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Abstract

Fetal growth restriction (FGR) is one of the leading causes of perinatal morbidity and mortal-
ity. Many studies have reported an association between FGR and fetal Doppler indices
focusing on umbilical artery (UA), middle cerebral artery (MCA), and ductus venosus (DV).
The uteroplacental-fetal circulation which affects the fetal growth consists of not only UA,
MCA, and DV, but also umbilical vein (UV), placenta and uterus itself. Nevertheless, there is
a paucity of large-scale cohort studies that have assessed the association between UV,
uterine wall, and placental thickness with perinatal outcomes in FGR, in conjunction with all
components of the uteroplacental-fetal circulation. Therefore, this multicenter study will
evaluate the association among UV absolute flow, placental thickness, and uterine wall
thickness and adverse perinatal outcome in FGR fetuses. This multicenter retrospective
cohort study will include singleton pregnant women who undergo at least one routine fetal
ultrasound scan during routine antepartum care. Pregnant women with fetuses having struc-
tural or chromosomal abnormalities will be excluded. The U-AID indices (UtA, UA, MCA,
and UV flow, placental and uterine wall thickness, and estimated fetal body weight) will be
measured during each trimester of pregnancy. The study population will be divided into two
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groups: (1) FGR group (pregnant women with FGR fetuses) and (2) control group (those
with normal growth fetus). We will assess the association between U-AID indices and
adverse perinatal outcomes in the FGR group and the difference in U-AID indices between
the two groups.

Introduction

Fetal growth restriction (FGR), which is found in approximately 3-8% of pregnancies, is a
leading cause of perinatal morbidity and mortality [1, 2]. The definition of FGR differs accord-
ing to clinical guidelines and author groups [3-5]. The International Society of Ultrasound in
Obstetrics and Gynecology (ISUOG) defines FGR as a pathologic condition in which the fetus
cannot reach its own determined genetic growth. According to the (ISUOG) practice guide-
lines, the finding of an abnormal uterine artery (UtA) or umbilical artery (UA) on Doppler
examination should be accompanied by an abdominal circumference (AC) or estimated fetal
weight (EFW) of less than the 10™ percentile for gestational age to diagnose early FGR unless
the AC or EFW is less than the 3™ percentile [5]. In contrast, the American College of Obste-
tricians and Gynecologists (ACOG) and the Society for Maternal-Fetal Medicine (SMFM)
define FGR as a fetus whose AC or EFW is less than the 10 percentile 2, 3].

Even though the definition of FGR may defer between guidelines, consistently worse perina-
tal outcomes of FGR fetuses with abnormal UA Doppler results have been reported compared
to those with normal UA Doppler results [6-9]. Therefore, fetal vascular Doppler examina-
tions, including UA Doppler, are important in distinguishing a pathologically growth-
restricted fetus from a small but healthy fetus. Several studies predicted the perinatal outcomes
of fetuses with growth restriction and these studies mainly focused on the Doppler examination
of specific vessels, such as the UA, MCA, or ductus venosus (DV) [6-12]. However, besides the
UA, MCA, or DV, uteroplacental-fetal circulation also consists of other components affecting
fetal growth. For example, umbilical vein (UV) flow and placental thickness, which are compo-
nents of uteroplacental-fetal circulation, have already been shown to be associated with fetal
growth. Ferrazzi et al. reported that UV flow per unit head circumference (HC) was decreased
in FGR fetuses [13]. Another study reported that venous flow was also reduced in FGR fetuses
[14]. In a previous study assessing the correlation between placental thickness and small for
gestational age (SGA) neonates, the placental thickness-to-EFW ratio was higher in SGA neo-
nates compared to non-SGA neonates [15]. In addition, a thick placenta was reported to be
associated with adverse perinatal outcomes [16]. In this research, we aim to focus on the uterine
wall, in conjunction with the umbilical vein. The uterine wall is a distinctive aspect of this
study, as it has been neglected in previous research on FGR. The causes of a thick uterine wall
observed in ultrasonography are typically categorized into three main factors: sustained uterine
wall contractions, adenomyosis, and uterine fibroids [17, 18]. If a thick uterine wall is observed
in a pregnant woman without a history of uterine fibroids or adenomyosis, it may be attributed
to a sustained uterine contraction. The uterine contractions are known to lead to a decrease in
uteroplacental blood flow [18-20]. Taking this into consideration, uterine wall thickness may
be associated with the uteroplacental blood flow. The hypothesis that uterine wall thickness
may impact fetal growth is one of the key starting points for our research.

Therefore, we aim to evaluate the association of UV absolute flow, placental thickness, and
uterine wall thickness with adverse perinatal outcomes in the FGR fetuses, ultimately seeking
to validate their involvement in the pathophysiology of FGR. In addition, we will
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comprehensively assess various uteroplacental-fetal biometrics and Doppler indices according
to fetal growth in each trimester of pregnancy to establish a prediction model for adverse peri-
natal outcomes in FGR fetuses using these ultrasonographic measurements.

Methods
Study design and population

The U-AID study is a multicenter retrospective cohort study which is led by an obstetric ultra-
sonography research society of Korean Society of Ultrasound in Obstetrics and Gynecology
(KSUOG). This is conducted in 13 academic hospitals in the Republic of Korea. This study
includes singleton pregnant women who undergo fetal ultrasound during routine antepartum
surveillance. The eligible participants are pregnant women over 19 years old who can under-
stand information about the current study and make decisions on whether to voluntarily par-
ticipate in the study. There is no limitation on gestational age but pregnant women with
fetuses found to have structural anomalies, abnormal insertion of umbilical cord, chromo-
somal abnormalities, or any kind of congenital infection will be excluded. The abnormal inser-
tion of umbilical cord includes velamentous insertion and marginal insertion of umbilical
cord. Of note, pregnant women with missing value of UV flow, placental thickness, and uter-
ine wall thickness will be excluded.

Inclusion criteria

Singleton pregnant women
o Age older than 19 years

« Participants who have no difficulty understanding information on the current study so they
can voluntarily decide to participate and provide fully informed consent

« Receiving fetal ultrasound for routine antepartum surveillance

Exclusion criteria

« Pregnant women with missing value of UV flow, placental thickness, and uterine wall
thickness

o Pregnant women with fetuses with possible structural anomalies or abnormal insertion of
umbilical cord found on ultrasound

« Pregnant women with fetuses with chromosomal abnormalities

o Pregnant women who are proven to have an intrauterine infection

Pregnant women who have limited data on clinical characteristics related to pregnancy and
perinatal outcome

In this study, we define FGR as a status where both of the following 2 conditions are met; (1) an
EFW or AC below the 10th percentile for gestational age during the second or third trimester of
pregnancy and (2) birthweight below the 10th percentile for gestational age [3]. The INTER-
GROWTH-21% growth chart is used for biometry and birthweights [21]. The FGR group
includes both early-onset FGR and late-onset FGR. The control group includes participants
with a fetus whose EFW and AC are in the range of 10 to 90™ percentile for gestational age.
The control group will be selected through 1:1 matching based on age, parity, and presence or
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absence of preeclampsia. The clinical information and U-AID indices of pregnant women who
delivered between March 2016 and March 2023 will be extracted from the medical records.

Sample size

We calculated the minimum number of FGR participants using PASS (NC, USA). Based on a
published study, we set an o-error of 0.05 and a B-error of 80%, and the minimum number of
FGR participants required was 472. Considering a follow-up loss rate of 10%, we need to enroll
at least 519 pregnant women with FGR fetuses. Therefore, the minimum number of total par-
ticipants that we anticipate including is 1,050 (525 FGR participants and 525 control partici-
pants). The researchers will first review the medical records and include eligible participants
retrospectively.

Outcomes

The primary outcome is the association of UV absolute flow, placental thickness, and uterine
wall thickness with adverse perinatal outcomes in the FGR group to differentiate genuinely
growth-restricted fetuses from those who are constitutionally small. The secondary outcome is
to evaluate the differences in U-AID indices (UtA, UA, MCA, and UV flow, placental and
uterine wall thickness, and estimated fetal body weight) between the FGR and control group
will be evaluated.

Ultrasonographic uteroplacental-fetal biometrics and Doppler (U-AID)
indices

We will collect the ultrasonographic uteroplacental-fetal biometric measurements and U-AID
indices listed in Table 1 in each trimester of pregnancy. During the first trimester of

Table 1. Ultrasonographic uteroplacental-fetal biometric measurements and Doppler indices of the U-AID
cohort.

Uteroplacental-fetal Timing of measurement Unit
biometry

Crown to rump length First trimester Mm
Biparietal diameter Second trimester, Third trimester cm
Head circumference Second trimester, Third trimester cm
Abdominal circumference | Second trimester, Third trimester cm
Femur length Second trimester, Third trimester cm
Estimated fetal weight Second trimester, Third trimester g
Placental thickness Second trimester, Third trimester mm
Uterine wall thickness First trimester, Second trimester, mm

Third trimester

Uteroplacental-fetal Indices

Doppler

Uterine artery First trimester, Second trimester, S/D ratio, PL, RI, early diastolic notch index
Third trimester

Umbilical artery Second trimester, Third trimester S/D ratio, PI, RI

Middle cerebral artery Second trimester, Third trimester S/D ratio, PI, RI

Ductus venosus Second trimester, Third trimester S/D ratio, PI, RI

Unmbilical vein Second trimester, Third trimester Pulsation, cross-sectional diameter, mean

velocity, absolute flow

Abbreviation: PI, pulsatile index; RI, resistive index; S/D ratio, systolic/diastolic ratio

https://doi.org/10.1371/journal.pone.0298060.t001
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Fig 1. The measurement of placental and uterine wall thickness.

https://doi.org/10.1371/journal.pone.0298060.9001

10/7 36/7

pregnancy, we will collect ultrasonographic measurements from 117 to 13™” weeks of gesta-
tion. The measurements will be assessed from 18%7 to 23%” weeks of gestation during the sec-
ond trimester of pregnancy and from 30”7 to 36° weeks of gestation during the third
trimester of pregnancy. The ultrasound model used and the clinical experience years of clini-
cians who measure U-AID indices will also be documented. To assess fetal growth, crown to
rump length, biparietal diameter, head circumference, abdominal circumference, femur
length, and estimated body weight will be evaluated. UA Doppler which was measured in a
free cord loop and MCA Doppler which was measured in the proximal third of the MCA will
be selected. The systolic/diastolic ratio (S/D ratio), pulsatile index (PI), and resistive index (RI)
in the UtA, UA, MCA, and UV will be calculated as reported previously [22, 23]. The Doppler
indices will be calculated as follows.

o S/D ratio = peak systolic velocity [cm/sec] (S)-end-diastolic velocity [cm/sec] (D)

e PI =S-D/ mean of S and D (M)

« RI=S-D/S

« Notch index = early diastolic flow velocity [cm/sec]/ peak diastolic flow velocity [cm/sec]

« UV absolute flow [ml/min] = UV cross-sectional area [cm?] * UV mean velocity [cm/sec] * 60

The placental thickness and the uterine wall thickness which were measured through the
sagittal section at the location of cord insertion will be collected. (Fig 1). The uterine wall was
considered as a homogenous layer above the placenta.

Adverse perinatal outcomes

Pregnancy and perinatal outcomes will be acquired from medical charts. The adverse perinatal
outcomes of the current study are listed in Table 2. The composite morbidity of neonates is
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Table 2. Adverse perinatal outcomes in the U-AID cohort.
Pregnancy outcomes

Preeclampsia

Emergency cesarean section due to non-reassuring fetal heartbeat
Intrauterine fetal demise

Neonatal outcomes

Birthweight

Admission to neonatal intensive care unit (NICU),

Sepsis before discharge

Respiratory distress syndrome before discharge

Necrotizing enterocolitis before discharge

Intraventricular hemorrhage before discharge
Periventricular leukomalacia

Neonatal death before discharge
https://doi.org/10.1371/journal.pone.0298060.t002

defined as one of the following: sepsis, respiratory distress syndrome, necrotizing enterocolitis,
or intraventricular hemorrhage before discharge.

Data management

The study will be managed according to General Data Protection Regulations and Good Clini-
cal Practice (GCP). Data will be collected securely on case report forms (CRFs) and each par-
ticipant will be assigned a unique number for pseudonymization. All study data will be stored
securely on password-protected PCs and only accessible to the researchers of the current
study. Paper CRFs, paper consent forms, and any paper records of study data will be kept in
locked drawers or cabinets in a secure location.

Statistical methods

The distribution of U-AID indices according to AC, BPD, EFW and gestational age will be
assessed. The study population will be divided into two groups, the FGR group which includes
participants with FGR fetuses, and the control group includes participants with normal growth
fetus. First of all, we will compare the differences in U-AID indices according to adverse peri-
natal outcomes with in FGR group. Secondly, the difference of U-AID indices between the two
groups will be compared. Continuous variables will be presented as the mean =+ standard devi-
ation or median [interquartile range] and compared by the Mann-Whitney U test or indepen-
dent t-test according to the distribution of each variable. Categorical variables will be
presented as the number of observations (percent) and compared by the chi-squared test or
Fisher’s exact test. To determine the contribution of all the collected variables and Doppler
findings to adverse perinatal outcomes of the FGR fetuses, multivariable logistic regression
analysis with backward stepwise elimination will be used.

All statistical analyses will be performed using IBM SPSS statistics version 23.0 (SPSS Inc.,
Chicago, IL, USA) and R version 4.2.1 (http://www.r-project.org).

Ethics and dissemination

The current study received ethics approval from the Institutional Review Board (IRB) of Korea
University Anam Hospital (2015AN0083).
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Discussion

The novelty of this study lies in its comprehensive examination of all the parts within the path-
way of blood flow from mother to fetus. The rationale behind this study design stems from the
objective to investigate the pathophysiology of fetal growth within the clinically observable
range of ultrasonography, encompassing the processes that involve UtA, uterine wall, placenta,
UV and fetal growth, The aim is to elucidate the pathophysiology of fetal growth. Through this
study, we aim to find the association between new ultrasonographic indices, including UV
absolute flow, and placental and uterine wall thickness and perinatal outcome of growth
restricted fetuses. As it is significant to distinguish growth restricted fetuses with adverse peri-
natal outcomes from the constitutionally small fetuses, we posit that this study may contribute
to the identification of new risk factors or the development of a prediction model for genuinely
growth restricted fetuses in future study. By evaluating and comparing the various ultrasono-
graphic uteroplacental-fetal biometric measurements and Doppler indices according to fetal
growth, we can determine how much each ultrasonographic index influences fetal growth.
Through this finding, we can provide evidence for future studies on the pathophysiology of
FGR fetuses. Lastly, we can also assess the distribution of umbilical vein flow values according
to estimated fetal weight in each trimester of pregnancy.

There are some possible limitations of this study. Firstly, because this is a multicenter
cohort study, the quality of ultrasound examinations may vary from center to center. However,
because in all participating hospitals, the ultrasonography is performed only by obstetricians,
we posit that a certain degree of quality control measures could be instituted. Secondly, the
lack of long-term outcomes on FGR fetuses is another limitation of the study. Thirdly, the lack
of information regarding contraction at the time of measurement is another limitation of the
current study. The presence or absence of uterine contractions can affect the measurement of
the uterine wall thickness. However, because of the inherent limitation of retrospective study,
we consider that accurately determining the presence or absence of contractions at the time of
measurement is unfeasible. Lastly, because the uteroplacental-feta Doppler waveforms are not
usually measured in a routine perinatal check of fetuses with normal EFW, a certain degree of
missing values is anticipated within the context of this study. To address this aspect, a large-
scale prospective cohort study will be necessary in the future.

Current studies have mostly focused on the UA or MCA, and even though large-scale mul-
ticenter Doppler studies have been conducted, there is no general consensus on the optimal
timing for the delivery of compromised FGR fetuses. This study may lay the foundation for
future studies to suggest the optimal timing for the best perinatal outcomes of FGR fetuses.
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