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Objectives: To verify whether the use of the temporal criterion of 32 weeks’ gestation is
effective in identifying maternal hemodynamic differences between early- and late-onset
fetal growth restriction (FGR), and to test the statistical performance of a classificatory
algorithm for FGR.

Materials and methods: A prospective multicenter study conducted at three centers
over 17 months. Singleton pregnant women with a diagnosis of FGR based on the
international Delphi survey consensus at ≥ 20 weeks of gestation were included. FGR was
classified as early-onset if diagnosed <32 weeks’ gestation and as late-onset if ≥32
weeks. Hemodynamic assessment was performed by USCOM-1A at the time of FGR
diagnosis. Comparisons between early- and late-onset FGR among the entire study
cohort, FGR associated with hypertensive disorders of pregnancy (HDP-FGR), and
isolated FGR (i-FGR) were performed. In addition, HDP-FGR cases were compared to
i-FGR, regardless of the temporal cut-off of 32 weeks’ gestation. Finally, a classificatory
analysis based on the Random Forest model was performed to identify significant
variables with the ability to differentiate FGR phenotypes.

Results: During the study period, 146 pregnant women fulfilled the inclusion criteria. In 44
cases, FGR was not confirmed at birth, thus limiting the final study population to 102
patients. In 49 (48.1%) women, FGR was associated to HDP. Fifty-nine (57.8%) cases
were classified as early-onset. Comparison of the maternal hemodynamics between early-
and late-onset FGR did not show any difference. Similarly, non-significant findings were
observed in sensitivity analyses performed for HDP-FGR and for i-FGR. In turn, comparison
between pregnant women with FGR and hypertension and women with i-FGR,
independently of the gestational age at FGR diagnosis, revealed substantial differences,
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with the former showing higher vascular peripheral resistances and lower cardiac output,
among other significant parameters. The classificatory analysis identified both phenotypic
and hemodynamic variables as relevant in distinguishing HDP-FGR from i-FGR (p=0.009).

Conclusions: Our data show that HDP, rather than gestational age at FGR diagnosis,
allows to appreciate specific maternal hemodynamic patterns and to accurately
distinguish two different FGR phenotypes. In addition, maternal hemodynamics,
alongside phenotypic characteristics, play a central role in classifying these high-risk
pregnancies.
Keywords: Fetal growth restriction (FGR), hemodynamic, USCOM-1A, pregnancy, hypertension, gestational age
INTRODUCTION

Fetal growth restriction (FGR) is defined as the failure of the
fetus to reach its genetically determined growth potential, and it
occurs in about 10% of pregnancies (1).

The identification of growth restricted fetuses during
gestation is crucial to ensure optimal monitoring and timing of
birth, thus possibly reducing the high risk of stillbirth and
perinatal morbidity associated with this condition (2, 3).

Currently, the most recognized criteria to define FGR are those
derived from an international Delphi survey consensus (4). These
criteria include biometric parameters and Doppler indices of feto-
placental function, which allow to classify FGR into two
phenotypes, early- and late-onset, according to the timing of
diagnosis with a 32-gestational weeks cut-off. These phenotypes
differ significantly in many aspects, such as prevalence, perinatal
outcomes, and concomitant maternal diseases. Particularly, early-
onset FGR is frequently associated with hypertensive disorders of
pregnancy (HDP), including gestational hypertension and
preeclampsia, whereas late-onset FGR is less related to such
obstetric complications.

Interestingly, FGR has been considered for a long time to be
solely the consequence of placental dysfunction or insufficiency
(5). However, in recent years, a potential relationship between
FGR and inadequate maternal systemic hemodynamic adaptation
to pregnancy has been suggested (6–15). Currently, an integrated
maternal hemodynamic-placental model is considered as the most
appropriate and exhaustive for explaining the pathogenetic
mechanisms underlying FGR (3, 16). Of note, the recently
published practice guidelines on FGR by the ISUOG have
highlighted the key role of the maternal hemodynamic status in
differentiating early- and late-onset FGR, identifying more marked
cardiovascular abnormalities, such as low cardiac output and high
peripheral vascular resistance, among early-onset cases (3).

Previous research works on maternal hemodynamics among
women with HDP have shown that the association with FGR,
rather than the gestational age at disease onset with the
traditional 34-gestational weeks cut-off, more clearly defines
different HDP phenotypes (11, 17–19).

In contrast, similar studies among pregnancies complicated
by FGR using the 32-gestational weeks cut-off as proposed by the
international Delphi survey consensus and the ISUOG guidelines
(3, 4) are lacking. Thus, the aim of our work was to investigate
e | www.frontiersin.org 2
whether such temporal criterion would be valid in accurately
differentiating the two proposed FGR phenotypes, early- and
late-onset, specifically focusing on the accompanying maternal
hemodynamic status.
METHODS

This was an observational, prospective multicenter study
conducted at the Obstetric Unit of three Italian university,
maternal-fetal referral centers in Lombardy and Tuscany
(Milan, Monza and Florence) over a continuous period of time
from November 2019 to April 2021.

Written informed consent was acquired from all study
participants and research ethics committee approval (University
of Milan-Bicocca, IRB n. 2988, approved on December 13, 2018)
was obtained prior to the start of study investigations.

The inclusion criteria were singleton pregnancy with a viable
fetus at ≥ 20 weeks of gestation and a diagnosis of FGR based on
the international Delphi survey consensus (4). FGR cases could
be isolated or in association with HPD (gestational hypertension
or preeclampsia), as defined by the ISSHP classification (20). The
exclusion criteria were multiple gestation, fetal aneuploidy,
genetic syndromes or major structural fetal anomalies, preterm
rupture of membranes, intrauterine infection, undetermined
gestational age, maternal infection, maternal chronic
hypertension or heart disease, maternal kidney or autoimmune
disease, and use of antihypertensive drugs before enrollment.

After delivery, neonates of recruited women were assessed for
biometric parameters, and only those women with growth-
restricted neonates, as defined by a Delphi consensus
procedure in utero (21, 22), were included in the analyses to
avoid potential biases.

Enrollment occurred at the time of FGR diagnosis by means
of obstetric ultrasound.

Data regarding maternal demographic characteristics, height
and pregestational weight, pregestational body mass index (BMI,
obtained from the ratio between the weight expressed in
kilograms and the square of the height expressed in meters),
pregestational body surface area (BSA, obtained by Boyd’s
formula), obstetric history, mode of conception, cigarette
smoking during pregnancy, prophylactic use of low-dose
aspirin during pregnancy, and use of antihypertensive therapy
May 2022 | Volume 3 | Article 851971
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were collected and registered in a dedicated log book which was
periodically audited. Ultrasound data of the current pregnancy
were also included in the log book. At recruitment, ultrasound
fetal biometry and Doppler velocimetry of the uterine artery
(UtA), umbilical artery (UA), and middle cerebral artery (MCA)
were performed by an experienced physician, using standardized
techniques. CPR was calculated as the ratio of MCA pulsatility
index (PI) to UA-PI. The mean of the left and right UtA-PI was
calculated and subsequently converted into multiples of the
median (MoM) to adjust for gestational age in weeks (23).

At recruitment, patients also underwent a single hemodynamic
investigation. Maternal brachial blood pressure (BP) was obtained
using an upper arm automatic BP monitor, with the woman in a
semi-recumbent position and using an appropriately sized cuff,
and the mean arterial pressure (MAP) was calculated as (2 x
diastolic BP + systolic BP)/3. Maternal hemodynamic indices were
assessed using the USCOM-1A® non-invasive device (ultrasound
cardiac output monitor, USCOM Ltd, NSW, Australia), which has
already been validated against echocardiography for use in
pregnancy (24). USCOM-1A® utilizes continuous-wave
Doppler, with a non-imaging probe in the suprasternal notch, to
obtain velocity-time integrals of transaortic blood flow at the left
ventricular outflow tract. Using an internal anthropometric
algorithm, which correlates the outflow tract diameter with the
patient’s height, USCOM-1A® multiplies the velocity-time
integral by the aortic root diameter to calculate the stroke
volume (SV). By measuring the time interval between each
Doppler profile (cardiac cycle), heart rate (HR) can be
calculated. Cardiac output (CO) and systemic vascular resistance
(SVR) can also be calculated as follows: CO = SV x HR; SVR =
MAP/CO. Participants remained in a semi-recumbent position
and a small amount of conducting gel was applied to their skin at
the level of the suprasternal notch. The Doppler probe was applied
andmoved through three dimensions to ensure that the velocity of
blood was being measured at the left ventricular outflow tract and
not in the more distal aorta. Each Doppler acquisition used for
analysis had a minimum of two consecutive Doppler profiles
(cardiac cycles). CO, SV, and SVR were converted into MoM to
adjust for maternal phenotypic characteristics, active smoking in
pregnancy, and gestational age in weeks at the time of assessment
(25). Additional recorded hemodynamic measurements were Vpk,
which is the peak velocity of the ventricular ejection, and the SMII,
the Smith-Madigan Inotropy Index, which is a body surface area-
indexed measure of the cardiac power. All hemodynamic
evaluations were performed by adequately trained physicians,
under standardized conditions, for the entire study cohort.

After recruitment, all women were followed until birth and
data regarding pregnancy complications, gestational age at
delivery, mode of birth, and perinatal outcomes were collected.

Statistical Analyses
Data distribution was assessed using the Shapiro-Wilk test as
well as graphical methods. Continuous variables were expressed
through median and interquartile range, whereas categorical
variables as relative and absolute frequencies. Statistical
analyses were performed using the Chi Square test and Mann-
Whitney U-Test.
Frontiers in Clinical Diabetes and Healthcare | www.frontiersin.org 3
We initially compared FGR cases according to the gestational
age at diagnosis, distinguishing early- and late-onset FGR with the
32 gestational weeks cut-off. Sensitivity analyses including only
cases of FGR with HDP (HDP-FGR) or isolated FGR (i-FGR) were
also performed. Subsequently, cases of HDP-FGR were compared
to cases of i-FGR, independent of gestational age at diagnosis.

In the second part of the analyses, we employed a Random
Forest model with an automated feature selection by means of
the Boruta algorithm to obtain a classificatory analysis to identify
relevant variables in differentiating FGR cases (HDP-FGR versus
i-FGR).

Specifically, we split the dataset into two parts, the training (70%)
and the test (30%) set, to avoid overfitting. The Random Forest
classification algorithm is an ensemble method based on decisions
trees. Similar to bagging, Random Forest builds each tree on a
bootstrap sample, but in addition to that, it considers a random
subset of features for each tree split. The number of features
randomly selected for the splits is the square root of ? where ?
indicates the overall features number. In this way, the use of different
bootstrap samples for different trees allows to reduce the risk of
overfitting. In addition, the random features selection guarantees the
decorrelation within trees. In turn, building a single tree to predict
classes could cause overfitting, especially if the tree isn’t well pruned.
The number of trees used for each Random Forest comparison is
500 and the number of features tried at each split depends on the
number of important features obtained by the Boruta algorithm,
which was 2 in the comparison HDP-FGR versus i-FGR.

Boruta is a feature selection algorithm. Precisely, it works as a
wrapper algorithm around the Random Forest. Firstly, it adds
randomness to the given data set by creating shuffled copies of all
features (which are called shadow features). Then, it trains a
Random Forest classifier on the extended data set and applies a
feature importance measure (the default is Mean Decrease
Accuracy) to evaluate the importance of each feature where a
higher value means more important. At every iteration, it checks
whether a real feature has a higher importance than the best of its
shadow features (i.e., whether the feature has a higher Z score
than the maximum Z score of its shadow features) and constantly
removes features which are deemed highly unimportant. Finally,
the algorithm stops either when all features get confirmed or
rejected, or it reaches a specified limit of the Random Forest runs.

The a significance level was set at 5% (p-value < 0.05).
Statistical analyses were performed using R software version 4,
SPSS software version 28, and Prism software version 7.
RESULTS

During the study period, 146 pregnant women fulfilling the
inclusion criteria were identified. Assessment of neonatal
biometric data after birth led to exclusion of 44 cases with no
evidence of neonatal growth restriction, thus leading to 102
patients in the final study population.

Cases were equally recruited at the three research sites: 31
(30.4%) at Monza, 33 (32.4%) at Milan, and 38 (37.2%) at Florence.

In 49 (48.1%) cases, FGR was associated to HDP, whereas 53
(51.9%) women were diagnosed with i-FGR. Also, 59 (57.8%) cases
May 2022 | Volume 3 | Article 851971
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were diagnosed before 32 weeks’ gestation and were therefore
identified as early-onset, with the remaining 43 (42.2%) cases
recognized as late-onset FGR. In particular, 23/53 (43.4%) i-FGR
cases versus 36/49 (73.5%) HDP-FGR cases were early-onset.

Table 1 displays the results of the descriptive analysis
regarding general characteristics, obstetric data, and perinatal
outcomes of the entire study population.

The median gestational age (GA) at diagnosis of FGR was 31
weeks, and 35% of women gave birth before 34 weeks’ gestation,
mostly by cesarean section. In addition, almost 65% of the
newborns were admitted to the neonatal intensive care unit
(NICU), and death occurred in three neonates.

Comparison between early- and late-onset FGR, including
both normotensive pregnancies and those complicated by HDP,
is shown in Table 2.

Women with early-onset growth restricted fetuses were more
commonly diagnosed with HDP and treated with anti-
hypertensive drugs; also, their newborns were more likely to be
admitted to the NICU. In turn, pregnancies complicated by late-
onset FGR had higher rates of active smoking during gestation.

Study recruitment coincided with FGR diagnosis, thus GA at
assessment of early-onset FGR cases was lower than that of late-
onset cases. Early-onset FGR cases also showed increased rates of
abnormal maternal and fetal Doppler velocimetry parameters.
Regarding the hemodynamic variables, only MAP differed
Frontiers in Clinical Diabetes and Healthcare | www.frontiersin.org 4
between the two groups, with higher values in the early-onset
FGR population, in line with the observed heightened prevalence
of HDP.

Since HDP was more frequently identified among pregnant
women with early-onset FGR and its presence is known to
influence the maternal hemodynamic status (3), we performed
sensitivity analyses of early- versus late-onset FGR evaluating
HDP-FGR (Table 3) and i-FGR (Table 4) cases separately.

Similar to the analysis performed on the entire study cohort,
early-onset FGR showed lower GA at diagnosis, whereas no
differences regarding the hemodynamic parameters were
identified between the two study groups among either HDP-
FGR (Table 3) or i-FGR (Table 4).

We then compared the maternal hemodynamic status
between pregnancies complicated by HDP-FGR and those
complicated by i-FGR, independently of the GA at diagnosis
with the 32-weeks cut-off. Results are shown in Table 5.

HDP-FGR women displayed higher BMI and, accordingly,
BSA values, than women with i-FGR. Interestingly, differences
regarding the hemodynamic variables were identified, with
HDP-FGR women showing increased SVR MoM and lower SV
MoM, CO MoM, and Vpk values.

Figure 1 shows the classificatory analysis based on the
Random Forest algorithm with an automated feature selection
by means of the Boruta algorithm.
TABLE 1 | Demographic and clinical data of the entire study cohort.

Study population (n = 102)

Maternal demographic characteristics

Maternal age (years) 34.0 (29.0-38.0)
Caucasian ethnicity 84 (82.4)
Body mass index (kg/m2) 22.1 (19.9-24.9)
Diabetes mellitus 4 (3.9)
Pregestational hypothyroidism 7 (6.9)
Nulliparous 58 (56.9)
Spontaneous conception 93 (91.2)
Smoking in pregnancy 10 (9.8)
LDA in pregnancy 44 (43.1)
Antihypertensive drugs in pregnancy 34 (33.7)
GA at diagnosis of FGR (weeks) 31.2 (28.1-33.5)

Pregnancy and fetal-neonatal outcomes

GDM 14 (13.7)
Gestational Hypertension 13 (12.7)
Preeclampsia 36 (35.3)
IUFD 1 (0.9)
GA at birth (weeks) 35.7 (32.3-37.4)
GA at birth <34 weeks 36 (35.3)
Cesarean section 74 (72.5)
Male gender 53 (52.0)
Birthweight (grams) 1770.0 (1295.0-2238.0)
Birthweight centile 4.0 (2.0-7.0)
Birthweight centile <3rd 32 (31.4)
NICU admission 64 (63.4)
Neonatal death 3 (3.0)
May 2022 | Vo
Data given as median (interquartile range) or number (%).
LDA, low dose aspirin; GA, gestational age; FGR, fetal growth restriction; GDM, gestational diabetes mellitus; IUFD, intrauterine fetal demise; UA, umbilical artery; NICU, Neonatal intensive
care unit.
Smoking in pregnancy was defined as any active tobacco intake. Birthweight centile defined according to Italian neonatal charts, Ines charts (26).
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The classificatory ability of the Random Forest model showed
an accuracy of 74.2%, a sensitivity of 87.5%, and a specificity of
60%, with a substantially significant overall performance
Frontiers in Clinical Diabetes and Healthcare | www.frontiersin.org 5
(p=0.009). Five variables were identified significant for
discriminating HDP-FGR from i-FGR cases, including MAP,
SVR MoM, BMI, Vpk, and GA at FGR diagnosis.
TABLE 2 | Demographic, obstetric, and maternal hemodynamic data of early- versus late-onset FGR.

FGR < 32 weeks n = 59 FGR ≥ 32 weeks n = 43 p-value

Maternal characteristics and obstetric variables

Maternal age (years) 34 (29-38) 34 (29-37) 0.603
Nulliparous 30 (50.8) 28 (65.1) 0.163
Low dose ASA during pregnancy 26 (44.1) 18 (41.9) 0.842
Antihypertensive drugs in pregnancy 25 (42.4) 9 (20.9) 0.033
Active smoking in pregnancy 2 (3.4) 9 (20.9) 0.006
HDP 36 (61.0) 13 (30.2) 0.025
GA at birth (weeks) 32.4 (30.4-35.8) 37.3 (36.3-38.4) 0.180
GA at birth <34 weeks 34 (57.6) 2 (4.7) <0.001
Birthweight centile <3rd 20 (33.9) 12 (27.9) 0.666
NICU admission 48 (82.8)* 16 (37.2) <0.001

Doppler velocimetry indices and hemodynamic assessment

GA at assessment (weeks) 30.4 (27.7-32.9) 36.0 (34.1-37.4) <0.001
Mean UtA-PI MoM 1.67 (1.22-2.10) 1.19 (1.07-1.22) 0.002
Mean UtA-PI > 95th centile 39 (66.1) 14 (32.5) 0.013
CPR < 5th centile 27/49 (55.1) 13/42 (31.0) 0.034
Body mass index (kg/m2) 22.7 (19.9-24.9) 21.2 (19.5-24.9) 0.396
Body surface area (m2) 1.76 (1.71-1.87) 1.80 (1.69-1.87) 0.411
MAP (mmHg) 96.0 (90.0-105.0) 90.0 (81.0-97.0) 0.004
HR (bpm) 72.0 (63.0-85.0) 75.0 (63.0-90.0) 0.655
SV (mL) 65.0 (54.0-77.0) 69.0 (57.0-76.0) 0.773
SV MoM 0.82 (0.70-1.02) 0.86 (0.75-0.98) 0.253
SVR (dynes x s/cm5) 1567 (1356-1901) 1549 (1233-1926) 0.299
SVR MoM 1.49 (1.34-1.89) 1.48 (1.18-1.83) 0.198
CO (L/min) 4.8 (4.0-5.7) 4.8 (4.0-5.7) 0.985
CO MoM 0.78 (0.60-0.87) 0.76 (0.62-0.87) 0.459
Vpk (m/s) 1.2 (0.9-1.6) 1.3 (0.9-1.4) 0.610
SMII (W/m2) 1.5 (1.2-1.7) 1.4 (1.2-1.6) 0.133
May 2022 | Volume 3 | Article
Data given as median (interquartile range) or number (%).
FGR, fetal growth restriction; HDP, hypertensive disorders of pregnancy; ASA, aspirin; GA, gestational age; NICU, Neonatal intensive care unit; UtA-PI, uterine artery pulsatility index; CPR,
cerebro-placental ratio; MAP, mean arterial blood pressure; HR, heart rate; SV, stroke volume; MoM, multiples of the median; SVR, systemic vascular resistance; CO, cardiac output; Vpk,
peak velocity of flow profile; SMII, Smith-Madigan Inotropy Index.
Treatment with antihypertensive drugs was started after enrollment and non-invasive hemodynamic assessment were performed.
Birthweight centile defined according to Italian neonatal charts, Ines charts. (26).
*n=1 intrauterine fetal demise.
TABLE 3 | Hemodynamic assessment among pregnancies complicated by HDP-FGR.

HDP-FGR < 32 weeks n = 36 HDP-FGR ≥ 32 weeks n = 13 p-value

GA at assessment (weeks) 30.5 (27.8-33.1) 36.1 (32.9-37.0) <0.001
Body mass index (kg/m2) 24.4 (21.9-26.6) 22.3 (19.6-29.4) 0.550
Body surface area (m2) 1.83 (1.71-1.96) 1.83 (1.79-2.10) 0.214
MAP (mmHg) 100.0 (93.0-107.0) 98.0 (95.0-108.0) 0.784
HR (bpm) 74.0 (64.0-86.5) 77.0 (63.5-102.0) 0.477
SV (mL) 63.0 (52.5-76.0) 60.0 (41.5-75.0) 0.391
SV MoM 0.81 (0.63-0.96) 0.73 (0.52-0.88) 0.152
SVR (dynes x s/cm5) 1810 (1467-2036) 1804 (1581-2221) 0.565
SVR MoM 1.62 (1.38-2.07) 1.85 (1.45-2.33) 0.157
CO (L/min) 4.6 (4.0-5.6) 4.3 (3.7-5.3) 0.456
CO MoM 0.72 (0.55-0.84) 0.62 (0.53-0.80) 0.195
Vpk (m/s) 1.1 (0.9-1.6) 0.9 (0.8-1.3) 0.215
SMII (W/m2) 1.4 (1.2-1.7) 1.2 (0.9-1.6) 0.220
Data given as median (interquartile range).
HDP-FGR, FGR associated with hypertensive disorders of pregnancy; GA, gestational age; MAP, mean arterial blood pressure; HR, heart rate; SV< stroke volume; MoM, multiples of the
median; SVR, systemic vascular resistance; CO, cardiac output; Vpk, peak velocity of flow profile; SMII, Smith-Madigan Inotropy Index.
851971
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DISCUSSION

Here we show that HDP, rather than GA at diagnosis of FGR,
identifies specific maternal hemodynamic patterns that
distinguish two different FGR phenotypes. In addition, our
data show that maternal hemodynamics, alongside maternal
phenotypic characteristics, such as BMI, play a central role in
classifying these high-risk pregnancies and differentiating HDP-
FGR from i-FGR cases.
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The recently published ISUOG practice guidelines on FGR
have incorporated the diagnostic criteria derived from an
international Delphi survey consensus, which recognizes two
main FGR phenotypes according to the timing of diagnosis:
early-onset if before 32 weeks of gestation and late-onset if at or
after this temporal cut-off (3, 4). These phenotypes differ in
natural history, Doppler findings, adverse perinatal outcomes,
and management. Of note, the ISUOG guidelines have for the
first time included the maternal hemodynamic status in this
TABLE 4 | Hemodynamic assessment in pregnant women complicated by i-FGR.

iFGR < 32 weeks n = 23 iFGR ≥ 32 weeks n = 30 p-value

GA at assessment (weeks) 29.9 (27.0-32.3) 35.7 (34.3-37.6) <0.001
Body mass index (kg/m2) 20.6 (18.0-22.8) 20.9 (19.5-23.5) 0.270
Body surface area (m2) 1.74 (1.58-1.77) 1.76 (1.68-1.83) 0.063
MAP (mmHg) 90.0 (80.0-97.0) 87.0 (79.5-93.0) 0.183
HR (bpm) 71.0 (62.0-85.0) 62.8 (52.0-73.5) 0.679
SV (mL) 69.0 (58.0-87.0) 70.5 (63.8-76.0) 0.911
SV MoM 0.85 (0.71-1.05) 0.90 (0.82-1.00) 0.288
SVR (dynes x s/cm5) 1395 (1201-1601) 1452 (1164-1702) 0.908
SVR MoM 1.38 (1.18-1.54) 1.33 (1.11-1.66) 0.313
CO (L/min) 5.5 (4.3-5.8) 4.9 (4.3-6.0) 0.820
CO MoM 0.81 (0.66-0.90) 0.79 (0.67-0.92) 0.445
Vpk (m/s) 1.3 (1.1-1.6) 1.4 (1.1-1.5) 0.534
SMII (W/m2) 1.5 (1.4-1.9) 1.4 (1.2-1.6) 0.130
May 2022 | Volume 3 | Article
Data shown as median (interquartile range).
i-FGR, isolated fetal growth restriction; GA, gestational age; MAP, mean arterial blood pressure; HR, heart rate; SV, stroke volume; MoM, multiples of the median; SVR, systemic vascular
resistance; CO, cardiac output; Vpk, peak velocity of flow profile; SMII, Smith-Madigan Inotropy Index.
TABLE 5 | Demographic, obstetric, and hemodynamic data of HDP-FGR and i-FGR.

HDP-FGR n = 49 i-FGR n = 53 p-value

Maternal characteristics and obstetric variables

Maternal age (years) 34 (29-38) 34 (29-37) 0.603
Active smoking during pregnancy 2 (4.1) 9 (16.9) 0.010
GA at birth (weeks) 32.4 (30.4-35.8) 37.3 (36.3-38.4) 0.180
GA at birth <34 weeks 23 (46.9) 13 (24.5) 0.023
Birthweight centile <3rd 12 (24.5) 20 (37.7) 0.200
NICU admission 40 (81.6) 24 (46.2) <0.001

Doppler velocimetry indices and hemodynamic assessment

GA at assessment (weeks) 32.0 (29.0-33.9) 33.4 (30.6-36.4) 0.058
Mean UtA-PI >95th centile 33 (70.2) 19 (37.3) 0.001
CPR <5th centile 25/44 (56.8) 15/47 (31.9) 0.021
Body mass index (kg/m2) 23.6 (20.9-26.6) 20.7 (18.4-23.1) <0.001
Body surface area (m2) 1.83 (1.72-1.96) 1.74 (1.64-1.80) <0.001
MAP (mmHg) 100.0 (93.0-107.0) 89.0 (80.0-93.5) <0.001
HR (bpm) 76.0 (65.0-89.0) 73.0 (62.5-85.0) 1.000
SV (mL) 61.0 (52.0-76.0) 70.0 (60.0-80.0) 0.104
SV MoM 0.79 (0.62-0.90) 0.87 (0.79-1.04) 0.002
SVR (dynes x s/cm5) 1808 (1493-2048) 1395 (1194-1665) <0.001
SVR MoM 1.68 (1.41-2.06) 1.38 (1.12-1.65) <0.001
CO (L/min) 4.5 (3.9-5.5) 5.1 (4.3-5.8) 0.352
CO MoM 0.69 (0.55-0.84) 0.79 (0.66-0.90) 0.009
Vpk (m/s) 1.1 (0.8-1.5) 1.3 (1.1-1.5) 0.044
SMII (W/m2) 1.4 (1.1-1.7) 1.5 (1.2-1.7) 1.000
Data given as n (%) or median (interquartile range).
HDP-FGR, FGR associated with hypertensive disorders of pregnancy; i-FGR, isolated FGR; GA, gestational age; NICU, neonatal intensive care unit; UtA-PI, uterine artery pulsatility index;
CPR, cerebro-placental ratio; MAP, mean arterial blood pressure; HR, heart rate; SV, stroke volume; MoM, multiples of the median; SVR, systemic vascular resistance; CO, cardiac output;
Vpk, peak velocity of flow profile; SMII, Smith-Madigan Inotropy Index.
Birthweight centile defined according to Italian neonatal charts, ines charts (26).
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classification, suggesting a more marked hemodynamic
impairment characterized by low CO and high SVR in early-
versus late-onset FGR (3).

Several studies have investigated maternal hemodynamics
among pregnancies complicated by FGR and small for
gestational age (SGA) fetuses, identifying substantial
differences between these two conditions (27–29). In turn,
only one research work has been published so far focusing
on the hemodynamic status of FGR as defined by the
international Delphi survey consensus and comparing early-
to late-onset cases (28). The authors did not recognize
hemodynamic differences between early- and late-onset FGR,
although the study was limited by the small size of each
study group.

In line with these findings and supported by the assessment
of a larger group of pregnancies complicated by FGR, we did
not identify any difference in the hemodynamic status
between early- and late-onset FGR, except for higher MAP
values in early-onset cases, which were more frequently
associated with HDP (3, 4). Similar results were obtained
when performing sensitivity analyses including only HDP-
FGR or i-FGR cases. In contrast, substantial differences in
maternal hemodynamic parameters were recognized when
HDP-FGR were compared to i-FGR, independently of the
GA at diagnosis. In particular, hypertensive women with a
growth restricted fetus showed a substantially increased
hemodynamic impairment compared to normotensive FGR
pregnant patients, with higher values of MAP and SVR MoM
and lower values of SV MoM, CO MoM, and Vpk. These data
are in line with previous publications, although using a
different technique for hemodynamic evaluation and
inadequate definition of FGR (13, 14, 30).

Altogether these findings suggest that the presence or absence
of HDP with an underlying diagnosis of FGR, rather than the
simple temporal cut-off of 32 gestational weeks at FGR diagnosis,
Frontiers in Clinical Diabetes and Healthcare | www.frontiersin.org 7
is a more accurate criterion to highlight differences from the
point of view of maternal hemodynamics, thus distinguishing
FGR phenotypes likely requiring different therapeutic
management (31).

We also addressed the classificatory issue of FGR phenotypes
by means of a Random Forest algorithm with an automated
feature selection using the Boruta algorithm. These analyses
allowed us to evaluate significant variables with the potential
for discriminating HDP-FGR from i-FGR cases. Of note, five
features were identified, which were, in order of importance,
MAP, SVR MoM, BMI, Vpk, and GA at FGR diagnosis. While
the inclusion of MAP seems obvious, the identification of the
other above-mentioned features is less straightforward and of
major importance, since it highlights the relevance of maternal
hemodynamic status and phenotype, alongside the timing at
FGR diagnosis, in discriminating different FGR phenotypes. The
system displayed an overall good classificatory ability (p=0.009)
with a 74.2% accuracy, an 87.5% sensitivity, and a
60.0% specificity.

The strengths of our study are several. First, the study design,
a multicenter prospective study conducted at three maternal-
fetal referral centers. Second, the large size of the study groups,
which allowed us to perform robust analyses on the entire cohort
as well as on the study subgroups, such as HDP-FGR and i-FGR.
Third, the use of a strict definition of FGR according to the recent
international Delphi consensus diagnostic criteria (4), thus
limiting potential biases related to inclusion of SGA fetuses.
Finally, the evaluation of maternal hemodynamic status by a
small group of trained physicians at each research site.

Our study is not without limitations. In particular, USCOM-
1A evaluation was performed only once at the time of FGR
diagnosis, thus preventing us to identify potential hemodynamic
changes antecedent to FGR onset or subsequent to FGR
diagnosis and possibly reflecting worsening of fetal status
requiring delivery.
FIGURE 1 | Classificatory analysis of FGR phenotypes. Important variables identified by the Boruta algorithm in the comparison between HDP-FGR and i-FGR
cases. In decreasing order of importance, the Boruta algorithm identified MAP, SVR MoM, BMI, Vpk, and GA at diagnosis of FGR as the most important features
with a discriminatory ability between the two FGR phenotypes.
May 2022 | Volume 3 | Article 851971
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CONCLUSIONS

Our work supports the hypothesis that the presence of HDP,
rather than the mere temporal variable of GA at FGR diagnosis,
is a more accurate criterion to appreciate specific maternal
hemodynamic patterns associated with FGR and to adequately
distinguish different FGR phenotypes. Of note, such findings are
in line with previously published data on HDP (11, 17, 18) and
could be relevant in guiding a tailored approach for management
of these high-risk pregnancies, leading towards a more effective
and accurate precision medicine in this field of obstetrics
(31–35).

In addition, the classificatory analysis based on the Random
Forest algorithm has shown that the classification of these high-
risk pregnancies should include not only a single parameter,
such as the GA at FGR diagnosis, but several variables, among
which those related to maternal phenotype, i.e., BMI, and
hemodynamic status are the most relevant.
Frontiers in Clinical Diabetes and Healthcare | www.frontiersin.org 8
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