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indices and maternal cardiac function

in pregnant women with late-Onset
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Abstract

Background Fetal growth restriction (FGR) and late-onset preeclampsia (late-onset PE) reflect placental dysfunction
but exhibit distinct maternal hemodynamics within the “maternal cardiovascular-placental-fetal unit”.

Introduction Our objective was to investigate the correlation between fetal-placental Doppler indices and maternal
cardiac function in pregnant women with late-onset PE or FGR.

Methods A total of 90 pregnant women at 35-39*¢ weeks of gestation were enrolled and divided into three groups:
Control (n=30), FGR (n=30), and late-onset PE (n=30). Doppler ultrasonography was used to measure uterine artery
pulsatility indices(UtA-PI), umbilical artery pulsatility indices(UA-PI) Z-scores, and middle cerebral artery pulsatility
indices(MCA-PI) Z-scores, alongside maternal hemodynamic parameters, including cardiac output (CO), peripheral
vascular resistance (PVR), left ventricular mass (LVM), and left atrial anteroposterior diameter (LAAPD).The Kruskal-
Wallis test was used to compare characteristics among the three groups. Spearman’s rank correlation analysis was
employed to assess relationships between maternal cardiac output/peripheral vascular resistance and fetal-placental
Doppler indices in the three subgroups. Partial Spearman rank correlation analysis adjusting for maternal age and BMI
was used to evaluate independent associations.

Results FGR neonates had the lowest birth weights (p <0.05). The FGR group showed reduced CO, LVM, LAAPD
(p<0.05) but elevated PVR, UtA-PI, UA-PI Z-scores (p < 0.05). Late-onset PE exhibited preserved cardiac function
(CO, LVM, LAAPD comparable to controls, p>0.05) but significantly higher CO, LVM, LAAPD than FGR (p <0.05).
No significant differences in MCA-PI Z-scores were observed across groups. UtA-PI negatively correlated with CO
(p=—0.396, p <0.001) but positively with PVR (p=0.371, p<0.001). UA-PI Z-score negatively correlated with CO
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clustered in the low-CO/high-UtA-Pl quadrant.

(p=—0.257, p=0.015). However, MCA-PI Z-scores showed no correlation with CO and PVR.Notably, 90% of FGR cases

Conclusions In direct response to our primary aim investigating maternal-fetal hemodynamic coupling, we conclude
that: FGR manifests as maternal hemodynamic failure (low-CO/high-UtA-Pl) causing placental hypoperfusion; Late-
onset PE presents volume overload with preserved uteroplacental function; Dual UtA-Pl and CO assessment provides
phenotype-specific biomarkers to guide targeted therapy.

Keywords Cardiac output, Doppler ultrasonography, Fetal growth restriction, Late-onset preeclampsia

Introduction

Preeclampsia (PE), a multisystem disorder affect-
ing 2-5% of pregnancies, remains a leading cause of
maternal mortality, particularly in early-onset cases
[1]. Clinically stratified into early-onset PE (<34%°
weeks’ gestation) and late-onset PE (>34 weeks’ ges-
tation), its pathogenesis remains debated between two
main pathophysiological paradigms: placental origin
and maternal cardiovascular etiology [1]. Kalafat et
al. posit PE as a cardiovascular syndrome continuum,
where early-onset PE primarily stems from struc-
tural/functional placental defects, while late-onset
PE represents a “maternal-origin” phenotype. In this
paradigm, preexisting maternal cardiovascular mal-
adaptation— characterized by impaired cardiac load
tolerance— precedes clinical manifestations, with pla-
cental dysfunction emerging as a secondary conse-
quence of hemodynamic insufficiency [2]. Yagel et al.
[3] further integrated this through a tripartite model
of maternal-placental-fetal crosstalk, where disrupted
vascular remodeling (maternal), perfusion anomalies
(placental), or aberrant fetal signaling may collectively
destabilize gestational homeostasis, culminating in PE
syndrome.

We hypothesize that the core pathophysiological mech-
anism of FGR is placental hypoperfusion resulting from
maternal hemodynamic failure (manifested as low CO
and high PVR). In contrast, late-onset PE may primarily
involve abnormal volume loading, with placental func-
tion remaining relatively functional.

Building upon these mechanistic insights, we recruited
a prospective cohort of women at 35-39*° weeks’ gesta-
tion, stratified into three clinically defined groups: late-
onset PE, FGR, and Controls. All participants underwent
comprehensive cardiovascular profiling (including CO,
PVR, and ventricular remodeling indices) coupled with
fetal-placental Doppler ultrasonography (UA, UtA, and
MCA pulsatility indices). This study aims to: (1) system-
atically compare maternal cardiovascular adaptations
and fetal-placental hemodynamics across physiological
and pathological pregnancies; (2) delineate late-onset
PE-specific cardiac functional alterations (systolic/
diastolic parameters); (3) establish clinically action-
able correlations between maternal hemodynamics and

placental perfusion indices. These objectives address crit-
ical knowledge gaps in tailoring management strategies
for late-onset PE/FGR comorbidities.

Methods

A prospective cohort study was conducted from January
2023 to April 2024, enrolling 90 singleton pregnancies at
35" to 39*° weeks of gestation who underwent antenatal
care and delivery at our institution. Participants were cat-
egorized into three groups: Control (n=30), FGR (n=30),
and late-onset PE (n=30). Inclusion criteria comprised
non-smoking women aged 18 ~ 44 years without chronic
hypertension, diabetes, renal diseases, or cardiac comor-
bidities. Exclusion criteria included multifetal gestations,
fetal congenital anomalies, and maternal congenital heart
disease or prior cardiac surgery.

PE was defined as new-onset hypertension (systolic
blood pressure>140 mmHg and/or diastolic blood pres-
sure >90 mmHg) after 20 weeks of gestation, combined
with either proteinuria (=0.3 g/24 h, protein/creatinine
ratio=0.3, or dipstick>1+) or end-organ dysfunction
(cardiopulmonary, hepatic, renal, hematologic, neuro-
logic, or placental involvement) per ISSHP guidelines
[4]. FGR was diagnosed per Delphi consensus criteria for
late-onset fetal growth restriction (=32 weeks), defined
as meeting any of the following:

Abdominal circumference (AC) or estimated fetal
weight (EFW) < 3rd percentile;

EFW or AC < 10th percentile;

Crossing >2 quartiles in AC or EFW on growth trajec-
tory charts;

Cerebroplacental ratio (CPR) < 5th percentile;

UA-PI >95th percentile [5].

Gestational age was confirmed via first-trimester
crown-rump length (11-13 weeks). All participants
abstained from caffeine for >4 h and rested supine for
10 min prior to standardized cardiovascular assess-
ments [6], including Doppler echocardiography-derived
CO, PVR, LVM, and LAAPD. Fetal-placental Dop-
pler pulsatility indices (UA-PI, UtA-PI, and MCA-PI)
were concurrently measured. The study protocol was
approved by the Ethics Committee of Jinjiang Hospital
(No. jjsyyyxll-2022058), with written informed consent
obtained from all participants.
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Fetal-placental doppler ultrasonography

Ultrasound examinations were performed using two
standardized systems: a Philips EPIQ Elite color Doppler
ultrasonography system (S5-1 transducer, 3.0-5.0 MHz)
and a GE Voluson E8 system (CL5-1 curvilinear trans-
ducer, 2.0-5.0 MHz). Fetal biometry included biparietal
diameter, head circumference, abdominal circumference,
and femur length measurements, with growth assess-
ment standardized using the Hadlock reference charts.

UA evaluation

During fetal quiescence (absence of breathing move-
ments), color Doppler was utilized to identify umbilical
cord flow within amniotic fluid. Pulsed-wave Doppler
sampling was performed on a free-floating umbilical
arterial segment, maintaining an insonation angle <20".
Spectral waveforms were acquired by automatic trace of
>5 consecutive stable cardiac cycles, and the PI was cal-
culated [7].

MCA protocol

The MCA was visualized in an axial transcerebral plane
encompassing the thalamus and sphenoid wings. Color
Doppler mapping identified the proximal MCA seg-
ment within the Circle of Willis. The sample gate was
positioned at the proximal third of the MCA, near its
origin from the internal carotid artery, with angle cor-
rection<10°. Three to ten consecutive waveforms were
recorded under minimal transducer pressure to avoid
hemodynamic artifact, and MCA-PI was derived [7].

UtA assessment

Bilateral uterine arteries were localized at their crossover
points with the external iliac vessels. Spectral Doppler
traces were acquired 1 cm distal to the crossover point,
with PI values averaged between left and right arteries.
Angle of insonation was maintained <30° throughout
measurements [7].

Maternal cardiovascular assessment

Maternal cardiovascular evaluations were system-
atically performed with participants in the left lateral
decubitus position to minimize aortocaval compres-
sion. Transthoracic echocardiography (TTE) was
utilized to derive CO through pulsed-wave Doppler
measurements of the left ventricular outflow tract
(LVOT) velocity-time integral (VTI). Stroke volume
(SV) was calculated as the product of LVOT cross-sec-
tional area and VTI, with CO subsequently determined
by multiplying SV by heart rate (HR). LVM was
quantified using the Devereux formula:

LVM (g) = 0.8 x {1.04 x [(IVSd +LVIDd + PWd)* — LVIDd3] } +0.6
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where IVSd, LVIDd, and PWd represent interventricu-
lar septal thickness, left ventricular internal diameter
in diastole, and posterior wall thickness at end-diastole,
respectively [8]. LAAPD was measured in the parasternal
long-axis view during end-systole. Blood pressure mea-
surements were obtained using an automated oscillo-
metric device (Omron HBP-9020) on the right arm after
5 min of standing rest [9], with mean arterial pressure
(MAP) calculated as:

MAP (mmHg) = Diastolic BP
+ (Systolic SBP — Diastolic BP) /3

Peripheral vascular resistance (PVR, dynes-s/cm®) was
derived from the relationship:

PVR = MAP x 80/CO

where CO is expressed in L/min [10].

Given that all enrolled participants were at 35" to
39® weeks’ gestation, the following parameters were not
adjusted for gestational age: CO, PVR, LAAPD, LVM,
and UtA-PI [10, 11]. In contrast, gestational age-specific
Z-scores were utilized for both UA-PI and MCA-PL.Z-
scores for UA-PI and MCA-PI were calculated based on
gestational age-specific reference ranges [12].

Statistical analysis

Data were analyzed using SPSS 29.0 (IBM Corp.) Con-
tinuous variables are presented as median and interquar-
tile range (IQR). Intergroup differences among the three
cohorts were assessed by the Kruskal-Wallis test. Spear-
man’s rank correlation analysis was employed to assess
relationships between maternal cardiac output/periph-
eral vascular resistance and fetal-placental Doppler
indices in the three subgroups. Partial Spearman rank
correlation analysis adjusting for maternal age and BMI
was used to evaluate independent associations. Statistical
significance was defined as a two-tailed p <0.05.

Results

Comparative analysis of clinical characteristics, fetal-
placental doppler indices, and maternal cardiac
parameters

No significant differences were observed in maternal
age or gestational age across the three groups. However,
women with late-onset PE exhibited significantly higher
BMI compared to both the controls and FGR groups
(p<0.05) (Table 1). Hemodynamically, the FGR group
exhibited distinct alterations compared to both controls
and the late-onset PE group: Cardiac parameters(LAAPD,
LVM, CO) were significantly reduced in FGR vs. controls
and late-onset PE (p <0.05); Placental resistance markers
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Table 1 Comparative analysis of clinical characteristics, Fetal-Placental doppler indices, and maternal cardiac function parameters

across study groups

characteristic Control (n=30) Late-Onset PE (n=30) FGR (n=30) p-Value
Maternal Age (years) 28.50(25.75-32.25) 29.00(26.75-30.5) 27.00(24.75-29.00) 0.075
BMI (kg/mz) 26.55(23.88-28.13) 30.50(28.03-32.53)* 24.85(23.10-27.53) <0.001
Gestational Age at Delivery (weeks) 36.60(36.20-37.50) 37.15(36.90-38.10) 37.55(36.25-38.60) 0.056
UA-PI Z-scores 0.17(=0.29-0.67) 0.66(0.19-1.22)° 1.20(0.69-1.79) ® <0.001
MCA-PI Z-scores —0.18(-0.59-0.49) —0.23(-0.73-0.32) —0.08(-0.61-1.05) 0523
UtA-PI 0.80(0.64-0.88) 0.88(0.79-0.98)° 1.12(1.06-1.22)° <0.001
Neonatal Birth Weight (grams) 3255.00(3082.50-3562.50) 3067.50(2768.75-3277.50)° 2445.00(2332.50-2672.50)° <0.001
CO (L/min) 4.79(4.07-5.73) 5.70(4.78-6.33)° 3.85(3.50-4.10)* <0.001
PVR (dyn-s/cm®) 1402.15(1036.48-1682.05) 1595.40(1430.41-1906.00)° 1859.67(1687.59-2020.54)° <0.001
LVM (g) 126.00(105.25-131.75) 130.00(119.75-135.25)° 109.00(104.00-118.00)° <0.001
LAAPD (mm) 34.00(32.00-35.00) 34.50(33.00-35.08)° 30.00(29.00-31.25)° <0.001

Notes: Data are presented as median (interquartile range); Superscript letters indicate statistically significant differences (p <0.05)

Significantly different from Normal Pregnancy Group (p <0.05)
bSignificantly different from FGR Group (p <0.05)

Fig. 1 Echocardiographic Characterization of LAAPD Across Study Groups A Normal Pregnancy Group, Gestational age: 38 weeks, Maternal age: 24 years,
LAAPD: 32 mm.B FGR Group, Gestational age: 36 weeks, Maternal age: 31 years, LAAPD: 31 mm.C Late-Onset PE Group, Gestational age: 361" weeks,

Maternal age: 30 years, LAAPD: 39 mm

(PVR, UtA-PI, UA-PI Z-scores) were significantly ele-
vated in FGR vs. both groups (p <0.05).

Conversely, late-onset PE demonstrated: Cardiac
dimensions/hemodynamics comparable to controls;
Placental resistance markers (PVR, UtA-PI, UA-PI
Z-scores) similar to controls but significantly lower than
FGR (p<0.05). No significant differences in MCA-PI
Z-scores were observed across groups (Table 1). Figure 1

illustrates representative echocardiographic measure-
ments of LAAPD.

Correlations between UtA-PI/UA-Pl zscore/MCA-PI zscore
and maternal CO/PVR

In the total cohort, UtA-PI demonstrated a significant
negative correlation with CO(p = -0.396, p<0.001,
95% CI -0.550 to —0.209), UtA-PI showed a significant
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Table 2 Partial spearman’s correlation adjusted for age and BMI

Variable pair Unadjusted p (p-value) Unadjusted 95% ClI Adjusted p (p-value) Adjusted 95% CI
UtA-Plvs. CO —0.396(<0.001)" [-0.550, —0.209] —0.354(<0.001)" [-0.507,—0.165]
UtA-Plvs. PVR 0.371(<0.001)" [0.183,0.517] 0.327(0.002)" [0.127,0.502]

UA-PI Zscore vs. CO —-0.257(0.015)" [-0.452, -0.045] —-0.252(0.018)" [-0.435,-0.039]
UA-PI Zscore vs. PVR 0.158(0.136) [-0.056,0.351] 0.128(0.234) [-0.095,0.329]
MCA-PI Zscore vs. CO —0.046(0.667) [-0.251,0.164] —0.151(0.160) [-0.359, 0.063]
MCA-PI Zscore vs. PVR 0.075(0.485) [-0.129,0.287] 0.124(0.250) [-0.082,0.314]

Notes:p: Spearman'’s correlation coefficient; Unadjusted: crude correlation without covariate adjustment; Adjusted: adjusted for maternal age and BMI

Cl Confidence interval, BCa Bootstrap with 1,000 resamples

*Statistical significance was defined as a two-tailed p <0.05

positive correlation with PVR (p=0.371, p<0.001, 95% CI
0.183 to 0.517), UA-PI Zscore showed a significant nega-
tive correlation with CO (p = -0.257, p=0.015, 95% CI
-0.452 to -0.045).However, MCA-PI Z-scores showed no
correlation with CO and PVR (Table 2).

Subgroup-specific correlations

Partial Spearman analysis across the three subgroups
revealed a significant positive correlation between UtA-
PI and CO in the FGR group (p=0.463, p=0.010; 95% CI:
0.112 to 0.711). This association persisted after adjust-
ment for maternal age and BMI (Table 3). Conversely,
UA-PI Z-score showed a negative correlation with PVR
in the FGR group (p=-0.381, p=0.038; 95% CI: —-0.658
to —0.013). However, no significant correlation remained
after adjusting for age and BMI (Table 3). Neither the
control nor late-onset PE groups demonstrated signifi-
cant associations between UtA-PI/UA-PI Z-scores and
maternal hemodynamic parameters. Scatter plots of
UtA-PI versus CO (Fig. 2) revealed clustering of 27/30
(90%) FGR cases in the low-CO/high-UtA-PI quadrant,
compared to only 1/30 (3.3%) controls and 1/30 (3.3%)
late-onset PE cases (Fig. 2).

Discussion

Focusing on our core objective to correlate fetal-placen-
tal Doppler indices with maternal cardiac function, we
observed that during normal pregnancy, maternal car-
diovascular adaptation involves increased blood volume
and CO to compensate for physiological reductions in

PVR, accompanied by adaptive LVM augmentation [13,
14], thereby ensuring adequate fetoplacental perfusion
[15]. Our findings reveal distinct maternal hemody-
namic-placental coupling patterns across pathological
pregnancy states: The FGR cohort demonstrated reduced
CO, elevated PVR, and diminished LVM, suggesting
inadequate cardiovascular compensation leading to pla-
cental hypoperfusion. In contrast, the late-onset PE
group exhibited hemodynamic profiles (CO, PVR) com-
parable to normal pregnancies but displayed significantly
greater LAAPD and LVM than the FGR group, indicative
of divergent cardiac remodeling trajectories, suggest-
ing their cardiovascular compensatory capacity remains
intact [16]. Placental circulatory analysis showed that in
the FGR group, both UtA-PI and UA-PI Z-scores were
significantly elevated compared to the control and late-
onset PE groups, suggesting that placental hypoperfusion
may directly impair fetal development. These collective
findings indicate a potential pathological coupling mech-
anism between maternal hemodynamic dysfunction and
placental insufficiency [16, 17].

The placenta, as the central interface for maternal-fetal
exchange, plays a pivotal role in pregnancy homeostasis,
with its dysfunction directly implicated in pathologi-
cal outcomes such as FGR and PE [18]. It was observed
that UtA-PI inversely correlated with maternal CO, but
positively with PVR. Furthermore, most cases in the
FGR group clustered within the region characterized by
high UtA-PI and low CO. UtA-PI inversely correlated
with maternal CO but positively with PVR. Crucially,

Table 3 Unadjusted and adjusted spearman correlations (p) for maternal age and BMI across study groups

Variable pair Group Unadjusted p (p-value) Unadjusted 95% Cl Adjusted p (p-value) Adjusted 95% CI

UtA-Plvs. CO Control Group 0.105(0.581) [-0.244,0.438] —0.026(0.895) [-0.410, 0.340]
Late-Onset PE Group 0.038(0.840) [-0.337,0.400] 0.143(0.469) [-0.242,0472]
FGR Group 0463(0.010)" [0.112,0.743] 0.428(0.023)" [0.142,0.699]

UA-PI Zscore vs. PVR Control Group 0.016(0.932) [-0.381,0425] 0.030(0.879) [-0.321,0.405]
Late-Onset PE Group -0.193(0.307) [-0.519,0.169] —0.214(0.274) [-0.549, 0.133]
FGR Group -0.381(0.038)" (-0.606, —0.076] —0.334(0.082) [-0.619,-0.027]

Notes: PE Preeclampsia, FGR Fetal Growth Restriction p Spearman’s correlation coefficient, Unadjusted: crude correlation without covariate adjustment; Adjusted:
adjusted for maternal age and BMI, C/ Confidence interval, BCa bootstrap with 1,000 resamples

*Statistical significance was defined as a two-tailed p <0.05
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Fig. 2 Scatter plot depicting the distribution of UtA-Pl versus CO in 90 cases (30 FGR, 30 Control, and 30 late-onset PE). FGR cases predominantly clus-
tered in the high-UtA-PI/low-CO quadrant. Additionally, 90% of FGR cases fall within high-UtA-PI/low-CO quadrant. Notes: High UtA-PI/Low CO quadrant

(UtA-PI> 1.0, CO < 4.0 L/min)

90% of FGR cases clustered in the high-UtA-PI/low-CO
quadrant, indicating a vicious cycle: diminished car-
diac output elevates placental resistance, exacerbating
fetal hypoxia and endothelial dysfunction which further
reduces CO [19-23].

Notably, this study identified 6 FGR cases complicated
by early-onset PE, with the onset of PE consistently pre-
ceding the development of FGR. This temporal sequence
suggests that early-onset PE and FGR may share a com-
mon early pathological basis of impaired spiral artery
remodeling in the placenta. In contrast, placental injury
in late-onset PE likely stems from dysregulated villous
perfusion secondary to uterine volume overload, pri-
marily manifesting as placental focal ischemia, while
the maternal cardiovascular system remains compen-
satory. This points to the potential existence of pheno-
type-specific pathological mechanisms in PE [24-26].
Therefore, the interaction between maternal hemody-
namic abnormalities and placental dysfunction may
offer novel avenues for early warning and intervention in
pathological pregnancies. Farsetti et al. [27] found that
in cases of early-onset FGR with maternal hemodynamic
abnormalities, the use of a nitric oxide donor (glyceryl
trinitrate transdermal patch) combined with oral rehy-
dration reduced systemic vascular resistance, increased
cardiac output, significantly enhanced umbilical venous
blood flow, improved fetal oxygenation and provided

neuroprotective effects, leading to a lower incidence of
PE. Conversely, Yagel et al. [28] proposed that PE treat-
ment strategies should focus on maternal hemodynamic
profiles. For late-onset PE, they recommend using a/p-
adrenergic blockers (e.g., labetalol) to reduce cardiac out-
put, control blood pressure, and alleviate cardiac load- a
treatment approach distinct from the use of NO donors
to improve low cardiac output in early-onset PE.So for
FGR cases with low CO/high UtA-PI, nitric oxide donors
may improve placental perfusion by reducing vascular
resistance. Conversely, in late-onset PE with preserved
CO, B-blockers (e.g., labetalol) could optimize cardiac
load without compromising fetal supply.

Interestingly, we found that the maternal hemodynamic
characteristics across the three groups showed no sig-
nificant correlation with the fetal MCA-PI Z-scores. This
suggests that the hypoxic pathway may not serve as the
primary mediator of these interactions. Our null findings
regarding MCA-PI and maternal hemodynamics align
with Valensise et al. [29], suggesting that chronic pla-
cental insufficiency may decouple fetal cerebral Doppler
regulation from maternal cardiovascular adaptations.
While Masini et al. [30] reported MCA-PI associations
with maternal hemodynamics, our data align with Valen-
sise et al. in showing no correlation. This may reflect
differences in placental insufficiency timing (acute vs.
chronic). Further studies are warranted. Within the FGR
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group, our univariate analysis revealed a significant asso-
ciation between maternal PVR and the UA-PI. However,
after controlling for maternal age and BMI, this associa-
tion lost significance. This may partially reflect the broad
influence of maternal metabolic factors on the vascular
system. This finding underscores the necessity for future
research on utero-peripheral vascular coupling mecha-
nisms to fully account for the regulatory role of maternal
metabolic status [31, 32].

This study has several limitations: First, the exclusion
of early-onset PE cohorts precludes direct hemody-
namic comparisons across PE subtypes. Second, poten-
tial birth weight bias in the FGR group due to clinical
interventions necessitates validation through prospec-
tive controlled studies. Third, the lack of dynamic cardiac
functional assessments (e.g., diastolic functional indices)
may underestimate the impact of subclinical myocardial
dysfunction.Future large-scale longitudinal cohorts are
needed to both establish high-risk hemodynamic thresh-
olds for FGR and validate early-pregnancy predictors.

In conclusion, our study confirms a pathophysiological
dichotomy: Fetal growth restriction (FGR) is driven by
maternal hemodynamic failure (low cardiac output and
high uterine artery resistance), directly causing placental
hypoperfusion and fetal nutrient restriction. In contrast,
late-onset preeclampsia involves volume overload with
preserved placental function. This distinction supports
dual UtA-PI and CO assessment as a phenotype-specific
biomarker profile to guide targeted therapy: Nitric oxide
donors for FGR to augment placental perfusion, and
[-blockers for late-onset PE to optimize cardiac load.
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