) 0.47 (0.43-0.51) 0.65 (0.64-0.67)

SGA < 3rd 0.59 (0.58-0.61) 0.53 (0.46-0.59) 0.62 (0.61-0.64) 0.60 (0.59-0.62) 0.53 (0.46-0.59) 0.65 (0.63-0.66)

18–24 GW
(N = 1531)

PE 0.70 (0.68-0.73) 0.54 (0.41-0.67) 0.79 (0.77-0.81) 0.66 (0.63-0.68) 0.68 (0.54-0.79) 0.62 (0.59-0.65)

Preterm PE 0.73 (0.71-0.75) 0.67 (0.43-0.85) 0.72 (0.70-0.74) 0.66 (0.63-0.68) 0.57 (0.34-78.2) 0.73 (0.71-0.75)

SGA < 10th 0.61 (0.58-0.63) 0.43 (0.36-0.50) 0.74 (0.72-0.77) 0.61 (0.58-0.63) 0.47 (0.40-0.55) 0.71 (0.68-0.73)

SGA < 3rd 0.65 (0.62-0.67) 0.51 (0.39-0.64) 0.74 (0.72-0.76) 0.66 (0.64-0.68) 0.73 (0.60-0.82) 0.55 (0.52-0.57)

28–34 GW
(N = 1449)

PE 0.79 (0.77-0.81) 0.64 (0.50-0.77) 0.82 (0.80-0.84) 0.78 (0.76-0.80) 0.69 (0.53-0.80) 0.78 (0.76-0.80)

Preterm PE 0.86 (0.85-0.88) 0.87 (0.62-0.98) 0.81 (0.79-0.83) 0.85 (0.83-0.87) 0.87 (0.62-0.98) 0.81 (0.80-0.84)

SGA < 10th 0.63 (0.57-0.66) 0.57 (0.49-0.65) 0.63 (0.60-0.66) 0.65 (0.62-0.67) 0.61 (0.53-0.68) 0.61 (0.58-0.63)

SGA < 3rd 0.67 (0.65-0.70) 0.64 (0.51-0.76) 0.62 (0.60-0.65) 0.69 (0.67-0.72) 0.69 (0.56-0.80) 0.60 (0.57-0.62)

>35 GW
(N = 1154)

PE 0.74 (0.71-0.77) 0.73 (0.54-0.88) 0.65 (0.62-0.68) 0.72 (0.70-0.75) 0.83 (0.65-0.94) 0.53(0.50-0.56)

Preterm PE* – – – – – –

SGA < 10th 0.61 (0.58-0.64) 0.64 (0.55-0.72) 0.57 (0.54-0.60) 0.61 (0.58-0.64) 0.67 (0.58-0.75) 0.54(0.51-0.57)

SGA < 3rd 0.69 (0.67-0.72) 0.55 (0.40-0.69) 0.76 (0.74-0.79) 0.69 (0.66-0.72) 0.53 (0.38-0.67) 0.77 (0.74-0.79)
PIGF, Placental Growth Factor; AUC, Area Under the Curve; Se, Sensitivity; Sp, Specificity; CI, Confidence Interval; GW, Gestational Weeks; PE, Preeclampsia; SGA < 10th, birth weight below
the 10th percentile for gestational age; SGA < 3rd, birth weight below the 3rd percentile for gestational age.
*Preterm PE is defined as occurring before 37 GW. Consequently, in cases extending beyond 35 GW, preterm PE would have manifested and been addressed, resulting in the absence of data for this group.
TABLE 5 Threshold effect analysis of PIGF level on both SGA<10th and SGA<3rd by the two-piecewise logistic regression.

Inflection point
Unadjusted model Adjusted model*

OR 95%CI P OR 95%CI P

SGA<10th

PIGF ≤ 27:267 0.96 0.94-0.98 <0.001 0.96 0.94-0.98 <0.001

PIGF > 27:267 1.00 0.99-1.01 0.846 1.00 0.99-1.01 0.828

MoM values of PIGF ≤ 0:716 0.22 0.11-0.45 <0.001 0.22 0.11-0.45 <0.001

MoM values of PIGF > 0:716 0.98 0.82-1.17 0.826 0.98 0.81-1.17 0.795

SGA<3rd

PIGF ≤ 26:919 0.95 0.92-0.98 <0.001 0.95 0.92-0.98 0.001

PIGF > 26:919 0.99 0.98-1.01 0.465 0.99 0.98-1.01 0.378

MoM values of PIGF ≤ 0:713 0.15 0.05-0.42 <0.001 0.16 0.05-0.45 <0.001

MoM values of PIGF > 0:713 0.77 0.47-1.29 0.333 0.76 0.45-1.30 0.322
SGA, Small for gestational age; OR, odds ratio; CI, confidence interval. *adjusted model: adjusted for maternal age, BMI, mean arterial pressure, gestational week for PIGF testing.
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percentile was also noted during 28–34 GW, with an AUC of

0.63 (95% CI: 0.57 – 0.66). In contrast, the optimal predictive

performance for SGA <3rd percentile was observed after 35 GW,

with an AUC of 0.69 (95% CI: 0.66 – 0.72). Moreover, PIGF

levels during 28–34 GW demonstrated predictive value for LGA

(AUC = 0.58, 95% CI: 0.56 – 0.61) and preterm birth (AUC = 0.65,

95% CI: 0.62 – 0.67), as shown in Supplementary Table S6.
4 Discussion

In this prospective cohort study, we investigated the

associations between maternal serum PIGF concentrations

measured at 11–14 GW and a range of adverse maternal and fetal

outcomes. Both raw PIGF values and MoM values showed inverse

associations with PE, preterm PE, and SGA below the 10th and 3rd

percentiles. These associations were consistent across different

modes of conception, with PIGF showing predictive value for PE

regardless of whether the pregnancy was spontaneous, achieved

through OI or IVF. The highest predictive performance for PE was

observed during the 28–34 GW. Moreover, dose-response analysis

suggested a linear inverse association between PIGF and PE

outcomes, whereas the associations with SGA <10th and <3rd

percentiles were non-linear, indicating a possible threshold effect.

PIGF, an angiogenic factor, has been reported to be associated

with pregnancy complications, particularly PE and SGA. However,

existing literature reports inconsistent findings regarding its

predictive performance for PE (15). Some researchers showed that

PIGF had relatively high predictive accuracy for PE at 11–14 GW,

with AUCs above 0.7 and sensitivities above 60% (21, 22), and others

showed its limited predictive performance, with AUCs below 0.6 and

sensitivities below 25% (23, 24). These discrepancies may stem from

differences in study populations, cutoff thresholds, or analytical

platforms used. In our cohort, the predictive performance of PIGF

for PE at 11–14 GW was moderate (AUC = 0.61; sensitivity = 70%),

suggesting that although PIGF contributes to risk stratification, it may

not serve as a standalone predictor, and PIGF with maternal

demographic characteristics, MAP, uterine artery pulsatility index,

and pregnancy-associated plasma protein A could significantly

improve predictive performance for PE at 11–14 GW (25).

Consistently, the Fetal Medicine Foundation (FMF) Bayes-based

competing risk model and other studies have also recommended

integrating PIGF with maternal characteristics and additional

biomarkers in the first trimester to optimize PE prediction (26–29).

Similarly, the predictive performance for SGA <10th and <3rd

percentiles was limited when using PIGF alone, reinforcing the

need to integrate PIGF with other clinical and ultrasonography

markers to enhance screening accuracy. In addition, our findings

revealed that PIGF MoM values showed stronger associations with

PE and SGA than absolute concentrations, which underscores the

importance of standardizing for gestational age of and maternal

characteristics (30, 31).

Previous studies have provided limited data regarding the

influence of conception method on PIGF levels. A study reported

no significant difference in serum PIGF concentrations between IVF
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and spontaneous pregnancies at 10 weeks’ gestation (32), a finding

consistent with our results. In the present analysis, the predictive

performance of PIGF for PE was slightly higher in the IVF and OI

subgroups than in the spontaneous conception group. However, no

significant associations were found between PIGF levels and

preterm PE or SGA outcomes in the IVF and OI subgroups.

These findings suggest that while PIGF retains its association with

PE across conception methods, its role in predicting other outcomes

may be more variable. This highlights the potential need for tailored

screening strategies when evaluating pregnancy risks in assisted

reproductive technology (ART) populations. Notably, in our

interaction analysis with GDM, the inverse association between

maternal PIGF levels and the risk of SGA was more pronounced in

the GDM group than in the non-GDM group, although the

underlying mechanisms and potential explanations remain to

be elucidated.

This study also explored the dose-response relationship

between early pregnancy PIGF levels and adverse outcomes, with

a particular focus on non-linear associations. RCS analyses

demonstrated linear associations between PIGF and both PE and

preterm PE. In contrast, the relationships between PIGF and SGA

<10th or <3rd percentile were nonlinear. The strongest associations

for SGA were observed below the identified inflection points (27.3

pg/mL for SGA <10th and 26.9 pg/mL for SGA <3rd), while

associations diminished beyond these thresholds. These findings

are consistent with prior reports (33), which also reported a

nonlinear association between mid-pregnancy PIGF and SGA.

RCS modeling, with its ability to flexibly capture inflection points,

provides valuable insight for determining clinically meaningful

thresholds that may optimize screening and intervention strategies.

This study has several notable strengths. First, it utilized a large,

prospective cohort with detailed clinical data and well-defined

pregnancy outcomes, allowing for comprehensive and reliable

analyses. Second, the inclusion of participants with different

modes of conception—spontaneous, OI, and IVF—enabled

stratified subgroup analyses that are rarely explored in prior

research. Third, we assessed the predictive performance of PIGF

across different gestational windows, identifying that its predictive

ability for PE peaked at 28–34 GW, which may inform the optimal

timing for clinical screening.

However, several limitations should be acknowledged.

Although the prospective design strengthens the temporal

relationship between exposure and outcome, the observational

nature of the study does not permit causal inferences. Despite

adjustment for a range of maternal characteristics and clinical

factors, residual confounding from unmeasured variables may still

exist. Additionally, subgroup analyses in the IVF and OI

populations were limited by smaller sample sizes, potentially

reducing statistical power to detect associations with outcomes

such as preterm PE or SGA. Finally, the cohort was drawn from a

single regional center, which may limit the generalizability of our

findings to broader populations or healthcare systems. Despite these

limitations, this study adds important evidence on the association

between early pregnancy PIGF levels and adverse outcomes,

including nuanced subgroup differences by conception mode and
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non-linear dose-response patterns with SGA. Future studies should

aim to track dynamic changes in PIGF throughout gestation and

evaluate whether incorporating PIGF into multi-marker screening

algorithms can improve early risk stratification and guide

targeted interventions.

In conclusion, our study demonstrates that maternal serum

PIGF levels, particularly MoM-standardized values, are significantly

associated with the risk of PE and SGA, especially when measured

between 28–34 GW. The predictive value of PIGF varies by

gestational age and conception mode, with the strongest

performance observed in spontaneous pregnancies during mid-to-

late gestation. Moreover, a non-linear dose–response relationship

was observed between PIGF and SGA risk, suggesting a threshold

effect. These findings underscore the potential of gestational age–

tailored PIGF screening for pregnancy risk stratification, and

highlight the need for further validation in multi-center studies

with diverse populations.
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