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Assessment of maternal and fetal Doppler in low risk term pregnancies in early

labour and correlation with obstetric and neonatal outcome.

Abstract

The identification of intrapartum hypoxia is among the current challenges of the
Obstetric practice. Available data have shown that such hypoxic events, despite
being rare, most commonly occur in uneventful and apparently low risk pregnancies

in appropriately grown fetuses.

The antenatal monitoring of fetal wellbeing aims to identify those fetuses at risk of
hypoxic events related to labour and delivery and promptly arrange effective
interventions in order to prevent adverse perinatal outcomes. Nevertheless,
continuous intrapartum monitoring by means of cardiotocography (CTG) has not
demonstrated a significant reduction in the incidence of adverse perinatal outcome
and has been associated with an increase in the caesarean section rate, particularly

among women considered at low risk.

Available evidences from the literature suggest that abnormalities in the uterine
artery Doppler and in the ratio between fetal cerebral and umbilical Doppler (i.e.
cerebroplacental ratio, CPR) are associated with conditions of subclinical placental
function occurring in fetuses who have failed to achieve their growth potential,
hence at risk of intrapartum complications. The purpose of this study is to
prospectively assess maternal and fetal Doppler in early labour in order to evaluate
whether abnormalities of the Doppler parameters may identify those fetuses at

higher risk of intrapartum distress.



Assessment of maternal and fetal Doppler in low risk term pregnancies in early

labour and correlation with obstetric and neonatal outcome.

Introduction

According to current estimates, over 20% of the 4 million neonatal deaths occurring
every year in the world are related to labour complications (1,2). Intrapartum fetal
hypoxia is among the leading causes of adverse perinatal outcomes such as death
and hypoxic-ischemic encephalopathy leading to cerebral palsy and permanent
disability (3-6). Additionally, up to one in two of hypoxic infants experience
pulmonary complications (7) or other sequelae such as renal dysfunction secondary
to acute kidney injury (7-9), cardiac complications and multiorgan dysfunction

(10,11).

The aim of the intrapartum monitoring of the fetal wellbeing is to identify those
fetuses experiencing hypoxic events which can lead to stillbirth and cerebral palsy
or neurological impairment, in order to promptly set up effective interventions to
prevent such adverse perinatal outcomes. The main tools for standard intrapartum
fetal surveillance include the analysis of the fetal heart rate by means of
cardiotocography (CTG) and intermittent auscultation. However, the evidence
supporting their role in detecting the fetuses susceptible to intrapartum hypoxia is
limited and strongly debated as such methods have not proven to result in an
improvement of the perinatal outcomes (12-16). The CTG has poor characteristics
as a test, with limited discriminatory power in identifying truly hypoxic fetuses.

Moreover, the intra- and interobserver agreement is suboptimal and its



interpretation is subjective (17). Nonetheless, CTG still represents the mainstay for

intrapartum fetal monitoring and is currently used in most delivery units (18,19).

According to the World Health Organization (WHO), protocols for midwifery-led
care of labouring women with low risk pregnancy have been introduced worldwide
with the purpose to provide “good health for the mother and the fetus with the
lowest safely intervention level” (20). On this ground, a policy of labor surveillance
by means of continuous CTG is recommended only in pregnancies with known risk
factors for the mother and/or for the fetus, hence considered at risk of hypoxia.
However, continuous CTG has shown low specificity in predicting fetal acidemia,
has not been proven to decrease the incidence of perinatal mortality or cerebral
palsy (13,19) and has been associated with a significant increase in the rate of
caesarean section. Of note, when considering new technologies which have been
implemented in order to support the “conventional” CTG interpretation (i.e.
computerized analysis and ST-segment waveform analysis from the fetal
electrocardiogram), available evidence has failed to demonstrate improvements in
maternal or neonatal outcomes and a reduction of unnecessary obstetric
intervention (20,21). On this basis, “continuous cardiotocography (CTG) is not
recommended for the assessment of the fetal well-being in healthy pregnant women
undergoing spontaneous labour” given its association with an increased rate of
unnecessary caesarean section and other medical interventions and in the absence
of evidence in terms of cost-effectiveness, acceptability and, most importantly,
grade “A” evidence supporting its clinical role in improving birth outcomes (3,22).
Therefore, one-to-one midwifery care and “intermittent auscultation of the fetal

heart rate with either a Doppler ultrasound device or a Pinard fetal stethoscope” is
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recommended in low risk women in the first and in the second stage of labour (23-

26).

It is important to note, however, that most cases of labour hypoxia occur among
apparently low risk pregnancies at term gestation (4,13). Therefore, such evidence
suggests that the current triage strategy based on the medical history and the
antepartum pregnancy characteristics does not allow the identification of those
cases at risk for intrapartum hypoxia (27), hence unable to withstand the periods of

intermittent hypoxia which characterize human labour.

Fetal growth and wellbeing is dependent on the maternal provision of oxygen and
nutrients which are transferred by the placenta to the fetus in order to sustain its
metabolic demand. In the majority of women, the placental function is sufficient to
allow appropriate growth of the fetus throughout pregnancy and cope with the
hypoxic stress of labour. Suboptimal placental function occurs when the utero-
placental supply of substrates fails to fulfil the needs of the fetus and in most
instances becomes evident as impaired fetal growth or fetal growth restriction
(FGR), which is a major determinant of adverse perinatal outcomes including

stillbirth (28-33).

From a pathophysiology point of view, fetal adaptation to chronic placental
insufficiency and hypoxia leads to the preferential diversion of the fetal cardiac
output in favour of the left ventricle, which then redirects the fetal blood flow to the
brain and the heart (34-36). Such changes can be demonstrated and monitored using
Doppler ultrasound. The evaluation of the placental function by umbilical artery

(UA) Doppler has become a clinical standard to distinguish between SGA and FGR
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fetuses (30,37-40) and should be the primary surveillance tool in the case of known
fetal smallness (41). In a systematic review of 16 randomized controlled trials
(RCT), including over 10,000 “high-risk” patients, the use of Doppler of the UA
resulted in a variable decrease in the perinatal mortality (OR 0.71, 95% CI 0.52-
0.98, 1.2 versus 1.7 percent, number needed to treat 203) (42). However, beyond 32
weeks UA Doppler is known to be within the normal range in most small fetuses
and also in those defined as FGR due to impaired placental function (43-46). When
considering only fetuses whose growth is considered “appropriate for the
gestational age” (AGA), a systematic review of five RCTs and including over
14,000 low-risk or unselected patients found routine umbilical artery Doppler
screening did not improve perinatal outcomes (47). Therefore, the use of UA
Doppler is not recommended as a screening test or for the monitoring of the fetal

wellbeing among low risk uneventful pregnancies (48-51).

The middle cerebral arteries (MCAs) are the two of the major branches of the circle
of Willis carrying >80% of the cerebral circulation in the fetus and represent the
most accessible cerebral vessels for antenatal ultrasound imaging (52,53). Under
normal conditions the cerebral circulation is characterized by high resistance with
continuous forward flow throughout the cardiac cycle (54,55). A reduction of the
PI of the MCA identifies a process of adaptation by vasodilatation which is known
as the “brain sparing effect” and has been associated with adverse fetal and perinatal
outcome and suboptimal neurodevelopment at 2 years of age not only in early FGR
showing an abnormal UA Doppler but also in late and term FGR fetuses with
normal UA PI (46,56-58). The cerebroplacental ratio (CPR), also named as cerebro-

umbilical (C-U) ratio, is considered an indicator of redistribution of the cardiac
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output being accounted by the ratio between the UA PI and the MCA PI (28,29).
The umbilico-cerebral (U-C) ratio represents an inverted ratio of the same
parameters and is suggested to be a more accurate discriminator of cerebral
redistribution compared to the CPR within the context of abnormal findings (59).
This Doppler parameter, which was first described by Gramellini et al. in 1992 and
proposed for the surveillance of the SGA fetuses in the third trimester (60), has been
demonstrated to be more sensitive to hypoxia than its individual components on
their own and to better correlate with adverse outcome in FGR as well as in SGA

fetuses (60,61).

More recent evidence has suggested that the CPR may represent an early index of
hitherto misdiagnosed fetal compromise also in the case of normal fetal growth and
in pregnancies labelled as “low risk” (27,62,63). Indeed, depending on the
gestational age at onset and on the extent of the placental dysfunction, the fetal
growth may be within the normal range even though the fetus has failed to reach its
growth potential, thus being at increased risk of adverse antenatal and perinatal
outcomes. As a proof, when considering all cases of stillbirth at gestation close to
term, at least two thirds of all cases occur in fetuses who are not small for their
gestation (30,64-67). Over the last decade, several groups have demonstrated that
even normally grown fetuses with reduced CPR beyond 36 weeks of gestation are
at increased risk of perinatal complications, thus suggesting that a reduced CPR per
se may represent a Doppler sign of subclinical, hence misdiagnosed, placental
insufficiency precluding the fetus to reach its growth potential (30,46,68-71).
Fetuses with a reduction in the CPR detected within 72 hours from labour onset

have been reported to be at higher risk of stillbirth, obstetric intervention due to
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intrapartum fetal distress, metabolic acidemia and neonatal morbidity,
independently of their birthweight (63). Such findings were confirmed also by other
research conducted on low risk pregnancies, thus leading to the hypothesis that the
CPR can identify conditions of suboptimal placental function arising at late
gestation and affecting the ability of the fetus to reach its growth potential albeit in
the absence of fetal smallness (65,66,72-74). Nonetheless, the published data has
shown a limited utility of the CPR in the prediction of adverse perinatal events,
therefore caution has been advocated in incorporating this parameter into routine

antenatal care within the context of low-risk pregnancies.

Similarly, to date there is no evidence supporting the evaluation of uterine artery
(UtA) Doppler within the context of AGA fetuses in the third trimester. Uterine
arteries are paired vessels undergoing major anatomic and functional adaptation
during pregnancy as a result of the trophoblastic invasion of the maternal spiral
arterioles —named as “remodelling” — in the first half of the gestation. Under normal
conditions a sharp decrease in uterine artery (UtA) impedance to flow occurs as
placental implantation progresses, which is reflected by the increased flow in
diastole and disappearance of the notch present in the nonpregnant UtA (75,76).
The “remodelling” of the spiral arteries is usually completed by 24 weeks, and
indeed less prominent changes in UtA Doppler occur in the third trimester (77).
Clinically, the UtA Doppler is commonly investigated to assess the severe early
onset complications of impaired placentation. A systematic review and meta-
analysis demonstrated the role of UtA Doppler ultrasonography as a predictor of
FGR, particularly when performed in the second trimester and particularly for early

FGR (78). UtA Doppler has not been incorporated in the recently published
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diagnostic criteria for late FGR (30), however other research groups on late FGR
have suggested its role for the longitudinal monitoring and management of
SGA/late FGR fetuses (79,80), abnormal findings being associated with an
increased risk of adverse perinatal events (81,82). This supports the concept that
abnormally raised UtA PI in the third trimester may help in discriminating between
SGA and late FGR (68,69,83). In this context, MacDonald et al. described the
cerebral-placental-uterine ratio (CPUR) as a novel marker for discriminating SGA
from FGR fetuses which is accounted by the ratio between the CPR and the UtA PI
(84). As regards AGA fetuses, to date only a retrospective study evaluating the
incidence of stillbirth within a population of apparently appropriately grown fetuses
in the third trimester has demonstrated an association between raised UtA PI and

adverse perinatal outcome (85).

When considering all cases of fetal hypoxia, 75% occur during labour as a result of
uterine contractions. Labour is the most challenging time span for feto-placental
unit being uterine contractions associated with up to 60% of the decline in uterine
artery flow velocity (66). The majority of appropriately grown, healthy, term
fetuses are able to withstand the reduction of the uterine perfusion over a prolonged
period of time, mainly because of their high myocardial glycogen stores, the
increased oxygen affinity of HbF and the autonomic fetal defensive mechanisms
against the hypoxic injuries (86-90). On the other hand, inadequate placental
function is associated with the progressive development of fetal acidosis due to an
inability to correct the impaired gas exchange between contractions (91,92). On this
ground, it is reasonable to hypothesize that undiagnosed conditions of impaired

placental function could be unmasked by uterine contractions and that the
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evaluation of the CPR and the UtA Doppler in early labour may be useful for the
identification of a subgroup of low risk women at higher risk of perinatal
complications. The aim of this prospective observational study is to investigate
whether the fetal and the maternal Doppler can predict the occurrence emergency
delivery due to intrapartum fetal distress and the occurrence of adverse perinatal
outcome among uneventful term pregnancies in early stages of spontaneous labour.
Moreover, this study aims to assess if maternal-fetal Doppler velocimetry is capable
to improve the detection of those cases who are more likely to require continuous

CTG monitoring and those in which intermittent CTG is the best choice.
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Methods

This was a prospective, multicenter, observational study involving four European
Tertiary Academic centres (Universities of Parma and Rome Tor Vergata, Italy;
Imperial College London, United Kingdom; University of Barcelona, Spain) and

conducted between January 1st, 2016 and September 30th, 20109.

All women with singleton pregnancy were approached on admission for early
spontaneous labor, which was defined by means of a fully effaced, 3-4 cm dilatated
cervix coupled with at least 3 contractions in 10 minutes recorded at tocography
(93,94). At recruitment, all women were at term pregnancy, which was defined by
a gestational age between 37%° and 41*% weeks. This was determined either by the
last menstrual period or by the crown-rump length measurement performed in the
first trimester, according to the National guidelines of the participating Centres (95-

97).

As per the design of the study, prerequisites for study enrolment were represented
by the presence of a cephalic presenting fetus and a normal admission CTG
according to the classification by the International Federation of Gynecology and
Obstetrics (FIGO) (98). Additionally, all the included fetuses were identified as
“low risk” on the basis of individual chart review and fetal growth was considered
appropriate based on a growth scan performed between 30 and 36 weeks or on the
clinical assessment of the symphysis-fundal height at 36 to 37 weeks. Despite being
defined as “low risk”, all the enrolled patients were submitted to continuous CTG
during labor as per policy of the three Centres involved in this study. In all the

included cases delivery occurred within 24 hours from recruitment.
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Exclusion criteria were represented by one or more of the following: active phase
of the first stage of labor with cervical dilatation >5 cm, multiple pregnancy,
preexisting chronic maternal medical disorders or poor obstetric history, any
complication diagnosed during the index pregnancy, including hypertensive
disorders and gestational diabetes, morbid obesity at booking as defined by body
mass index (BMI) >40 kg/m?, previously identified fetal growth restriction, fetal
anomalies, aneuploidies and genetic syndromes either antenatally known or
postnatally diagnosed, evidence of intrauterine infection, antepartum haemorrhage,
premature rupture of the membranes for >18 hours, scarred uterus as per previous

caesarean section (CS) or fibroid removal and age below 18 years.

In each of the participating Centres, Doppler recordings of the umbilical artery
(UA), the middle cerebral artery (MCA) and the left and the right uterine artery
(UtA) were undertaken by trained practitioners and the pulsatility index (PI) of all
the parameters was measured. All Doppler recordings were performed in between
uterine contractions as ensured by tocography and uterine palpation with the patient
lying in a semirecumbent position. Doppler parameters were measured according
to the recommendations by the International Society on Ultrasound in Obstetrics
and Gynecology (52), i.e. using an angle of insonation below 30 degrees, in the
absence of maternal and fetal movements and using an automated trace of at least
3 consecutive waveforms. In all cases fetal Doppler findings were obtained before

epidural analgesia.

The UA PI and the MCA PI were converted into multiples of the median (MoMs)
based on formerly reported reference ranges (99) in order to adjust for the

gestational age at study recruitment. The UA Pl MoM value that selected the
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highest 5% of the cases was chosen as the 95th centile and increased UA PI MoM
was defined based on UA Pl MoM within the highest 5 percentiles of the study
population. Similarly, the MCA P1 MoM value that selected the lowest 5% of the
enrolled women was chosen as the 5th centile and reduced MCA Pl MoM was
defined based on MCA Pl MoM within the lowest 5 percentiles of the study

population.

The CPR values were computed by dividing the MCA PI and the UA PI and
converted into multiples of the median (MoM) based on formerly reported reference
ranges (100), thus correcting for gestational age as previously described (65). The
CPR MoM value that selected the lowest 10% of the cases was chosen as the 10th
centile and reduced CPR MoM was defined based on CPR MoM within the lowest

decile of the included population.

The mean UtA Pl was computed as the mean of the PI of the left UtA and of the
right UtA Pl and converted into MoMs based on formerly reported reference ranges
(101), thus correcting for gestational age. The mean UtA Pl MoM value that
selected the highest 5% of the cases was chosen as the 95th centile and increased
mean UtA PlI MoM was defined based on mean UtA PlI MoM within the highest 5

percentiles of the included population.

In the absence of previously reported data reporting the reference ranges across
gestation, the CPUR was calculated by dividing the CPR MoM and the UtA PI
MoM. The CPUR value that selected the lowest 10% of the cases was chosen as the
10th centile and reduced CPUR was defined based on CPUR within the lowest

decile of the included population.
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Information concerning maternal age, ethnicity, parity, gestation at the onset of

labor and body mass index (BMI) at booking and at delivery were recorded.

The clinicians responsible for the intrapartum care and the patients themselves were

blinded to the US findings.

After delivery, intrapartum and neonatal outcome data were collected from patient
case notes. The primary outcome of the study was to evaluate the relationship
between the CPR and the mean UtA Pl measured in early labour and the need to
expedite delivery due to intrapartum fetal distress. Deliveries were categorized
according to the mode of delivery in spontaneous vaginal delivery (SVD), obstetric
intervention (Ol), Ol secondary to dystocia (Ol dystocia) and Ol secondary to fetal
distress (Ol distress). Secondary outcomes were represented by adverse perinatal
events, which included low APGAR score at 5 minutes, abnormal cord gases either
in terms of low cord arterial pH or increased cord arterial base excess (BE), delivery
of a small-for-gestational age (SGA) neonate, transfer to Neonatal Intensive Care
Unit (NICU), hypoxic-ischemic encephalopathy, stillbirth/neonatal death and

composite adverse perinatal outcome.

The diagnosis of intrapartum fetal distress was subjectively defined by the
physician in charge for the patient care based on abnormal CTG tracing according
to FIGO classification system (98). In order to ensure consistency within Tertiary-
Unit settings, in all the participating Centres CTG tracings are routinely reviewed
by two senior members of the obstetric team before expediting delivery due to
intrapartum fetal distress. As per common policy of the participating Centres, the

analysis of the cord gases was performed according to the recommendations by the
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American College of Obstetricians and Gynecologysts (102) and in all other cases
of obstetric intervention. Paired umbilical cord gases were routinely obtained either
within 60 seconds from birth or from double-clamped cord segments and a
prerequisite for study inclusion was the availability of the result of either the cord
arterial or venous pH and base excess. Abnormal cord gases were diagnosed in the

case of either umbilical artery cord pH <7.10 or umbilical artery BE >12.

Neonatal outcome was assessed by examining birthweight and birthweight centile
corrected for gender (103), cord arterial pH and base excess at delivery, Apgar score
at 1 and 5 minutes, need for resuscitation at birth and admission to NICU. Adverse
perinatal outcome was scored as previously described (18): 1) Apgar >7 @ 1 min
=0, <7@1min=1,<7@5min = 2; 2) Cord arterial pH >7.20 =0, <7.20 = 1,
<7.10=2,<7.00=3;3) BE<8=0,>8and <12 =1, >12 = 2; 4) NICU admission
or need for resuscitation at birth No = 0, Yes = 1. Composite adverse perinatal
outcome (CAO) was defined by a score >3. SGA neonates were identified as those
weighting <10th percentile for the given gestational age corrected for gender and

parity according to the Italian growth charts published by Bertino et al. (103).

At the time of the study design no data on the association between the CPR in early
labor and the mode of delivery in uncomplicated pregnancies was available,
however a sample size calculation was attempted as follows. The patients eligible
for our study belong to the categories 1 and 3 according to the classification
described by Robson et al. (104). In 2015, 817 and 610 patients who delivered at
the University Hospital of Parma belonged to the Categories 1 and 3, respectively,
and accounted for 54.4% of all deliveries (1427/2623). The CS rate was 11% (89

patients) for Category 1 and 3.4% (21 patients) for Category 3 averaging at 7.7%
16



in the overall target population. Previously published data on low risk not laboring
women showed that in low risk fetuses with CPR below the 10th percentile the CS
rate due to fetal distress was nearly four times higher (36.4% vs 9.5%) than among
fetuses with CPR between 10th and 90th percentile for gestational age. In the same
study, the percentage of CS due to fetal distress was 42.2% (73). We applied these
percentages to the local population of the University Hospital of Parma and
estimated that the number of low risk patients needed to demonstrate that a reduced
CPR in early labor is associated with a four-times higher rate of cesarean section
rate due to fetal distress (from 3.2% to 12.8%) in order to obtain statistical power

of 80% (p <0.05) would have been 288.

In the absence of prospective and retrospective on the role of UtA Doppler in low
risk pregnancy at term, no sample size calculation was attempted to test the
association between mean UtA Pl and the primary outcome of the study at the time
of the study design. Nonetheless, an interim analysis of the study dataset showing
an incidence of Ol due to fetal distress of 13.0% in cases with increased mean UtA
Pl MoM vs 7.6% in mothers with mean UtA Pl MoM below the 95th percentile
allowed to estimate that the number of low risk patients needed to demonstrate that
a raised UtA Pl in early labor is associated with an almost twice higher rate of

cesarean section due to fetal distress would have been 992.

Ethics approval for this study was granted by the local Ethics Committee in all the
involved centers and all the eligible patients signed a consent form before study
enrollment. Statistical analysis was performed using Statistical Package for Social
Sciences (SPSS) version 20 (IBM Inc., Armonk, NY, USA). Normal or abnormal

distribution of continuous variables was preliminary evaluated by means of the
17



Kolmogorov-Smirnov and the Shapiro-Wilk tests and data were shown as mean +
standard deviation or as median (range) accordingly. Comparison of normally and
non-normally distributed continuous variables included the T test for independent
sample or the ANOVA test and the Mann-Whitney U-test or the Kruskal-Wallis test,
respectively. Categorical variables were reported as number (percentage) and

compared using the Chi-square test.

Logistic regression analysis was used to control for potential confounding variables,
while the prediction performance of the evaluated Doppler parameters for Ol due
to intrapartum fetal distress was determined by receiver operating characteristic
(ROC) curve analysis. The method of DeLong et al. was used for the comparison

of the ROC curves (105). p <0.05 was considered as statistically significant.
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Results

Overall, 804 women were recruited over the study period, of whom 455 were
recruited by a single dedicated investigator (AD) at the University Hospital of
Parma and at Queen Charlotte’s and Chelsea Hospital (Imperial College London),
while 166 and 183 cases were provided by the University of Barcelona and Rome

Tor Vergata, respectively.

Demographic features, intrapartum parameters and labour outcomes of the included
cases are summarized in Table 1. The UA Pl MoM, the MCA Pl MoM, the CPR
MoM, the mean UtA Pl MoM and the CPUR were all normally distributed

throughout the study population.

SVD occurred in 659 women (82.0%), while CS and ID were recorded in 88
(10.9%) and 57 (7.1%) cases, respectively. Overall, Ol due to fetal distress was
performed in 54 (6.7%) women, which included 25 CSs (3.1%) and 29 IDs (3.6%).
No case of hypoxic-ischemic encephalopathy and stillbirth or neonatal death was
recorded (Table 1). The demographic characteristics and the intrapartum and
perinatal outcomes in cases with normal vs abnormal (either reduced or increased)
UA PI MoM, MCA PI MoM, CPR MoM, mean UtA PI MoM and CPUR are shown

in Tables 2-6.

Increased UA Pl MoM was defined as UA Pl MoM >1.45 and recorded in 41
women. Cases with increased UA Pl MoM showed higher booking BMI (27.7+4.0
vs 23.9+4.1, p<0.001), BMI at term (31.2+6.8 vs 28.3+4.2, p<0.001) and
gestational age at delivery (407140 vs 397+1*!, p=0.03), higher incidence of

oxytocin augmentation (68.3% vs 50.2%, p=0.02) and epidural in labour (75.6% vs
19



58.2%, p=0.03) and median Apgar at 1 minute (9 (7-10) vs 9 (1-10), p<0.001),
while the frequency of pH <7.20 was lower (9.8% vs 25.5%, p=0.02) compared to

cases with normal UA Pl MoM (Table 2).

Reduced MCA Pl MoM was identified by a MCA Pl MoM <0.67 and accounted
for 37 women. The MCA PI below the 5th percentile was associated with an earlier
gestational age at delivery (38%6+1%° vs 39*6+1*1 p<0.001), an over two-fold higher
the incidence of OI due to intrapartum distress (18.2% vs 7.1%, p=0.02) and also
the frequency of cord arterial pH <7.00 and cord arterial BE >12 was higher
compared to cases with normal MCA PI MoM (6.1% vs 0.2%, p<0.001 and 12.5%

vs 3.0%, p=0.004, respectively) (Table 3).

A cut-off threshold of CPR MoM of 0.62 was used to define a reduced CPR MoM,
which occurred in 75 women. Women with CPR MoM within the lowest decile of
the study population delivered at earlier gestation (39*2+17° vs 39"+1*! weeks,
p<0.001) and showed an over seven-fold higher incidence of Ol due to fetal distress
(30.7% vs 4.3%, p<0.001). Moreover, lower median 5 minutes Apgar score (9 (7-
10) vs 9 (7-10), p=0.04) and cord arterial pH (7.22+0.10 vs 7.26+0.09, p<0.001)
were recorded in women with reduced CPR MoM, while the mean cord arterial base
excess (6.64+3.30 vs 5.70+2.89, p=0.01) and the incidence of oxytocin
augmentation (65.3% vs 49.7%, p=0.01), epidural in labour (73.3% vs 57.6%,
p=0.008), Apgar score <7 at 1 minute (8.0% vs 1.8%, p=0.01), cord arterial pH
<7.20 (37.7% vs 23.2%, p=0.008), <7.10 (11.6% vs 2.1%, p<0.001) and <7.00
(2.9% vs 0.2%, p=0.001), NICU admission (6.7% vs 1.0%, p<0.001) and composite
adverse perinatal outcome (13.3% vs 3.0%, p<0.001) were higher in women with

CPR MoM <10th percentile compared to those with normal CPR MoM (Table 4).
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Increased mean UtA P1 MoM was defined as mean UtA Pl MoM >1.66, which was
recorded in 40 cases. Women with mean UtA Pl >95th percentile of the study
population showed lower birthweight (3171+427 vs 33854421 grams, p=0.002) and
birthweight percentile (37.1+28.1 vs 50.6+28.5, p=0.004) compared to cases with
normal mean UtA Pl MoM. Furthermore, increased mean UtA Pl was associated
with a lower rate of epidural in labour (42.5% vs 59.9%, p=0.03) and a higher
incidence of SGA neonates (20.0% vs 6.7%, p=0.002), cord arterial BE >12 (10.8%
vs 3.0%, p=0.01) and NICU admission or need for resuscitation at birth (7.5% vs
1.2%, p=0.001)(Table 5). There was a linear relationship between UtA Pl MoM
and the CPR MoM as the increase of the mean UtA Pl MoM was correlated to a

reduction of the CPR MoM (correlation coefficient -0.159, p>0.001).

A reduced CPUR was identified by a cut-off threshold of 0.49, which occurred in
75 women. In cases showing CPUR <10th percentile for the study population, a
lower gestational age at delivery (3973+1% vs 397+1*!, p=0.005), cord arterial pH
(7.23+0.11 vs 7.26+0.09, p=0.02) and birthweight (3251+431 vs 3387+422 grams,
p=0.008) were recorded. Conversely, the cord arterial BE was higher (6.72+3.62 vs
5.68+2.84, p=0.005) and the incidence of Apgar <7 at 1 minute (8.0% vs 1.8%,
p=0.001), cord arterial pH <7.10 (10.0% vs 2.2%, p<0.001), cord arterial BE >8
(27.5% vs 17.5%, p=0.04) and >12 (13.0% vs 2.3%, p<0.001), NICU admission or
need for resuscitation at birth (5.3% vs 1.1%, p=0.004) and composite adverse
outcome (13.3% vs 3.0%, p<0.001) was also higher in women with reduced CPUR

compared to those with normal CPUR (Table 6).
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Primary outcome: relationship between maternal and fetal Doppler in early

labour and obstetric intervention due to intrapartum fetal distress

Maternal demographics, the distribution of Doppler values and intrapartum and
neonatal outcomes according to the mode of delivery are shown in Table 7. Within
our population of low risk pregnancies at term gestation submitted to maternal and
fetal Doppler evaluation in early labour, all the evaluated Doppler parameters were
associated with the primary outcome being UA Pl MoM and mean UtA Pl MoM
higher and MCA Pl MoM, CPR MoM and CPUR lower in women who underwent
Ol due to intrapartum fetal distress. When evaluating the baseline risk for Ol due
to intrapartum fetal distress by means of logistic regression analysis and a model
including antepartum and intrapartum characteristics such as maternal age, booking
BMI, ethnicity, parity, smoking status, oxytocin augmentation and epidural in
labour, the UA P1 MoM (5.202, 95%CI (1.299-20.833), p=0.02), the MCA Pl MoM
(14.037, 95% CI (2.705-72.835), p=0.002), the CPR MoM (65.939, 95% ClI
(13.562-320.603), p<0.001), the mean UtA PI MoM (3.204, 95%ClI (1.399-7.337),
p=0.006) and the CPUR (OR 16.055, 95% CI (4.744-54.342), p<0.001) all were
independently associated with Ol due to intrapartum fetal distress, as were the MCA
PI MoM <5th percentile (OR 1.267, 95%Cl (1.048-1.532), p=0.02), the CPR MoM
<10th percentile (OR 1.270, 95%CI (1.189-1.356), p<0.001), the mean UtA PI
MoM >95th percentile (OR 1.012, 95%CI (1.002-1.022), p=0.02) and the CPUR

<10th percentile (OR 1.243, 95%Cl (1.165-1.327), p<0.001).

At ROC curve analysis the area under the curve (AUC) for the identification of Ol
due intrapartum fetal distress according to the baseline risk model was 0.619,

95%CI (0.540-0,699), p=0.004. The comparison between the AUC of the baseline
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risk model with that of models including the baseline risk and the evaluated Doppler
parameters showed an increased AUC for the models including the MCA Pl1 MoM
(AUC 0.685, 95%Cl (0.610-0.760), p<0.001), the CPR MoM (AUC 0.748, 95%Cl
(0.678-0.818), p<0.001), the CPUR (AUC 0.725, 95%CIl (0.651-0.798), p<0.001),
the CPR MoM <10th percentile (AUC 0.768, 95%CI (0.697-0.840), p<0.001) and
the CPUR <10th percentile (AUC 0.757, 95%CI (0.685-0.829), p<0.001) compared
to the baseline risk (p=0.04, p=0.008, p=0.04, p<0.001 and p<0.001, respectively).
No difference in the AUC was noted across the models including the baseline risk
and the different Doppler parameters (MCA Pl MoM vs CPR MoM, p=0.08; MCA
P1 MoM vs CPUR, p=0.35; MCA Pl MoM vs CPUR <10th percentile p; CPR MoM
vs CPUR, p=0.38; CPR MoM vs CPR MoM <10th percentile, p=0.54; CPR MoM
vs CPUR <10th percentile, p=0.80; CPUR vs CPR MoM <10th percentile, p=0.25;
CPUR vs CPUR MoM <10th percentile, p=0.37; CPR MoM <10th percentile vs
CPUR <10th percentile, p=0.66), with the only exception of the comparison
between the model including MCA Pl MoM and that with CPR MoM <10th
percentile (p=0.02), which was the Doppler parameter associated with the highest
AUC. When evaluating additional models including maternal and fetal Doppler (i.e.
the UtA Doppler and the CPR, respectively), the highest AUC for of Ol due to
intrapartum fetal distress was obtained by combining the CPR MoM <10th
percentile and the mean UtA Pl MoM >95th percentile, which yielded an AUC
0.783, 95%CI (0.712-0.855), p<0.001. However, no difference was noted at paired
comparison of this latter AUC with that of the models including the CPR MoM
<10th percentile only (p=0.31) nor the combination or either CPR MoM <10th
percentile or mean UtA Pl MoM >95th percentile (AUC 0.775, 95%CI (0.705-

0.845), p<0.001)(p=0.42). Conversely, the combined model including the CPR
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MoM <10th percentile and the mean UtA Pl MoM >95th percentile showed a higher
AUC compared to that of the model including CPR MoM <10th percentile and
mean UtA Pl MoM >95th percentile (AUC 0.658, 95%Cl (0.576-0.739),
p<0.001)(p=0.002)(Figure 1). CPR MoM and mean UtA Pl MoM were both
abnormal (i.e. CPR MoM <10th percentile and mean UtA Pl MoM >95th
percentile) in 6 (0.7%) cases and both within the normal range in 695 (86.4%) cases,
while abnormal CPR MoM and abnormal mean UtA Pl MoM were recorded in 69
(8.6%) and 34 (4.2%) women, respectively. Of note, Ol due to intrapartum fetal
distress was performed in 4/6 cases (66.7%) showing CPR MoM <10th percentile

and mean UtA Pl MoM >95th percentile.

The sensitivity, the specificity, the positive and the negative predictive value (PPV
and NPV, respectively) and the positive and the negative likelihood ratios (LR+ and
LR-, respectively) for Ol due to intrapartum fetal distress in cases with CPR MoM
<10th percentile, in cases with CPR MoM <10 percentile and/or mean uterine
artery (UtA) pulsatility index (PI) MoM >95 percentile, for the models obtained
by combining the baseline characteristics with the CPR MoM <10th percentile, the
CPR MoM <10™ percentile and/or the mean uterine artery (UtA) pulsatility index
(PI) MoM >95™ percentile and for the combined model including the CPR MoM
<10th percentile and the mean UtA Pl MoM >95th percentile is shown in Table 8.
Overall, the maternal and fetal Doppler assessment in early labour proved to be a
poor predictor of Ol due to intrapartum fetal distress being the all the models

associated with a sensitivity on or below the 78% and a with a low PPV.
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Secondary outcomes

With regards to the secondary outcomes of the study, there was no case of Apgar
<7 at 5 minutes. Cord arterial pH <7.10 and cord arterial base excess >12 were
recorded in 21/699 (3.0%) and 23/673 (3.4%) cases, respectively, while abnormal
cord gases, birthweight <10th centile for the gestational age, transfer to NICU or
need to resuscitation at birth and composite adverse perinatal outcome were
recorded in 38/731 (5.2%), 59 (7.3%), 12 (1.5%) and 32 (4.0%) women,
respectively. Given the low incidence of adverse outcome within our low risk
population, the maternal demographics, the distribution of Doppler values and the
intrapartum outcomes were analyzed according to the occurrence of abnormal cord

gases and composite adverse perinatal outcome and the postnatal diagnosis of SGA.

When investigating the relationship between abnormal cord gases and Doppler
findings in early labour, the MCA Pl MoM (0.90+0.19 vs 0.97+0.21, p 0.045) and
the mean UtA Pl MoM (1.26+0.30 vs 1.124+0.29, p 0.004) differed between cases
with and without abnormal umbilical artery pH or BE at birth (Table 9), however
only the mean UtA PI MoM proved to be independently associated with abnormal
cord gases at logistic regression analysis (OR 3.550, 95%CI (1.327-9.497), p=0.01).
At ROC curve analysis, the incorporation of the mean UtA PI MoM (AUC 0.800,
95%Cl (0.768-0.828), p<0.001) into a model including the baseline maternal
caracteristics and the intrapartum parameters (AUC 0.768, 95%CI (0.736-0.799),
p<0.001) yielded an impovement in the identification of the cases with abnormal
arterial cord gases at birth (p=0.04) (Figure 2) and was associated with a sensitivity

0f 0.73, 95%CI (0.56-0.86), a specificity of 0.72, 95%CI (0.66-0.75), a PPV 0f 0.12,
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95%CI (0.08-0.17), a NPV of 0.98, 95%CI (0.96-0.99), a LR+ of 2.57, 95% CI

(2.04-3.23) and a LR- 0f 2.65, 95% CI (1.56-4.51).

As regards the relationship between CAO and Doppler recordings in early labour,
higher mean UtA Pl MoM (1.24+0.32 vs 1.11+0.29, p=0.02) and lower MCA PI
MoM (0.88+0.17 vs 0.98+0.21, p=0.01) and CPUR (0.69+0.24 vs 0.92+0.40,
p=0.04) were recorded in cases experiencing adverse outcome (Table 10). At
logistic regression analysis both the MCA Pl MoM and the mean UtA Pl MoM
proved to be independently associated with CAO (OR 11.320, 95%CI (1.377-
93.080), p=0.02 and OR 3.048, 95%CI (1.082-8.586), p=0.03, respectively). At
ROC curve analysis no difference was found between the models including MCA
Pl MoM (AUC 0.785, 95%CI (0.754-0.813), p<0.001), the mean UtA Pl MoM
(AUC 0.775, 95%CI (0.744-0.804), p<0.001) and the combination of MCA PI
MoM and mean UtA Pl MoM (AUC 0.805, 95%CI (0.745-0.865), p<0.001)(p=0.63
for the model including MCA Pl MoM vs model including mean UtA Pl MoM,;
p=0.19 for the model including MCA Pl MoM vs model combining MCA Pl MoM
and mean UtA Pl MoM; p=0.16 for the model including mean UtA Pl MoM vs
model combining MCA Pl MoM and mean UtA Pl MoM). The model combining
the MCA Pl MoM and the mean UtA PI MoM was associated with the highest
accuracy in the identification of CAO (Figure 3) yielding a sensitivity of 0.68,
95%Cl (0.49-0.83), a specificity of 0.79, 95%CI (0.76-0.82), a PPV of 0.12, 95%Cl
(0.07-0.17), a NPV of 0.98, 95%CI (0.97-0.99), a LR+ of 3.23, 95%CI (2.44-4.28)

and a LR- of 2.45, 95%Cl (1.47-4.09).

The postnatal diagnosis of SGA was associated with a higher UA Pl MoM

(1.21+0.18 vs 1.05+0.21, p<0.001) and mean UtA Pl MoM (1.25+0.39 vs
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1.1140.28, p<0.001) and lower CPR MoM (0.80+0.16 vs 0.95+0.29, p<0.001) and
CPUR (0.69+0.24 vs 0.92+0.40, p<0.001) (Table 11). At logistic regression
analysis, which included maternal age, booking and term pregnancy BMI, smoking
status, ethnicity and parity, the UA Pl MoM (OR 31.163, 95%CI (7.984-121.626),
p<0.001), the CPR MoM (OR 10.223, 95%CI (2.860-36.542), p<0.001), the mean
UtA Pl MoM (OR 3.489, 95%CI (1.576-7.723), p=0.002), the CPFUR MoM (OR
8.435, 95%Cl (2.917-24.397), p<0.001) and the UtA Pl MoM >95th percentile (OR
1.011, 95%CI (1.001-1.021), p=0.03) were all independently associated with the
postnatal diagnosis of SGA. At ROC curve analysis (Figure 4) the comparison of
the baseline AUC for SGA (AUC 0.619, 95%CI (0.546-0.692), p=0.003) with that
of the models including the baseline characteristics and the Doppler parameters
showed a higher AUC for the models including the UA PI MoM (AUC 0.731,
95%Cl (0.676-0.787), p<0.001) and the CPUR (AUC 0.700, 95%CI (0.638-0.763),
p<0.001) compared to the baseline model (p=0.004 and p=0.04, respectively). The
highest accuracy in the identification of SGA was associated with the model
including UA PI MoM and mean UtA Pl MoM (AUC 0.744, 95%CI (0.691-0.796),
p<0.001), which yielded a sensitivity of 0.82, 95%CI (0.70-0.91), a specificity of
0.63, 95%CI (0.59-0.67), a PPV 0f 0.15, 95%CI (0.11-0.19), a NPV of 0.98, 95%ClI
(0.96-0.99), a LR+ of 2.23, 95%CI (1.91-2.60) and a LR- of 3.59, 95%CI (2.04-
6.32). However, the model including UA PI MoM and mean UtA PI MoM was not
associated with an improvement in the accuracy of SGA neonates compared to the

model including UA Pl MoM only (p=0.38).
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Table 1 — Demographic features, intrapartum parameters and labor outcomes of the
included cases.

All cases
N 804

Age, years 30.9+5.6
Mean + SD
Ethnicity White (Caucasian, Arabic) N 658 (81.8%)
N (%) African N 30 (3.7%)

Asian N 56 (7.0%)

Other (Caribbean, South American, Mixed) N 60 (7.5%)
Parity Nulliparae 441 (54.9%)
N (%)
Booking BMI, 24.0+4.1
kg/m?
Mean + SD
Term pregnancy 28.5+4.4
BMI, kg/m’?
Mean + SD
Smoking Yes 71 (8.8%)
N (%)
Gestation at 39" 4+ 17!
delivery, weeks*s
Mean + SD
PROM at 219 (27.2%)
recruitment
N (%)
Umbilical artery PI 1.06 +0.21
MoM
Mean + SD
Middle cerebral 097 +0.21
artery PI MoM
Mean +SD
CPR MoM 0.94 +0.29
Mean +SD
Mean UtA PI MoM 1.16 + 0.29
Mean +SD
Cerebral-placental- 091 +0.39
uterine ratio
Mean + SD
Mode of delivery SVD 659 (82.0%)
N (%) ID 57 (7.1%)
CS 88 (10.9%)

Mode of delivery SVD 659 (82.0%)
according to ID fetal distress 29 (3.6%)
indication ID dystocia 28 (3.5%)
N (%) CS fetal distress 25 (3.1%)
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CS dystocia 63 (7.8%)

Labor length,
minutes
Mean + SD

408 +205

Fetal Gender
N (%)

Male 415 (51.6%)

Birthweight, grams
Mean + SD

3374 + 424

Birthweight
percentile
Mean + SD

50.0 +£28.6

Apgar at 1 minute
Median (range)

9 (1-10)

Apgar at 5 minutes
Median (range)

9 (7-10)

Cord arterial pH
Median (range)
N 699

7.26 £0.09

Cord arterial base
excess

Median (range)
N673

5.79+£2.95

Amniotic fluid
characteristics
N (%)

MSAF 75 (9.3%)

Oxytocin
augmentation
N (%)

Yes 411 (51.1%)

Epidural in labour
N (%)

Yes 475 (59.1%)

resuscitation at
birth
N (%)

Labour length, 376 + 195
minutes

Mean + SD

NICU admission or Yes 12 (1.5%)
need for

SVD: spontaneous vaginal delivery; ID: instrumental delivery; CS: caesarean
section; BMI: body mass index; PI: pulsatility index; MSAF: meconium-stained

amniotic fluid; NICU: neonatal intensive care unit.
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Table 2 — Maternal demographics and intrapartum and perinatal outcomes
according to umbilical artery (UA) pulsatility index (PT) MoM.

Normal UA PI MoM$

Increased UA PI MoMS

p
N 763 NA41

Age, years 30.9+5.6 29.7+6.0 0.17
Mean + SD
Ethnicity White 621 (81.4%) White 37 (90.2%) 0.51
N (%) African 29 (3.8%) African 1 (2.4%)

Asian 54 (7.1%) Asian 2 (4.9%)

Other 59 (7.7%) Other 1 (2.4%)
Parity Nulliparae 419 (54.9%) Nulliparae 22 (53.7%) 0.88
N (%)
Booking BMI, 23.9+4.1 27.7+4.0 <0.001
kg/m?
Mean +SD
Term 28.3+4.2 31.2+6.8 <0.001
pregnancy
BMI, kg/m?
Mean +SD
Gestation  at 3976 + 171 40*1 + 06 0.03
delivery,
weeks* s
Mean +SD
Mode of SVD 629 (82.4%) SVD 30 (73.2%) 0.13
delivery Ol 134 (17.6%) OI 11 (26.8%)
N (%)
Mode of SVD 629 (82.4%) SVD 30 (73.2%) 0.09
delivery OI dystocia 82 (10.7%) OlI dystocia 9 (22.0%)
according  to OlI distress 52 (6.8%) Ol distress 2 (4.9%)
indication
N (%)
Mode of SVD 629 (88.5%) SVD 30 (76.9%) 0.03
delivery OI dystocia 82 (11.5%) OI dystocia 9 (23.1%)
(excluding
obstetric
intervention
due to fetal
distress)
Mode of SVD 629 (92.4%) SVD 30 (93.8%) 0.77
delivery Ol distress 52 (7.6%) OI distress 2 (6.2%)
(excluding
obstetric
intervention for
dystocia)
Labour length, 378 + 194 269 + 196 0.08
minutes
Mean + SD
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Birthweight,
grams
Mean + SD

3374 + 422

3385 + 465

0.86

Birthweight
percentile
Mean + SD

50.2 £28.6

46.6 +29.0

0.44

Apgar at 1
minute
Median (range)

9 (1-10)

9 (7-10)

<0.001

Apgar at 5
minutes
Median (range)

9 (7-10)

9 (9-10)

0.73

Cord arterial
PH

Mean + SD

N 699

7.25+0.09

7.27 4+ 0.06

0.31

Cord arterial
base excess
Mean + SD

N 673

5.83+£2.99

5.124+2.08

0.13

Oxytocin
augmentation
N (%)

383 (50.2%)

28 (68.3%)

0.02

Epidural in
labour
N (%)

444 (58.2%)

31 (75.6%)

0.03

Birthweight
<10™ centile for

gestation
N (%)

55 (7.2%)

4(9.8%)

0.54

APGAR <7 at 1
minute
N (%)

19 (2.5%)

0 (0.0%)

0.31

APGAR <7 at 5
minutes
N (%)

Cord  arterial
pH <7.20

N (%)

N 699

168 (25.5%)

4(9.8%)

0.02

Cord  arterial
PH <7.10

N (%)

N 699

20 (3.0%)

1 (2.4%)

0.83

Cord arterial
PH <7.00

N (%)

N 699

3 (0.5%)

0 (0.0%)

0.67
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Cord  arterial 122 (19.3) 3(7.3%) 0.06
base excess >8
N (%)
N 673

Cord arterial 99 (15.7%) 3 (7.3%) 0.15
base excess >8
and <I2

N (%)

N 673

Cord  arterial 23 (3.6%) 0 (0.0%) 0.21
base excess >12
N (%)
N 673

NICU 12 (1.6%) 0 (0.0%) 0.42
admission  or
need for
resuscitation at
birth

N (%)

Hypoxic- - - -
ischemic
encephalopathy
N (%)

Any  adverse 224 (29.4%) 5(12.2%) 0.02
perinatal
outcome*
N (%)

Composite 31 (4.1%) 1(2.4%) 0.60
adverse
perinatal

outcome”
N (%)

Composite 0.47 +£0.90 0.20 +£0.60 0.05
neonatal
outcome score
Mean + SD

Composite neonatal outcome scored as follows: 1) Apgar >7 @ 1 min=0, <7 @ 1
min=1, <7 @ 5 min =2; 2) Cord arterial pH >7.20 =0, <7.20=1,<7.10 =2, <7.00
=3; 3) Base excess <8 =0,> 8 and <12 =1, >12 = 2; 4) NICU admission or need
for resuscitation No =0, Yes = 1.

* Any adverse perinatal outcome defined by score >1

#Composite adverse perinatal outcome defined by score >3

YRaised UA PI MoM defined by UA PI MoM above the 95™ percentile of the study
population.
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Table 3 — Maternal demographics and intrapartum and perinatal outcomes
according to middle cerebral artery (MCA) pulsatility index (PI) MoM.

Reduced MCA PI MoMS

Normal MCA PI MoMS$

p
N37 N767

Age, years 30.5+5.3 30.9+5.6 0.67
Mean + SD
Ethnicity White 28 (75.7%) White 630 (82.1%) 0.04
N (%) African 1 (2.7%) African 29 (3.8%)

Asian 1 (2.7%) Asian 55 (7.2%)

Other 7 (18.9%) Other 53 (6.9%)
Parity Nulliparae 21 (56.8%) Nulliparae 420 (54.8%) 0.81
N (%)
Booking BMI, 23.8+4.3 24.0+4.1 0.78
kg/m?
Mean +SD
Term pregnancy 28.1+4.2 28.5+4.5 0.63
BMI, kg/m?
Mean + SD
Gestation at 3870+ 170 397+ 17! <0.001
delivery,
weeks* s
Mean + SD
Mode of delivery SVD 27 (73.0%) SVD 632 (82.4%) 0.15
N (%) OI 10 (27.0%) OI 135 (17.6%)
Mode of delivery SVD 27 (73.0%) SVD 632 (82.4%) 0.06
according to OI dystocia 4 (10.8%) OI dystocia 87 (11.3%)
indication OlI distress 6 (16.2%) OlI distress 48 (6.3%)
N (%)
Mode of delivery SVD 27 (87.1%) SVD 632 (87.9%) 0.89
(excluding OI dystocia 4 (12.9%) OlI dystocia 87 (12.1%)
obstetric
intervention due
to fetal distress)
Mode of delivery SVD 27 (81.8%) SVD 632 (92.9%) 0.02
(excluding OlI distress 6 (18.2%) OlI distress 48 (7.1%)
obstetric
intervention for
dystocia)
Labour length, 393 + 139 375+ 197 0.65
minutes
Mean + SD
Birthweight, 3213 +372 3382 +425 0.02
grams
Mean +SD
Birthweight 48.1 +24.0 50.0 +28.8 0.44
percentile
Mean + SD
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Apgar at 1
minute
Median (range)

9 (4-10)

9 (1-10)

0.91

Apgar at 5
minutes
Median (range)

9 (7-10)

9 (7-10)

0.27

Cord arterial pH
Mean + SD
N 699

7.24 +£0.10

7.26 £0.09

0.41

Cord arterial
base excess
Mean + SD
N 673

6.62 +4.10

5.75+£2.87

0.10

Oxytocin
augmentation
N (%)

23 (62.2%)

388 (50.6%)

0.17

Epidural in
labour
N (%)

26 (70.3%)

449 (58.5%)

0.16

Birthweight
<10" centile for

gestation
N (%)

1 (2.7%)

58 (7.6%)

0.27

APGAR <7 at 1
minute
N (%)

2 (5.4%)

17 (2.2%)

0.21

APGAR <7 at 5
minutes
N (%)

Cord arterial pH
<7.20
N (%)
N 699

6 (18.2%)

166 (24.9%)

0.38

Cord arterial pH
<7.10
N (%)
N 699

2 (6.1%)

19 (2.9%)

0.29

Cord arterial pH
<7.00
N (%)
N 699

2 (6.1%)

1(0.2%)

<0.001

Cord arterial
base excess >8
N (%)

N 673

8 (25.0%)

117 (18.3%)

0.34

Cord arterial
base excess >8
and <12

4 (12.5%)

98 (15.3%)

0.67
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N (%)
N673

Cord arterial 4 (12.5%) 19 (3.0%) 0.004
base excess >12
N (%)
N 673

NICU admission 1 (2.7%) 11 (1.4%) 0.53
or need for
resuscitation at
birth

N (%)

Hypoxic- - - -
ischemic
encephalopathy
N (%)

Any adverse 9 (24.3%) 220 (28.7%) 0.57
perinatal
outcome*
N (%)

Composite 3 (8.1%) 29 (3.8%) 0.19
adverse perinatal
outcome*

N (%)

Composite 0.68 +1.60 0.45+0.84 0.13
neonatal
outcome score
Mean +SD

Composite neonatal outcome scored as follows: 1) Apgar >7 @ 1 min =0, <7 @ 1
min = 1, <7 @ 5 min = 2; 2) Cord arterial pH >7.20 =0, <7.20=1, <7.10 =2,
<7.00 = 3; 3) Base excess <8 =0, > 8 and <12 =1, >12 = 2; 4) NICU admission
or need for resuscitation No =0, Yes = 1

* Any adverse perinatal outcome defined by score >1
*Composite adverse perinatal outcome defined by score >3

YReduced MCA PI MoM defined by MCA PI MoM below the 5™ percentile of the
study population
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Table 4 — Maternal demographics and intrapartum and perinatal outcomes
according to cerebro-placental ratio (CPR) MoM.

Reduced CPR MoM$ Normal CPR MoM$ p
N75 N 729

Age, years 30.6+5.3 30.9+5.6 0.64
Mean + SD
Ethnicity White 59 (78.7%) White 599 (82.2%) 0.85
N (%) African 3 (4.0%) African 27 (3.7%)

Asian 7 (9.3%) Asian 49 (6.7%)

Other 6 (8.0%) Other 54 (7.4%)
Parity Nulliparae 41 (54.7%) | Nulliparae 400 (54.9%) 0.97
N (%)
Early pregnancy 25.2+45 239+4.1 0.009
BMI, kg/m?
Mean + SD
Term pregnancy 29.1+£59 284+43 0.20
BMI, kg/m?
Mean +SD
Gestation at 3972+ 1% 3976+ 111 <0.001
delivery, weeks™
Mean + SD
Mode of delivery SVD 48 (64.0%) SVD 611 (83.8%) <0.001
N (%) OI 27 (36.0%) OI 118 (16.2%)
Mode of delivery SVD 48 (64.0%) SVD 611 (83.8%) <0.001
according to OI dystocia 4 (5.3%) OI dystocia 87 (11.9%)
indication Ol distress 23 (30.7%) OI distress 31 (4.3%)
N (%)
Mode of delivery SVD 48 (92.3%) SVD 611 (87.5%) 0.31
(excluding OI dystocia 4 (7.7%) OI dystocia 87 (12.5%)
obstetric
intervention due
to fetal distress)
Mode of delivery SVD 48 (67.6%) SVD 611 (95.2%) <0.001
(excluding Ol distress 23 (32.4%) OI distress 31 (4.8%)
obstetric
intervention for
dystocia)
Labour length, 375 + 187 376 + 195 0.98
minutes
Mean + SD
Birthweight, 3290 +410 3383 +425 0.07
grams
Mean +SD
Birthweight 47.6 +27.7 50.2 +28.7 0.46
percentile
Mean + SD
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Apgar at 1
minute
Median (range)

9 (4-10)

9 (1-10)

0.66

Apgar at 5
minutes
Median (range)

9 (7-10)

9 (7-10)

0.04

Cord arterial pH
Mean + SD
N 699

7.22 +£0.10

7.26 £0.09

<0.001

Cord arterial
base excess
Mean + SD
N 673

6.64 +3.30

5.70 £ 2.89

0.01

Oxytocin
augmentation
N (%)

49 (65.3%)

362 (49.7%)

0.01

Epidural in
labour
N (%)

55 (73.3%)

420 (57.6%)

0.008

Birthweight
<10" centile for

gestation
N (%)

7(9.3%)

52 (7.1%)

0.49

APGAR <7 at 1
minute
N (%)

6 (8.0%)

13 (1.8%)

0.001

APGAR <7 at 5
minutes
N (%)

Cord arterial pH
<7.20
N (%)
N 699

26 (37.7%)

146 (23.2%)

0.008

Cord arterial pH
<7.10
N (%)
N 699

8 (11.6%)

13 (2.1%)

<0.001

Cord arterial pH
<7.00
N (%)
N 699

2 (2.9%)

1(0.2%)

0.001

Cord arterial
base excess >8
N (%)

N 673

16 (24.2%)

109 (18.0%)

0.21

Cord arterial
base excess >8
and <12

11 (16.7%)

91 (15.0%)

0.72
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N (%)
N673

Cord arterial
base excess >12
N (%)

N 673

5 (7.6%)

18 (3.0%)

0.05

NICU admission
or need for
resuscitation at
birth

N (%)

5 (6.7%)

7 (1.0%)

<0.001

Hypoxic-
ischemic
encephalopathy
N (%)

Any adverse
perinatal
outcome*

N (%)

29 (38.7%)

200 (27.4%)

0.04

Composite
adverse perinatal
outcome*

N (%)

10 (13.3%)

22 (3.0%)

<0.001

Composite
neonatal
outcome score
Mean +SD

0.91 £1.50

0.41+£0.78

<0.001

Composite neonatal outcome scored as follows: 1) Apgar >7 @ 1 min=0, <7 @ 1
min = 1, <7 @ 5 min = 2; 2) 2. Cord arterial pH >7.20 =0, <7.20 =1, <7.10 = 2,
<7.00 =3; 3) Base excess <8 =0, >8 and <12 =1, >12 = 2; 4) NICU admission or
need for resuscitation No =0, Yes = 1

* Any adverse perinatal outcome defined by score >1

*Composite adverse perinatal outcome defined by score >3

YReduced CPR defined by CPR MoM within the lowest decile
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Table 5 — Maternal demographics and intrapartum and perinatal outcomes
according to mean uterine artery (UtA) pulsatility index (PI) MoM.

Normal UtA PI MoM$

Increased UtA PI MoMS

p
N 764 N 40
Age, years 30.9+5.6 30.6+5.3 0.77
Mean + SD
Ethnicity White 628 (82.2%) White 30 (75.0%) 0.06
N (%) African 30 (3.9%) African 0 (0.0%)
Asian 53 (6.9%) Asian 3 (7.5%)
Other 53 (6.9%) Other 7 (17.5%)
Parity Nulliparae 419 (54.8%) | Nulliparae 22 (55.0%) 0.98
N (%)
Early pregnancy 24.1+4.2 234+32 0.33
BMI, kg/m?
Mean +SD
Term pregnancy 28.5+4.5 28.1+3.7 0.63
BMI, kg/m?
Mean + SD
Gestation at 397+ 171 397 + 171 0.55
delivery, weeks s
Mean +SD
Mode of delivery SVD 632 (82.7%) SVD 27 (67.5%) 0.02
N (%) OI 132 (17.3%) OI 13 (32.5%)
Mode of delivery SVD 632 (82.7%) SVD 27 (67.5%) 0.01
according to OI dystocia 85 (11.1%) OI dystocia 6 (15.0%)
indication Ol distress 47 (6.2%) OI distress 7 (17.5%)
N (%)
Mode of delivery SVD 632 (88.1%) SVD 27 (81.8%) 0.28
(excluding OI dystocia 85 (11.9%) OI dystocia 6 (18.2%)
obstetric
intervention due to
fetal distress)
Mode of delivery SVD 632 (93.1%) SVD 27 (79.4%) 0.003
(excluding Ol distress 47 (6.9%) OlI distress 7 (20.6%)
obstetric
intervention for
dystocia)
Labour length, 377+ 195 354 + 187 0.50
minutes
Mean +SD
Birthweight, 3385 +421 3171 +427 0.002
grams
Mean + SD
Birthweight 50.6 +28.5 37.1 +£28.1 0.004
percentile
Mean +SD
Apgar at 1 minute 9 (1-10) 9 (6-10) 0.10
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Median (range)

Apgar at 5
minutes
Median (range)

9 (7-10)

9 (7-10)

0.50

Cord arterial pH
Mean + SD
N 699

7.25 +£0.09

7.27 +£0.09

0.36

Cord arterial base
excess

Mean + SD

N 673

5.75+£2091

6.51 +3.46

0.13

Oxytocin
augmentation
N (%)

396 (51.8%)

15 (37.5%)

0.08

Epidural in labour
N (%)

458 (59.9%)

17 (42.5%)

0.03

Birthweight <I10™
centile for

gestation
N (%)

51 (6.7%)

8 (20.0%)

0.002

APGAR <7 at 1
minute
N (%)

18 (2.4%)

1(2.5%)

0.95

APGAR <7 at 5
minutes
N (%)

Cord arterial pH
<7.20
N (%)
N 699

167 (25.2%)

5 (13.5%)

0.11

Cord arterial pH
<7.10
N (%)
N 699

20 (3.0%)

1 (2.7%)

0.91

Cord arterial pH
<7.00
N (%)
N 699

3(0.5%)

0 (0.0%)

0.68

Cord arterial base
excess >8

N (%)

N 673

115 (18.1%)

10 (27.0%)

0.17

Cord arterial base
excess >8 and <I2
N (%)
N 673

96 (15.1%)

6 (16.2%)

0.85

Cord arterial base
excess >12

19 (3.0%)

4 (10.8%)

0.01




N (%)
N673

NICU admission
or need for
resuscitation at
birth

N (%)

9 (1.2%)

3 (7.5%)

0.001

Hypoxic-ischemic
encephalopathy
N (%)

Any adverse
perinatal
outcome*

N (%)

217 (28.4%)

12 (30.0%)

0.83

Composite adverse

perinatal outcome”
N (%)

29 (3.8%)

3 (7.5%)

0.24

Composite
neonatal outcome
score

Mean +SD

0.45 £ 0.87

0.60 £1.11

0.30

Composite neonatal outcome scored as follows: 1) Apgar >7 @ 1 min =0, <7 @ 1
min=1, <7 @ 5 min =2; 2) Cord arterial pH >7.20 =0, <7.20=1,<7.10 =2, <7.00
=3; 3) Base excess <8 =0,> 8 and <12 =1, >12 = 2; 4) NICU admission or need
for resuscitation No =0, Yes = 1

* Any adverse perinatal outcome defined by score >1

*Composite adverse perinatal outcome defined by score >3

YRaised UtA P1 MoM defined by UtA P MoM above the 95" percentile of the study

population
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Table 6 — Maternal demographics and intrapartum and perinatal outcomes
according to the cerebral-placental-uterine ratio (CPUR).

Reduced CPURS

Normal CPURS

p
N75 N 729

Age, years 299+5.6 31.0+5.6 0.13
Mean + SD
Ethnicity White 628 (82.2%) White 30 (75.0%) 0.06
N (%) African 30 (3.9%) African 0 (0.0%)

Asian 53 (6.9%) Asian 3 (7.5%)

Other 53 (6.9%) Other 7 (17.5%)
Parity Nulliparae 419 (54.8%) | Nulliparae 22 (55.0%) 0.98
N (%)
Booking BMI, kg/m’ 25.0+4.2 23.9+4.1 0.04
Mean + SD
Term pregnancy 29.3+49 284+4.4 0.10
BMI, kg/m’?
Mean + SD
Gestation at delivery, 393+ 170 3976+ 11! 0.005
weeks*s
Mean + SD
Mode of delivery SVD 46 (61.3%) SVD 613 (84.1%) <0.001
N (%) OI 29 (38.7%) OI 116 (15.9%)
Mode of delivery SVD 46 (61.3%) SVD 613 (84.1%) <0.001
according to OI dystocia 8 (10.7%) OlI dystocia 83
indication Ol distress 21 (28.0%) (11.4%)
N (%) Ol distress 33 (4.5%)
Mode of delivery SVD 46 (85.2%) SVD 613 (88.1%) 0.53
(excluding obstetric Ol dystocia 8 (14.8%) OlI dystocia 83
intervention due to (11.9%)
fetal distress)
N (%)
Mode of delivery SVD 46 (68.7%) SVD 613 (94.9%) <0.001
(excluding Ol distress 21 (31.3%) | Ol distress 33 (5.1%)
obstetric intervention
for dystocia)
N (%)
Labour length, 382+ 195 376 + 195 0.84
minutes
Mean +SD
Birthweight, grams 3251 £431 3387 +£422 0.008
Mean +SD
Birthweight 443 +28.6 50.6 +28.6 0.07
percentile
Mean + SD
Apgar at 1 minute 9 (1-10) 9 (4-10) 0.88
Median (range)
Apgar at 5 minutes 9 (7-10) 9 (7-10) 0.27
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Median (range)

Cord arterial pH
Mean + SD
N 699

7.23 +£0.11

7.26 £ 0.09

0.02

Cord arterial base
excess

Mean + SD
N673

6.72 +£3.62

5.68 +£2.84

0.005

Oxytocin
augmentation
N (%)

41 (54.7%)

370 (50.8%)

0.52

Epidural in labour
N (%)

47 (62.7%)

428 (58.7%)

0.51

Birthweight <10
centile for gestation
N (%)

9 (12.0%)

50 (6.9%)

0.10

APGAR <7 at 1
minute
N (%)

6 (8.0%)

13 (1.8%)

0.001

APGAR <7 at 5
minutes
N (%)

Cord arterial pH
<7.20
N (%)
N 699

21 (30.0%)

151 (24.0%)

0.27

Cord arterial pH
<7.10
N (%)
N 699

7 (10.0%)

14 (2.2%)

<0.001

Cord arterial pH
<7.00
N (%)
N 699

2 (2.9%)

1(0.2%)

0.001

Cord arterial base
excess >8

N (%)

N 673

19 (27.5%)

106 (17.5%)

0.04

Cord arterial base
excess >8 and <I2
N (%)
N 673

10 (14.5%)

92 (15.2%)

0.87

Cord arterial base
excess >12

N (%)

N673

9 (13.0%)

14 (2.3%)

<0.001
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NICU admission or
need for resuscitation
at birth

N (%)

4(5.3%)

8 (1.1%)

0.004

Hypoxic-ischemic
encephalopathy
N (%)

Any adverse perinatal
outcome*
N (%)

27 (36.0%)

202 (27.7%)

0.13

Composite adverse
perinatal outcome”
N (%)

10 (13.3%)

22 (3.0%)

<0.001

Composite neonatal
outcome score
Mean + SD

091 +1.54

0.41+0.78

<0.001

Composite neonatal outcome scored as follows: 1) Apgar >7 @ 1 min =0, <7 @ 1
min= 1, <7 @ 5 min = 2; 2) Cord arterial pH >7.20 =0, <7.20=1,<7.10 =2, <7.00
=3; 3) Base excess <8 =0, > 8 and <12 =1, >12 = 2; 4) NICU admission or need
for resuscitation No =0, Yes = 1

* Any adverse perinatal outcome defined by score >1

#Composite adverse perinatal outcome defined by score >3

YReduced CPUR defined by CPUR within the lowest decile of the study population
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Table 7 — Maternal demographics and intrapartum and perinatal outcomes
according to mode of delivery: spontaneous vaginal delivery (SVD), all obstetric
interventions and obstetric intervention due to fetal distress.

pl SVD vs obstetric intervention; p2 SVD vs obstetric intervention due
to dystocia; p3 SVD vs obstetric intervention due to fetal distress; p4
SVD vs obstetric intervention due to dystocia vs obstetric intervention
due to fetal distress (chi-square, ANOVA, Kruskal-Wallis)

Composite neonatal outcome scored as follows: 1) Apgar >7 @ 1 min
=0,<7@ 1 min =1, <7 @ 5 min = 2; 2) Cord arterial pH >7.20 = 0,
<7.20=1,<7.10=2,<7.00 = 3; 3) Base excess <§ =0, > 8 and <12 =
1,>12 =2; 4) NICU admission or need for resuscitation No =0, Yes =
1

* Any adverse perinatal outcome defined by score >1

#Composite adverse perinatal outcome defined by score >3
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Spontaneous vaginal Obstetric intervention Obstetric intervention Obstetric intervention pl pl p3 pd

delivery N 145 (18.0%) due to dystocia due to fetal distress

N 6359 (82.0%) N 91 (11.3%) N 34 (6.7%)
Age, years 309+38 03+38 03+32 inT+el 0.41 042 0.70 0.69
Mean + 5D
Ethnicity White 545 (82.7%) White 113 (77.9%0) White 73 {50.2%) White 40 (74.1%) 048 0.54 043 0.57
N (%) African 24 (3.6%) African 6 (4.1%) African 3 (3.3%) African 3 (3.6%)

Asian 45 (6.8%4) Asian 11 (7.6%) Asian 5 (3.5%) Asian 6 (11.1%)
Other 45 (6.8%) Other 15 (10.3%) Other 10 {11.0%) Other 5 (9.3%)

Pavrity Nplliparae 339 (51.4%) | Nplliparae 102 (70.3%) WMulliparae 63 (69.2%) MNulliparae 39 (72.2%) | =0.001 | 0.001 0.003 | <0001
N (%)
Booking BMI, kkg/m’ 240+43 251+45 256+44 242+46 0005 | 0.001 0.74 0.003
Mean + 5D
Term pregnancy BMI, kg/m?® 282+44 205+47 N2+44 285+49 0,002 | <0001 0.71 0.001
Mean + 5D
Smoking 37 (8.6%) 14 (9.7%) 10 (11.0%) 4(7.4%) 0.70 046 0.73 0.71
N (%)
Gestation at delivery, K R A E A 40+ 1t 39+ 0.19 0.03 0.54 0.06
weekslos
Mean + 5D
PROM at recruitment 178 (27.0%) 41 (28.3%) 28 (30.8%) 13 (24.1%) 0.76 043 0.64 0.63
N (%)
Umbilical PI MoM 1.04+021 1.12+0.23 1.12+0.23 1.12+023 <0.001 | 0.002 0.007 0.001
Mean + 5D
Middle cerebral artery FI 0.98+022 093+021 099 +0.20 080 +020 0.17 0.72 0.004 0.01
MoM
Mean + 5D
CPR MaM 095 +029 084 +027 090+023 076 +027 <0001 | 004 | <0001 | <0.001
Mean + 5D
UCR MoM 1.26 +0.36 130+041 133+033 151 +0.350 <0001 | 010 | <0.001 | <0.001
Mean + 5D
Mean [[td PI MoM 1.10 +0.27 1.20 +0.35 1.18+032 1.23+039 <0.001 | 0.006 0001 | <0001

Mean + 5D
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CPUR
Mean + 5D

094 +0.40

076 +033

081 +0.30

060+ 036

=(.001

0.003

=0.001

=0.001

Labour length, minutes
Mean + 5D

355 + 182

526+ 219

598 + 194

436 +£221

=(.001

=(.001

0.001

=0.001

Fetal Gender
N (%)

Wale 345 (32.

Wale 70 (48.3%

Male 41 (43.1%

Male 29 (33.7%%

019

0.83

041

Eirthweight, grams
Mean + 5D

3360+ 410

3400 - 446

3442+ 437

3352+ 461

039

0.11

Eirthweight percentile
Mean + 5D

500+283

509+299

5244397

483 +304

0.&7

0.41

0.64

Apgar at 1 minute
Median (range)

9310

9{1-10

92-10)

9110

0.02

=0.001

=0.001

Apgar at 5 minutes
Median (range)

9510

9 (7-10)

9(7-10

9(7-1

0.48

=0.001

=0.001

Cord arterial pH
Mean + 5D
N g00

1261009

1241009

1274007

1.19+0.10

0.006

=0.001

=0.001

Cord arterial base excess
Megan + 5D
N&72

568+283

628+336

559+268

143+404

0.04

021

=0.001

=0.001

Amniotic flurd
characteristics in labour

N %)

MEAF 55 (8.3%)

MEAF 20 (13.8%)

MEAF 11 (12.1%)

MBEAF 9 (16.7%

0.04

0.24

0.04

0.0%

Orytocin augmentation
N (%)

Yes 309 (46.9%2)

Yes 102 (T0.3%

Wes N 70 (76.9%)

Yes 32(30.3%

=0.001

=0.001

0.02

=0.001

Eptdural in labour
N (2

Yes 362 (34.9%)

Yes 113 (77.9%9%)

Yes 77 (84.6%)

Yes 36 (66.7%%

=0.001

=0.001

010

=0.001

FBirthweight =107 centile for
gestation
N (%)

45 (5.8%)

14{8.7%

0(0.9%%)

5(03%

034

029

030

049

APGAR =7 at 1 minute
N ()

4(0.6%)

13 (10.3%)

5(5.5%)

10 {18.3%)

=(.001

=(.001

=0.001

=0.001

APGAR =7 at 5 minutes
N (%)

Cord arterial pH =7.20

N (%)
N g99

150 (23.0%)

42 (31.6%)

16 (19.3%)

26 (52.0%)

0.04

0.43

=0.001

=0.001
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Cord arterial pH <7.10
N (%)
N 699

11 (1.9%)

10 (7.3%)

0 (0%)

10 (20.0%)

0.001

0.20

<0.001

=0.001

Cord arterial pH <7.00
N (%)
N 699

2 (1.5%)

0 (0%)

2 (4.0%)

0.04

<0.001

<0.001

Cord arterial base excess =8
N (%)
Ne&73

33 (25.8%)

13 (16.2%)

20 (41.7%)

0.02

<0001

=0.001

Cord arterial base excess =8
and =12

N (%)

N6&72

25 (19.3%)

10 (12.3%)

15 (31.2%)

0.002

0.003

Cord arterial base excess
=12

N (%)

N6&72

15 (2.8%)

3 (3.8%)

5 (10.4%)

0.003

NICU admission or need for
resuscitation at birth

N (%)

6 (0.9%)

6 (4.1%)

1(1.1%)

5(93

-]

o)

0.004

<0.001

=0.001

Hypoxic-ischemic
encephalopathy
N (%)

Any adverse perinatal
outcome*®

N (%)

173 (26.3%)

36 (38.6%)

25 (27.3%)

31 (57.4%)

0.003

<0001

=0.001

Composite adverse perinatal
outcome®
N (%)

17 (2.6%)

15 (10.3%)

2 (2.2%)

13 (24.1%)

<0.001

<0001

=0.001

Composite neonatal
OUICOHLE SCOre
Mean + 5D

041£073

1441167

<0.001

<0001

=0.001
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Figure 1 — Receiver—operating characteristics (ROC) curve analysis for obstetric
intervention due to intrapartum fetal distress according to the model combining the
CPR MoM <10th percentile and the mean UtA PI MoM >95th percentile (blue line),
the model including the CPR MoM <10th percentile alone (green line), the model
including the CPR MoM <10th percentile OR the mean UtA PI MoM >95th
percentile (red line) and the model including the CPR MoM <10th percentile AND
the mean UtA PI MoM >95th percentile (black line).

Combined model CPR
L MoM =10th percentile
and mean UtA Pl MoM

0,8 -

=95th percentile
Model CPR MoM =10th
percentile

Madel CPR MoM <10th
| _percentile OR mean
LA Pl Mol =85th
percentile

Model CPR MoM =10th
|l _ _percentile AND mean
UtA Pl MoM =85th
percentile

Sensitivity

0,4

I I
00 0,2 04 0,6 03 10
1 - Specificity
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Table 8 — Sensitivity, specificity, positive and negative predictive values (PPV and NPV) and positive and negative likelihood ratios (LE+ and LR-)
for the identification of cases of obstetric intervention due to suspected intrapartum fetal compromise in cases with cerebroplacental ratio (CPR) MoM
<10% percentile, in cases with CPR MoM <10% percentile and/or mean uterine artery (UtA) pulsatility index (PI) MoM =95% percentile and for the
gestational age, for the models ghtained by combining the baseline characteristics with the CPR Mol <10th percentile, the CPR MoM <10% percentile
and/or the mean [JtA PI MoM =95% percentile and for the combined model ingluding the CPR MoM <10th percentile and the mean UtA PI MoM

=05th percentile.
CPR MoM <102 CPR MoM <10% CPR MoM =<10% Model CPR MoM Model CPR MoM Model CPR MoM Model CPR MoM
percentile percentile and/or | percentile and [Jt4 <10% percentile <10% percentile <10 percentile and <10% percentile +
TUtA PI MoM =95t PT MoM =95t and/or [tA PIMoM | UtA PIMoM =950 | Tt4 PT MoM =95t
percentile percentile >9850 percentile percentile percentile
042,95 CI(0.29 | 045, 85% CI(0.34 | 0.07,95% CI(0.02— [ 063,93% CI(0.30— | 0.67,93% CI(0.32— | 0.69,95% CI(0.34— | 0.78, 95% CI(0.63 —
-0.57 -0.62) 0.18) 0.78) 0.79) 0.81) 0.3%)
093, 95% CI(0.91 | 0.89,95% CI(0.86 | 0.99,95% CI(0.09— | 0.77,93% CI(0.74— | 0.80,93% CI(0.77— | 0.62,95% CI(0.38 - | 0.68, 93% CI(0.63 -
—0.95) -0.81) 1.00) 0.80) 0.83) 0.63) 072y
PPV 031,95 CI(0.21 | 024, 85% CI(0.16 | 0.67,95% CI(022— [ 0.17,93% CI(0.12— | 0.15,93% CI(0.14— | 0.11,95% CI(0.08— | 0.13, 95% CI(0.11 -
—0.42) —0.33) 0.96) 0.27) 0.26) 0.15) 0.1
NPV 096, 95% CI(0.94 | 0.96,95% CI(0.94 | 094, 95% CI(0.92— [ 097, 93% CI(0.95— | 0.97,95% CI(0.96— | 0.97,95% CI(0.95— | 0.98 93% CI(0.96 —
-0.87 -0.97) 0.95) 0.8%) 0.98) 0.98) 099y
LR + 614, 95% CI(4.00 | 435, 85% CI(3.09 | 2778, 05% CI(5.20 | 286,93% CI(224— | 340, 95% CI(2.66— | 1.80,95% CI(146— | 248 95% CI(2.07 -
-921 -6.13) —148.26) 3.63) 4.33) 2.21) 297
LE - 162,959 CI(1.28 | 1.72,95% CI(1.32 | 1.08,95% CI(1.00— | 219, 93% CI(1.51— | 241, 93% CI(1.63— | 197, 95% CI(1.31- | 3.17.93% CI(1.37 -
—2.04) —220 1.16) 3.19) 3.56) 297 536)
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Table 9 — Maternal demographics, maternal and fetal Doppler and intrapartum and
perinatal outcomes according to the occurrence of abnormal cord gases” (73 cases
with missing data).

#Abnormal arterial cord gases defined as either cord arterial pH <7.10 or cord
arterial base excess >12

Abnormal arterial cord gases | Normal arterial cord gases )2,
N38(5.2%) N 693 (94.8%)

Age, years 30.9+5.98 30.7+5.6 0.86
Mean + SD
Ethnicity White 35 (92.1%) White 568 (82.0%) 0.40
N (%) African 0 (0.0%) African 24 (3.5%)

Asian 1 (2.6%) Asian 45 (6.5%)

Other 2 (5.3%) Other 56 (8.1%)
Parity Nulliparae 32 (84.2%) Nulliparae 376 (54.3%) <0.001
N (%)
Booking 23.8+4.0 243+44 0.51
BMI, kg/m’?
Mean + SD
Term 28.3+3.8 28.6 +4.5 0.71
pregnancy
BMI, kg/m?
Mean + SD
Smoking 0 (0.0%) 68 (9.8%) 0.04
N (%)
Gestation at 3976+ 170 3976 + 171 0.74
delivery,
weeksts
Mean + SD
PROM at 14 (36.8%) 182 (26.3%) 0.15
recruitment
N (%)
Mode of SVD 23 (60.5%) SVD 571 (82.4%) 0.001
delivery OI 15 (39.5%) OI 122 (17.6%)
N (%)
Mode of SVD 23 (60.5%) SVD 571 (82.4%) <0.001
delivery OlI dystocia 3 (7.9%) OI dystocia 83 (12.0%)
according Ol distress 12 (31.6%) OI distress 39 (5.6%)
to
indication
N (%)
Mode of SVD 23 (88.5%) SVD 571 (87.3%) 0.86
delivery Ol dystocia 3 (11.5%) OlI dystocia 83 (12.7%)
(excluding
obstetric
intervention
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due to fetal
distress)

Mode of
delivery
(excluding
obstetric
intervention

for
dystocia)

SVD 23 (65.7%)
Ol distress 12 (34.3%)

SVD 571 (93.6%)
Ol distress 39 (6.4%)

<0.001

Umbilical
PI MoM
Mean + SD

1.02+0.23

1.07 £ 0.21

0.21

Middle
cerebral
artery PI
MoM
Mean + SD

0.90 £0.19

097 +£0.21

0.045

CPR MoM
Mean + SD

0.89 +0.29

0.93 +£0.28

0.34

UCR MoM
Mean + SD

1.36 +£0.49

1.30 £0.36

0.27

Mean UtA
PI MoM
Mean + SD

1.26 +£0.30

1.12+£0.29

0.004

CPUR
Mean + SD

0.77+0.39

0.89 +0.38

0.05

Labour
length,
minutes
Mean + SD

490 + 196

373 + 194

0.001

Fetal
Gender
N (%)

Male 21 (55.3%)

Male 354 (51.1%)

0.62

Amniotic
fluid
characterist
ics in
labour

N (%)

MSAF 5 (13.2%)

MSAF 65 (9.4%)

0.44

Oxytocin
augmentati
on

N (%)

Yes 28 (73.7%)

Yes 362 (52.2%)

0.01

Epidural in
labour
N (%)

Yes 29 (76.3%)

Yes 412 (59.5%)

0.04
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Figure 2 — Receiver—operating characteristics (ROC) curve analysis for abnormal
cord gases at birth according to the baseline and a model including baseline

characteristics (blue line) and mean UtA PI MoM (green line).
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Table 10 — Maternal demographics and intrapartum and perinatal outcomes

according to composite adverse perinatal outcome

Composite neonatal outcome scored as follows: 1) Apgar >7 @ 1 min =0, <7 @ 1
min =1, <7 @ 5 min = 2; 2) Cord arterial pH >7.20 =0, <7.20=1, <7.10 =2, <7.00
=3; 3) Base excess <8 =0, > 8 and <12 =1, >12 = 2; 4) NICU admission or need
for resuscitation No =0, Yes = 1

#Composite adverse perinatal outcome defined by score >3

Composite adverse perinatal Normal perinatal P
outcome outcome
N 32 (4.0%) N 772 (96.0%)

Age, years 31.2+6.2 309+5.6 0.77
Mean + SD
Ethnicity White 28 (86.6%) White 630 (81.6%) 0.69
N (%) African 0 (0.0%) African 30 (3.9%)

Asian 2 (6.2%) Asian 54 (7.0%)

Other 2 (6.2%) Other 58 (7.5%)
Parity Nulliparae 27 (84.4%) Nulliparae 414 <0.001
N (%) (53.6%)
Booking BMI, 24.1+42 242+4.4 0.89
kg/m?
Mean + SD
Term pregnancy 284+39 28.5+4.5 0.95
BMI, kg/m?
Mean + SD
Smoking 0 (0.0%) 71 (9.2%) 0.07
N (%)
Gestation at 40%0 + 0" 397+ 171 0.45
delivery,
weeksts
Mean + SD
PROM at 10 (31.2%) 209 (27.1%) 0.60
recruitment
N (%)
Mode of SVD 17 (53.1%) SVD 642 (83.2%) <0.001
delivery OI 15 (46.9%) OI130 (16.8%)
N (%)
Mode of SVD 17 (53.1%) SVD 642 (83.2%) <0.001
delivery OI dystocia 2 (6.2%) OI dystocia 89
according to OlI distress 13 (40.6%) (11.5%)
indication OlI distress 41 (5.3%)
N (%)
Mode of SVD 17 (89.5%) SVD 642 (87.8%) 0.83
delivery OI dystocia 2 (10.5%) OI dystocia 89
(excluding (12.2%)
obstetric
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intervention due
to fetal distress)

Mode of
delivery
(excluding
obstetric
intervention for
dystocia)

SVD 17 (56.7%)

OlI distress 13 (43.3%)

SVD 642 (94.0%)

OlI distress 41 (6.0%)

<0.001

Umbilical PI
MoM
Mean + SD

1.03 +£0.24

1.06 £0.21

0.50

Middle cerebral
artery PI MoM
Mean + SD

0.88 +0.17

0.98 +0.21

0.01

CPR MoM
Mean + SD

0.86 +0.29

0.94 +0.29

0.11

UCR MoM
Mean + SD

1.40 +0.50

1.28 +0.36

0.07

Mean UtA Pl
MoM
Mean + SD

1.24 +0.32

1.11 £0.29

0.02

CPUR
Mean + SD

0.69 +£0.24

0.92 +£0.40

0.04

Labour length,
minutes
Mean + SD

488 + 184

371 £ 194

0.003

Fetal Gender
N (%)

Male 19 (59.4%)

Male 396 (51.3%)

0.37

Amniotic fluid
characteristics

in labour
N (%)

MSAF 5 (15.6%)

MSAF 70 (9.1%)

0.21

Oxytocin
augmentation
N (%)

Yes 23 (71.9%)

Yes 388 (50.3%)

0.02

Epidural in
labour
N (%)

Yes 24 (75.0%)

Yes 451 (58.4%)

0.06
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Figure 3 — Receiver—operating characteristics (ROC) curve analysis for composite
adverse perinatal outcome according to the baseline model (blue line), the model
including the MCA PI MoM (green line), the model including the mean UtA PI
MoM (red line) and a combined model including MCA PI MoM and mean UtA PI
MoM (black line).
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Table 11 — Maternal demographics and intrapartum and perinatal outcomes
according to birthweight <10 centile for the gestation.

Birthweight <10™ centile | Birthweight >10" centile p
N 59 (7.3%) N 745 (92.7%)

Age, years 30.9+5.9 30.9+5.6 0.93
Mean + SD
Ethnicity White 47 (79.7%) White 611 (82.0%) 0.44
N (%) African 2 (3.4%) African 28 (3.8%)

Asian 7 (11.9%) Asian 49 (6.6%)

Other 3 (5.1%) Other 57 (7.7%)
Parity Nulliparae 35 (59.3%) Nulliparae 406 (54.5%) 0.47
N (%)
Booking BMI, 25.0+4.0 24.1+4.4 0.13
kg/m?
Mean + SD
Term pregnancy 29.0+4.2 284 +4.5 0.38
BMI, kg/m?
Mean + SD
Smoking 6 (10.2%) 65 (8.7%) 0.71
N (%)
Gestation at 3976+ 170 397+ 17! 0.55
delivery, weeks*s
Mean + SD
PROM at 17 (28.8%) 202 (27.1%) 0.78
recruitment
N (%)
Mode of delivery SVD 45 (76.3%) SVD 614 (82.4%) 0.24
N (%) OI 14 (23.7%) OI 131 (17.6%)
Mode of delivery SVD 45 (76.3%) SVD 614 (82.4%) 0.49
according to OI dystocia 9 (15.3%) OlI dystocia 82 (11.0%)
indication Ol distress 5 (8.5%) OlI distress 49 (6.6%)
N (%)
Mode of delivery SVD 45 (83.3%) SVD 614 (88.2%) 0.29
(excluding OI dystocia 9 (16.7%) OI dystocia 82 (11.8%)
obstetric
intervention due to
fetal distress)
Mode of delivery SVD 45 (90.0%) SVD 614 (92.6%) 0.50
(excluding OlI distress 5 (10.0%) OlI distress 49 (7.4%)
obstetric
intervention for
dystocia)
Umbilical PI MoM 1.21+0.18 1.05+0.21 <0.001
Mean + SD
Middle cerebral 0.97+0.18 0.97 +0.22 0.83
artery PI MoM
Mean +SD
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CPR MoM
Mean + SD

0.80 £0.16

0.95+£0.29

<0.001

UCR MoM
Mean + SD

1.46 £0.30

1.27 £0.37

<0.001

Mean UtA PI
MoM
Mean + SD

1.25+£0.39

1.11 £0.28

<0.001

CPUR
Mean + SD

0.69 +0.24

0.92 +0.40

<0.001

Labour length,
minutes
Mean + SD

337+£179

378 £ 196

0.26

Fetal Gender
N (%)

Male 70 (48.3%)

Male 345 (52.4%)

0.85

Apgar at 1 minute
Median (range)

9 (6-10)

9 (1-10)

0.31

Apgar at 5 minutes
Median (range)

10 (7-10)

9 (7-10)

0.12

Cord arterial pH
Mean + SD
N 699

7.2540.08

7.26 £ 0.09

0.85

Cord arterial base
excess

Mean + SD

N 673

572 +2.27

5.80 +£3.00

0.86

Amniotic fluid
characteristics in
labour

N (%)

MSAF 6 (10.2%)

MSAF 69 (9.3%)

0.82

Oxytocin
augmentation
N (%)

Yes 37 (62.7%)

Yes 374 (50.2%)

0.06

Epidural in labour
N (%)

Yes 42 (71.2%)

Yes 433 (58.1%)

0.049

APGAR <7 at 1
minute
N (%)

2 (3.4%)

17 (2.3%)

0.59

APGAR <7 at 5
minutes
N (%)

Cord arterial pH
<7.20
N (%)
N 699

14 (28.0%)

158 (24.3%)

0.56

Cord arterial pH
<7.10
N (%)
N 699

1 (2.0%)

20 (3.1%)

0.67




Cord arterial pH
<7.00
N (%)
N 699

0 (0.0%)

3 (0.5%)

0.63

Cord arterial base
excess >8

N (%)

N673

10 (18.5%)

115 (18.6%)

0.99

Cord arterial base
excess >8 and <12
N (%)
N673

10 (18.5%)

92 (14.9%)

0.47

Cord arterial base
excess >12

N (%)

N673

0 (0.0%)

23 (3.7%)

0.15

NICU admission
or need for
resuscitation at
birth

N (%)

2 (3.4%)

10 (1.3%)

0.21

Hypoxic-ischemic
encephalopathy
N (%)

Any adverse
perinatal
outcome*
N (%)

21 (35.6%)

208 (27.9%)

0.21

Composite adverse
perinatal outcome”
N (%)

1 (1.7%)

31 (4.2%)

0.35

Composite
neonatal outcome
score

Mean + SD

0.49 +£0.86

0.46 +£0.89

0.76

Composite neonatal outcome scored as follows: 1) Apgar >7 @ 1 min =0, <7 @ 1

min = 1, <7 @ 5 min = 2; 2) Cord arterial pH >7.20 =0, <7.20=1, <7.10 =2,

<7.00 = 3; 3) Base excess <8 =0,> 8 and <12 =1,>12 =2; 4) NICU admission
or need for resuscitation No =0, Yes = 1

* Any adverse perinatal outcome defined by score >1

#Composite adverse perinatal outcome defined by score >3
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Figure 4 — Receiver—operating characteristics (ROC) curve analysis for postnatal
diagnosis of small-for-gestational age according to the baseline model (blue line),
the model including the UA PI MoM (green line) and the model including UA PI
MoM and mean UtA PI MoM (red line).
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Discussion

In this prospective observational study including a selected cohort of women with
low risk singleton term pregnancy in early labour we demonstrate an association
between maternal and fetal Doppler parameters measured in early labour and the
evaluated adverse perinatal outcomes. More specifically, a reduced MCA PI as well
as a low CPR and CPUR and an increased mean UtA PI showed an association with
the need to expedite delivery due to intrapartum fetal distress. Similarly, a high
mean UtA PI MoM was related to an increased risk of abnormal cord gases at birth,
composite adverse perinatal outcome and postnatal diagnosis of SGA, while a low
MCA PI MoM and a high UA PI MoM were associated with an increased risk of
composite adverse perinatal outcome and postnatal diagnosis of SGA. Nonetheless,
the results of this research show that the predictive role of the Doppler evaluation

in early labour is poor for all the considered adverse perinatal outcomes.

Placental dysfunction is the most commonly accepted etiology of impaired fetal
growth (37-39,106,107), which is known to represent a major risk factor for
stillbirth and poor labour outcomes. In this context, maternal and fetal Doppler
abnormalities are acknowledged features of FGR (30,37,38,44,69,70,83) and can
be tested for the diagnosis and the longitudinal monitoring of the growth restricted
fetuses. Several data published over the last decade has demonstrated an association
between abnormalities of the CPR and of the UtA Doppler and adverse events also
among apparently uncomplicated pregnancies close to term (63-66,85), thus
suggesting that these Doppler parameters may represent markers of failure to reach
the growth potential at late gestation, which in most instances is associated with

normal fetal size or can manifest as misdiagnosed fetal smallness (108).
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If we assume that placental dysfunction can occur at any time during the gestation,
early labour can be seen as the ideal timespan for the assessment of the placental
residual function as it combines a short time (at examination)-to-delivery interval
and a physiological condition of “contraction stress test” for the fetoplacental unit.
On this ground, it is worth to be mentioned that within our selected cohort of women
with low risk pregnancy over 7% of fetuses were eventually classified as SGA.
These neonates were not excluded from our analysis as fetal smallness at late
gestation is known to be frequently overlooked, even though the actual extent may
vary based on local screening policies for fetal growth in the third trimester (109).
Of note, in the subgroup of neonates who were eventually classified as SGA the
incidence of OI due to intrapartum fetal distress was not higher compared to those
with birthweight above the 10" percentile, among whom some may have been

subjected to impaired placental function.

Cerebral redistribution is a common feature of hypoxic fetuses (53,56-58), and the
CPR has been considered the most sensitive indicator of early hypoxia secondary
to placental disfunction also among appropriately grown fetuses. The finding of an
association between low CPR and OI due to intrapartum fetal distress, which we
found in our research, is not novel as over the last decade this relationship has been
investigated and confirmed by other research groups. Within unselected cohorts of
women submitted to ultrasound assessment due to clinical indication beyond 37
weeks, Morales-Rosello et al. and Khalil et al. reported a higher incidence of OI
due to intrapartum fetal distress, NICU admission, stillbirth and perinatal mortality
at term in AGA fetuses showing reduced CPR (64-66,74). Another prospective

study conducted on low risk women where the CPR was measured within 72 hours
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from birth showed a higher rate of intrapartum fetal distress leading to Ol and a
lower birthweight percentile in in fetuses with CPR below 10th percentile (63),
which was more recently confirmed in another prospective study from an Australian
research group (72). Nevertheless, these data and others from the Fetal Medicine
Foundation (110,111) demonstrated that the predictive role of the CPR as a
screening tool for adverse perinatal events in uncomplicated pregnancy is poor,
which is consistent with the results of our work. More specifically, when evaluating
the primary outcome of the present study we confirm that a reduced CPR per se
represents the Doppler parameter with the strongest relationship with the
occurrence of Ol due to intrapartum fetal distress, however its predictive
performance is low being the sensitivity below the 70% and the PPV on or below
the 30%. Of note, the timing of the patient enroliment — i.e. in early labour in
between uterine contractions — has not led to an improved accuracy in the
identification of cases of Ol due to intrapartum fetal distress compared to previously
reported data. Such finding can be explained by the fact that uterine contractions
may be responsible for Doppler changes which are not limited to the MCA Doppler,
therefore the reference ranges obtained from the study population do not allow an
improvement in the identification of fetuses with subclinical impairment of the
placental function. It is uncertain whether the use of different cut-off thresholds for

the definition of “abnormal Doppler” could have led to different results.

With regards to the primary outcome of the study, in this research we demonstrate
that increased UtA Pl is an independent risk factor for Ol due to intrapartum fetal
distress. This result, which is somehow unexpected as patient enrolment did not

reach the number which was supposed to be required based on the power sample
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size calculation performed at interim analysis, can be interpreted in view of the
small number of women with increased mean UtA PI MoM submitted to Ol due to
intrapartum fetal distress and in view of the higher cut-off threshold for the
definition of increased UtA Pl MoM in this series. To our knowledge only one
retrospective study by Khalil et al. has evaluated the relationship between maternal
Doppler and perinatal outcomes in AGA fetuses close to term, in which abnormal
UtA Doppler PI proved to be associated with low CPR, with a significantly higher
incidence of stillbirth or perinatal death as well as with postnatal diagnosis of SGA
(85). Furthermore, we show that the combined model including a low CPR and a
high UtA Pl is associated with the highest sensitivity in the identification of cases
with intrapartum fetal distress leading to obstetric intervention, however its
predictive performance is limited. Of note, the model including the CPR and the
UtA Doppler and that including the CPR alone performed better than the CPUR.
This latter parameter, which incorporates the CPR and the UtA Pl and has been
recently suggested as a monitoring tool for SGA and FGR fetuses (84), has not
proven to yield any benefit compared to previously described Doppler parameters

within our selected cohort of low risk pregnancies in early labour.

Furthermore, we originally report an independent relationship between UtA
Doppler and abnormal cord gases at birth, composite adverse perinatal outcome and
postnatal diagnosis of SGA, however the prediction of such adverse outcomes by
UtA Doppler alone or combined with other parameters proved to be poor. Based on
the assumption that abnormal findings can identify those pregnancies at risk of
“placental syndromes” such as preeclampsia and FGR, particularly in their most

severe and early-onset forms, UtA Doppler has been extensively investigated in
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women at risk of adverse outcomes and particularly in the first and in the second
trimesters (112-114). Over the last decade, more data on the association between
UtA Doppler assessment in the third trimester and pregnancy outcome has emerged
(115-117). The association between abnormal UtA Doppler in the third trimester
and the postnatal diagnosis of SGA was first reported by Maroni et al. (118) on a
cohort of 66 women submitted to ultrasound assessment of the fetal growth at 34
weeks. An over three-fold higher incidence of SGA in women with apparently
uncomplicated pregnancy close to term and abnormal UtA Doppler was also
demonstrated in the study by Khalil et al. (85), however this research was conducted
on a population of women submitted to prenatal ultrasound for clinical indication.
To our knowledge our data has provided the first prospective evidence that UtA PI
>05th percentile is associated with the postnatal diagnosis of fetal smallness in
women with low risk pregnancy at term gestation. If we assume that placental
function represents a continuum and can decline at any time throughout gestation,
then our data suggest that such subclinical impairment leading to fetal hypoxia and
cerebral redistribution can be identified in early labour not only by means of the
CPR but also through the UtA Doppler assessment. On this ground, it is not
surprising that the linear relationship between mean UtA PI MoM and CPR MoM
showed a correlation between an increased impedance of the uterine arteries and

the evidence of cerebral redistribution.

Finally, our data demonstrates an association between UA and middle MCA
Doppler with adverse perinatal outcomes. This is not surprising as, again,
abnormalities of the UA and of the MCA Doppler are among the acknowledged

features of fetuses who have failed to reach their growth potential (30). However,
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the UA PI is known to be within the normal range in most late-FGR fetuses (119),
while the clinical role of the reduced MCA PI in normally grown fetuses is yet to
be investigated to date. Of note, the models including the UA and the MCA PI
yielded a poor performance in the prediction of composite adverse perinatal

outcomes as well as fetal smallness at birth.

The primary aim of this prospective observational study was to investigate whether
the CPR, the UtA PI or other Doppler parameters can predict the occurrence OI due
to suspected intrapartum fetal distress and the occurrence of adverse perinatal
outcome among uneventful term pregnancies in early stages of spontaneous labour.
Our results show that the early labour assessment of maternal and fetal Doppler in
a non-SGA cohort at term gestation is associated with modest sensitivity and PPV
for adverse perinatal events, hence unlikely to support clinicians in the triage of
apparently AGA fetuses who have failed to reach their growth potential. Such
finding holds true for isolated Doppler parameters as well as for the variable
combination of UtA and fetal Doppler. It is uncertain whether the prediction of
adverse perinatal outcomes could be improved by models incorporating additional
clinical parameters or biomarkers. Over the last decades the study of maternal
cardiovascular function under normal and pathological conditions has gained much
popularity (120,121). The recent advent of automated or semi-automated devices
(122-124) has further supported the development of this research field as they allow
a thorough evaluation of the maternal haemodynamics with no need to perform
echocardiography, which still remains the gold standard reference. Under normal
circumstances pregnancy is characterized by a longitudinal increase of the cardiac

output (CO) and a concomitant reduction of the systemic vascular resistance (SVR).
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Low CO and high SVR are considered the haemodynamic surrogates of abnormal
cardiovascular adaptation to the pregnancy with placental underperfusion (125)
leading to FGR and preeclampsia. However, it is yet to be investigated whether
maternal haemodynamics may play a role in the prediction of adverse outcomes
within the context of fetal smallness and also in appropriately grown fetuses close

to term.

Similarly, the use of biomarkers of impaired placentation (i.e. sFLT, PIGF and their
ratio), which has recently been evaluated in a prospective observational study
including over 19000 pregnancies between 35 and 36 weeks of gestation, has
not proved to yield a significant improvement in the prediction of adverse perinatal
outcomes in SGA as well as in appropriately grown fetuses (14). Again, these results
need to be interpreted with caution as the sFLT and the PIGF were tested remotely
from delivery, which may negatively impact on their capability to identify

conditions of subclinical impairment of the placental function arising close to term.

The prospective design of the study, in which the clinical management was
performed by clinicians blinded to the Doppler findings, the large number of
patients enrolled and the strict criteria for the study inclusion represent the major
strengths of this research. Furthermore, over 50% of the cases were recruited by
one single examiner across two institutions, and overall four researchers (two per

units) were involved in the data collection in the two other participating centres.

On the other hand, we acknowledge that the multicentre data collection may
represent a limitation as labour ward practice may differ across institutions. Within
this context, the primary outcome of the study — i.e. obstetric intervention due to
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intrapartum fetal distress — is subjectively defined based on a test (i.e. the CTG)
whose accuracy is acknowledged to be limited by a significant number of false
positives (15). Furthermore, the threshold for intervention based on CTG findings
may vary based on the adoption of different guidelines for the CTG interpretation
(98,126-128). A sub-analysis evaluating the differences in the caesarean section and
the vacuum delivery rate for intrapartum fetal distress across the participating Units
was not performed, as we believe it is beyond the purposes of the present study. Of
note, the incidence of obstetric intervention due to intrapartum fetal distress may be
subjected to longitudinal variations even within the context of a single institution
as a result of training or audit policies which can be conducted with the aim of

improving the labour ward practice (129,130).

In conclusion, our research conducted on a selected cohort of women with low risk
pregnancy submitted to Doppler assessment in early active phase of the
spontaneous labour shows that either isolated or combined maternal and fetal
Doppler represent poor predictors of adverse perinatal outcomes. On this basis, the
identification of low risk pregnancies at increased risk of intrapartum complications
as a result of a subclinical impairment of the placental function still remains an
unresolved issue. Further research is needed in order to evaluate whether the
addition of haemodynamic parameters or biomarkers may improve the prediction

of intrapartum distress in normally grown fetuses.

68



1)

2)

3)

4)

5)

6)

7)

8)

References

Lawn JE, Blencowe H, Oza S, et al. Every newborn: progress, priorities, and
potential beyond survival. Lancet 2014;384:189-205.

Lawn J, Shibuya K, Stein C. No cry at birth: global estimates of intrapartum
stillbirths and intrapartum-related neonatal deaths. Bull World Health Organ
2005;83:409-17.

Graham EM, Ruis KA, Hartman AL, Northington FJ, Fox HE. A systematic review
of the role of intrapartum hypoxia-ischemia in the causation of neonatal
encephalopathy. Am J Obstet Gynecol 2008; 199: 587-595.

Okereafor A, Allsop J, Counsell SJ, Fitzpatrick J, Azzopardi D, Rutherford MA,
Cowan FM. Patterns of brain injury in neonates exposed to perinatal sentinel events.
Pediatrics 2008; 121: 906-914.

Mclntyre S, Taitz D, Keogh J, Goldsmith S, Badawi N, Blair E. A systematic review
of risk factors for cerebral palsy in children born at term in developed countries.
Dev Med Child Neurol 2013;55:499-508.

GBD 2017 DALYs and HALE Collaborators. Global, regional, and national
disability-adjusted life-years (DALYSs) for 359 diseases and injuries and healthy life
expectancy (HALE) for 195 countries and territories, 1990-2017: a systematic
analysis for the Global Burden of Disease Study 2017. Lancet 2018;392:1859-922.
Perlman JM, Tack ED, Martin T, Shackelford G, Amon E. Acute systemic organ
injury in term infants after asphyxia. Am J Dis Child 1989;143:617-20.

Hawkins P, Steyn C, McGarrigle HH, et al. Effect of maternal nutrient restriction
in early gestation on responses of the hypothalamicpituitary-adrenal axis to acute

isocapnic hypoxaemia in late gestation fetal sheep. Exp Physiol 2000;85:85-96.

69



9) Gupta BD, Sharma P, Bagla J, Parakh M, Soni JP. Renal failure in asphyxiated
neonates. Indian Pediatr 2005;42:928-34.

10) Ellis EN, Arnold WC. Use of urinary indexes in renal failure in the newborn. AmJ
Dis Child 1982;136:615-7.

11) Vogel ER, Britt RD Jr, Trinidad MC, et al. Perinatal oxygen in the developing lung.
Can J Physiol Pharmacol 2014;93:119-27.

12) Kushtagi P, Deepika KS. Amniotic fluid index at admission in labor as predictor of
intrapartum fetal status. J Obstet Gynaecol 2011;31:393-5.

13) Clark SL, Hankins GDV. Temporal and demographic trends in cerebral palsy: fact
and fiction. Am J Obstet Gynecol 2003;188:628-33.5

14) Ciobanu A, Jabak S, De Castro H, Frei L, Akolekar R, Nicolaides K. Biomarkers
of impaired placentation at 35-37 weeks’ gestation in the prediction of adverse
perinatal outcome. Ultrasound Obstet Gynecol 2019;54:79-86.

15) Low JA. Intrapartum fetal surveillance. Is it worthwhile? Obstet Gynecol Clin
North Am 1999;26:725-39.

16) Devane D, Lalor JG, Daly S, McGuire W, Smith V. Cardiotocography versus
intermittent auscultation of fetal heart on admission to labour ward for assessment
of fetal wellbeing. Cochrane Database Syst Rev 2012;(2):CD005122.

17) Grivell RM, Alfirevic Z, Gyte G, Devane D. Antenatal cardiotocography for fetal
assessment. Cochrane Database Syst Rev 2010;1:CD007863.

18) Ayres-de-Campos D, Bernardes J, Costa-Pereira A, Pereira-Leite L. Inconsistencies
in classification by experts of cardiotocograms and subsequent clinical decision.

BJOG 1999;106:1307-10.

70



19) Alfirevic Z, Devane D, Gyte GML. Continuous cardiotocography (CTG) as a form
of electronic fetal monitoring (EFM) for fetal assessment during labour (Review).
Cochrane Library 2007(4).

20) Brocklehurst P, Field D, Greene K, et al. Computerised interpretation of fetal heart
rate during labour (INFANT): a randomised controlled trial. Lancet
2017;389:1719-29.

21) Belfort MA, Saade GR, Thom E, Blackwell SC, Reddy UM, Thorp JM Jr, Tita AT,
Miller RS, Peaceman AM, McKenna DS, Chien EK, Rouse DJ, Gibbs RS, El-Sayed
YY, Sorokin Y, Caritis SN, VanDorsten JP; Eunice Kennedy Shriver National
Institute of Child Health and Human Development Maternal-Fetal Medicine Units
Network. A Randomized Trial of Intrapartum Fetal ECG ST-Segment Analysis. N
Engl J Med. 2015 Aug 13;373(7):632-41.

22) http://www.salute.gov.it/imgs/C_17_ pubblicazioni_1436_allegato.pdf

23) Goodwin L. Intermittent auscultation of the fetal heart rate: a review of general
principles. J Perinat Neonatal Nurs 2000; 14: 53-61.

24) Sholapurkar SL. Intermittent auscultation in labor: could it be missing many
pathological (late) fetal heart rate decelerations? Analytical review and rationale for
improvement supported by clinical cases. J Clin Med Res 2015; 7: 919-925.

25) Martis R, Emilia O, Nurdiati DS, Brown J. Intermittent auscultation (1A) of fetal
heart rate in labor for fetal wellbeing. Cochrane Database Syst Rev 2017;
2:CD008680.

26) Devane D, Lalor JG, Daly S, McGuire W, Cuthbert A, Smith V. Cardiotocography
vs intermittent auscultation of fetal heart on admission to labor ward for assessment

of fetal wellbeing. Cochrane Database Syst Rev 2017; 1: CD005122.

71


http://www.salute.gov.it/imgs/C_17_pubblicazioni_1436_allegato.pdf

27) Prior T, Mullins E, Bennett P, Kumar S. Prediction of fetal compromise in labor.
Obstet Gynecol 2014; 123: 1263-1271.

28) Doppler Diagnosis. In: Nardozza LMM, Araujo Junior E, Rizzo G, Deter RL
(eds). Fetal Growth Restriction — Current Evidence and Clinical Practice. Springer
International Publishing. Springer Nature Switzerland AG 20109.

29) Turner JM, Mitchell MD, Kumar SS. The physiology of intrapartum fetal
compromise at term. Am J Obstet Gynecol. 2019 Jul 24. pii: S0002-
9378(19)30937-8. doi: 10.1016/j.aj0og.2019.07.032. [Epub ahead of print]

30) Gordijn SJ, Beune IM, Thilaganathan B, Papageorghiou A, Baschat AA, Baker PN,
Silver RM, Wynia K, Ganzevoort W. Consensus definition of fetal growth
restriction: a Delphi procedure. Ultrasound Obstet Gynecol. 2016 Sep;48(3):333-9.

31) Mendez-Figueroa H, Truong VT, Pedroza C, Khan AM, Chauhan SP. Small-for-
gestational-age infants among uncomplicated pregnancies at term: a secondary
analysis of 9 Maternal-Fetal Medicine Units Network studies. Am J Obstet
Gynecol. 2016 Nov;215(5):628.e1-628.e7.

32) Pilliod RA, Cheng YW, Snowden JM, Doss AE, Caughey AB. The risk of
intrauterine fetal death in the small-for-gestational-age fetus. Am J Obstet Gynecol.
2012 Oct;207(4):318.61-6.

33) Gardosi J, Madurasinghe V, Williams M, Malik A, Francis A. Maternal and fetal
risk factors for stillbirth: population based study. BMJ. 2013 Jan 24;346:f108.

34) Van den Wijngaard JA, Groenenberg IA, Wladimiroff JW, Hop WC. Cerebral
Doppler ultrasound of the human fetus. Br J Obstet Gynaecol 1989;96:845-9.

35) Rizzo G, Arduini D, Romanini C. Doppler echocardiographic assessment of fetal

cardiac function. Ultrasound Obstet Gynecol 1992;2:434-45.

72



36) Stampalija T, Casati D, Monasta L, Sassi R, Rivolta MW, Muggiasca ML, Bauer
A, Ferrazzi E. Brain sparing effect in growth-restricted fetuses is associated with
decreased cardiac acceleration and deceleration capacities: a case-control study.
BJOG. 2016 Nov;123(12):1947-1954.

37) Figueras F, Gardosi J. Intrauterine growth restriction: new concepts in antenatal
surveillance, diagnosis, and management. Am J Obstet Gynecol. 2011
Apr;204(4):288-300.

38) Lees C, Marlow N, Arabin B, Bilardo CM, Brezinka C, Derks JB, et al. Perinatal
morbidity and mortality in early-onset fetal growth restriction: cohort outcomes of
the trial of randomized umbilical and fetal flow in Europe (TRUFFLE). Ultrasound
Obstet Gynecol. 2013;42:400-8.

39) Dall'Asta A, Brunelli V, Prefumo F, Frusca T, Lees CC. Early onset fetal growth
restriction. Matern Health Neonatol Perinatol. 2017 Jan 18;3:2.

40) Dall’Asta A, Lees C. Early Second-Trimester Fetal Growth Restriction and
Adverse Perinatal Outcomes. Obstet Gynecol. 2018 Apr;131(4):739-740.

41) RCOG Green Top Guidline No.31. The Investigation and Management of the
Small-for-Gestational Age Fetus. January 2014.

42) Alfirevic Z, Stampalija T, Gyte GM. Fetal and umbilical Doppler ultrasound in
high-risk pregnancies. Cochrane Database Syst Rev 2013; 11:CD007529

43) McCowan LM, Harding JE, Stewart AW. Umbilical artery Doppler studies in small
for gestational age babies reflect disease severity. BJOG 2000;107:916-25.

44) Figueras F, Eixarch E, Gratacos E, Gardosi J. Predictiveness of antenatal umbilical
artery Doppler for adverse pregnancy outcome in small-for-gestational-age babies
according to customised birthweight centiles: population based study. BJOG

2008;115:590-4.
73



45) Doctor BA, O’Riordan MA, Kirchner HL, Shah D, Hack M. Perinatal correlates
and neonatal outcomes of small for gestational age infants born at term gestation.
Am J Obstet Gynecol 2001;185:652-9.

46) Severi FM, Bocchi C, Visentin A, Falco P, Cobellis L, Florio P, Zagonari S, Pilu
G. Uterine and fetal cerebral Doppler predict the outcome of third-trimester small-
for-gestational age fetuses with normal umbilical artery Doppler. Ultrasound Obstet
Gynecol. 2002 Mar;19(3):225-8.

47) Alfirevic Z, Stampalija T, Medley N. Fetal and umbilical Doppler ultrasound in
normal pregnancy. Cochrane Darabase Syst Rev 2015;4:CD001450

48) Gudmundsson S, Marsal K. Umbilical and uteroplacental blood flow velocity
waveforms in pregnancies with fetal growth retardation. Eur J Obstet Gynecol
Reprod Biol 1988; 27:187

49) Giles WB, Trudinger BJ, Baird PJ. Fetal umbilical artery flow velocity waveforms
and placental resistance: pathological correlation. Br J Obstet Gynaecol 1985; 92:31

50) Karsdorp VH, van Vugt JM, van Geijn HP, Kostense PJ, Arduini D, Montenegro
N, Todros T. Clinical significance of absent or reversed end diastolic velocity
waveforms in umbilical artery. Lancet. 1994 Dec 17;344(8938):1664-8.

51) American College of Obstetricians and Gynecologists. Practice bulletin no. 145:
antepartum fetal surveillance. Obstet Gynecol 2014; 124:182

52) Bhide A, Acharya G, Bilardo CM, Brezinka C, Cafici D, Hernandez-Andrade E,
Kalache K, Kingdom J, Kiserud T, Lee W, Lees C, Leung KY, Malinger G, Mari
G, Prefumo F, Sepulveda W and Trudinger B. ISUOG Practice Guidelines: use of
Doppler ultrasonography in obstetrics. Ultrasound Obstet Gynecol 2013; 41: 233—

239.

74



53) Society for Maternal-Fetal Medicine Publications Committee, Berkley E, Chauhan
SP, Abuhamad A. Doppler assessment of the fetus with intrauterine growth
restriction. Am J Obstet Gynecol. 2012 Apr;206(4):300-8.

54) Mari G, Deter RL. Middle cerebral artery flow velocity waveforms in normal and
small for gestational age fetuses. Am J Obstet Gynecol 1992;166:1262-70.

55) Mari G, Deter RL. Middle cerebral artery flow velocity waveforms in normal and
small for gestational age fetuses. Am J Obstet Gynecol 1992;166:1262-70.

56) Hernandez-Andrade E, Stampalija T, Figueras F. Cerebral blood flow studies in the
diagnosis and management of intrauterine growth restriction. Curr Opin Obstet
Gynecol 2013;25:138-44.

57) Meher S, Hernandez-Andrade E, Basheer SN, Lees C. Impact of cerebral
redistribution on neurodevelopmental outcome in small-for-gestational-age or
growth-restricted babies: a systematic review. Ultrasound Obstet Gynecol. 2015
Oct;46(4):398-404.

58) Eixarch E, Meler E, Iraola A, Illa M, Crispi F, Hernandez-Andrade E, Gratacos E,
Figueras F. Neurodevelopmental outcome in 2-year-old infants who were small-
for-gestational age term fetuses with cerebral blood flow redistribution. Ultrasound
Obstet Gynecol. 2008 Dec;32(7):894-9.

59) Hecher K, Spernol R, Stettner H, Szalay S. Potential for diagnosing imminent risk
to appropriate- and small-for-gestational-age fetuses by Doppler sonographic
examination of umbilical and cerebral arterial blood flow. Ultrasound Obstet
Gynecol. 1992 Jul 1;2(4):266-71.

60) Gramellini D, Folli MC, Raboni S, Vadora E, Merialdi A. Cerebral-umbilical
Doppler ratio as a predictor of adverse perinatal outcome. Obstet Gynecol. 1992

Mar;79(3):416-20.
75



61) Baschat AA, Gembruch U. The cerebroplacental Doppler ratio revisited.
Ultrasound Obstet Gynecol 2003;21:124-7.

62) DeVore GR. The importance of the cerebroplacental ratio in the evaluation
of fetal well being in SGA and AGA fetuses. Am J Obstet Gynecol. 2015
Jul;213(1):5-15.

63) Prior T, Mullins E, Bennett P, Kumar S. Prediction of intrapartum fetal compromise
using the cerebroumbilical ratio: a prospective observational study. Am J Obstet
Gynecol 2013;208:124.e1.

64) Khalil A, Thilaganathan B. Role of uteroplacental and fetal Doppler in identifying
fetal growth restriction at term. Best Pract Res Clin Obstet Gynaecol. 2017
Jan;38:38-47.

65) Morales-Rosell6 J, Khalil A, Morlando M, Papageorghiou A, Bhide A,
Thilaganathan B. Changes in fetal Doppler indices as a marker of failure to reach
growth potential at term. Ultrasound Obstet Gynecol. 2014 Mar;43(3):303-10.

66) Khalil A, Morales-Rosello J, Khan N, Nath M, Agarwal P, Bhide A, Papageorghiou
A, Thilaganathan B. Is cerebroplacental ratio a marker of impaired fetal growth
velocity and adverse pregnancy outcome? Am J Obstet Gynecol. 2017
Jun;216(6):606.e1-606.e10.

67)Poon LC, Volpe N, Muto B, Syngelaki A, Nicolaides KH. Birthweight with
gestation and maternal characteristics in live births and stillbirths. Fetal Diagn Ther.
2012;32(3):156-65.

68) Parra-Saavedra M, Simeone S, Triunfo S, Crovetto F, Botet F, Nadal A, Gratacos
E, Figueras F. Correlation between histological signs of placental underperfusion
and perinatal morbidity in late-onset small-for-gestational-age fetuses. Ultrasound

Obstet Gynecol. 2015 Feb;45(2):149-55.
76



69) Figueras F, Savchev S, Triunfo S, Crovetto F, Gratacos E. An integrated model with
classification criteria to predict small-for-gestational-age fetuses at risk of adverse
perinatal outcome. Ultrasound Obstet Gynecol. 2015 Mar;45(3):279-85.

70) Triunfo S, Crispi F, Gratacos E, Figueras F. Prediction of delivery of small-for-
gestational-age neonates and adverse perinatal outcome by fetoplacental Doppler at
37 weeks' gestation. Ultrasound Obstet Gynecol. 2017 Mar;49(3):364-371.

71) Cruz-Martinez R, Figueras F, Hernandez-Andrade E, Oros D, Gratacos E. Fetal
brain Doppler to predict cesarean delivery for nonreassuring fetal status in term
small-for-gestational-age fetuses. Obstet Gynecol. 2011 Mar;117(3):618-26.

72) Bligh LN, Alsolai AA, Greer RM, Kumar S. Cerebroplacental ratio thresholds
measured within 2 weeks before birth and risk of Cesarean section for intrapartum
fetal compromise and adverse neonatal outcome. Ultrasound Obstet Gynecol
2018;52:340-6.

73) Bakalis S, Akolekar R, Gallo DM, Poon LC, Nicolaides KH. Umbilical and fetal
middle cerebral artery Doppler at 30-34 weeks’ gestation in the prediction of
adverse perinatal outcome. Ultrasound Obstet Gynecol 2015; 45: 409-420

74) Khalil AA, Morales-Rosello J, Elsaddig M, Khan N, Papageorghiou A, Bhide A,
Thilaganathan B. The association between fetal Doppler and admission to neonatal
unit at term. Am J Obstet Gynecol. 2015 Jul;213(1):57.e1-7.

75) Jurkovic D, Jauniaux E, Kurjak A, Hustin J, Campbell S, Nicolaides KH.
Transvaginal color Doppler assessment of the uteroplacental circulation in early
pregnancy. Obstet Gynecol 1991;77:365-9.

76) Jauniaux E, Jurkovic D, Campbell S, Hustin J. Doppler ultrasonographic features
of the developing placental circulation; correlation with anatomic findings. Am J

Obstet Gynecol 1992;166:585-7.
77


http://www.ncbi.nlm.nih.gov/pubmed/?term=Cruz-Mart%C3%ADnez%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21343765
http://www.ncbi.nlm.nih.gov/pubmed/?term=Figueras%20F%5BAuthor%5D&cauthor=true&cauthor_uid=21343765
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hernandez-Andrade%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21343765
http://www.ncbi.nlm.nih.gov/pubmed/?term=Oros%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21343765
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gratacos%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21343765
http://www.ncbi.nlm.nih.gov/pubmed/?term=cruz+martinez+fetal+brain+doppler+to+predict+casearean

77) Sciscione AC, Hayes EJ. Society for Maternal-Fetal Medicine: uterine artery
Doppler flow studies in obstetric practice. Am J Obstet Gynecol 2009;201:121-6.

78) Cnossen JS, Morris RK, ter Riet G, Mol BW, van der Post JA, Coomarasamy A,
Zwinderman AH, Robson SC, Bindels PJ, Kleijnen J, Khan KS. Use of uterine
artery Doppler ultrasonography to predict pre-eclampsia and intrauterine growth
restriction: a systematic review and bivariable meta-analysis. CMAJ. 2008 Mar
11;178(6):701-11.

79) Unterscheider J, Daly S, Geary MP, Kennelly MM, McAuliffe FM, O'Donoghue
K, Hunter A, Morrison JJ, Burke G, Dicker P, Tully EC, Malone FD. Predictable
progressive Doppler deterioration in IUGR: does it really exist? Am J Obstet
Gynecol. 2013 Dec;209(6):539.e1-7.

80) Turan OM, Turan S, Gungor S, Berg C, Moyano D, Gembruch U, Nicolaides KH,
Harman CR, Baschat AA. Progression of Doppler abnormalities in intrauterine
growth restriction. Ultrasound Obstet Gynecol. 2008 Aug;32(2):160-7.

81) Papageorghiou AT, Yu CK, Cicero S, Bower S, Nicolaides KH. Second-trimester
uterine artery Doppler screening in unselected populations: a review. J Matern Fetal
Neonatal Med. 2002 Aug;12(2):78-88. Review.

82) valifio N, Giunta G, Gallo DM, Akolekar R, Nicolaides KH. Uterine artery
pulsatility index at 30-34 weeks' gestation in the prediction of adverse perinatal
outcome. Ultrasound Obstet Gynecol. 2015 May 13.

83) Cruz-Martinez R, Savchev S, Cruz-Lemini M, Mendez A, Gratacos E, Figueras F.
Clinical utility of third-trimester uterine artery Doppler in the prediction of brain
hemodynamic deterioration and adverse perinatal outcome in small-for-gestational-

age fetuses. Ultrasound Obstet Gynecol. 2015 Mar;45(3):273-8.

78



84) MacDonald TM, Hui L, Robinson AJ, Dane KM, Middleton AL, Tong S, Walker
SP. Cerebral-placental-uterine ratio as novel predictor of late fetal growth
restriction: prospective cohort study. Ultrasound Obstet Gynecol. 2019
Sep;54(3):367-375.

85) Khalil A, Morales-Rosell6 J, Townsend R, Morlando M, Papageorghiou A, Bhide
A, Thilaganathan B. Value of third-trimester cerebroplacental ratio and uterine
artery Doppler indices as predictors of stillbirth and perinatal loss. Ultrasound
Obstet Gynecol. 2016 Jan;47(1):74-80.

86) Jensen A, Garnier Y, Berger R. Dynamics of fetal circulatory responses to hypoxia
and asphyxia. Eur J Obstet Gynecol Reprod Biol 1999;84:155-72.

87) Dawes GS, Mott JC, Shelley HJ. The importance of cardiac glycogen for the
maintenance of life in foetal lambs and newborn animals during anoxia. J Physiol
1959;146:516-38.

88) Shelley HJ. Glycogen reserves and their changes at birth and in anoxia. Br Med
Bull 1961;17:137-43.

89) Harding R, Bocking AD. Fetal growth and development. Cambridge: Cambridge
University Press; 2001.

90) Galinsky R, Jensen EC, Bennet L, et al. Sustained sympathetic nervous

system support of arterial blood pressure during repeated brief umbilical cord

occlusions in near-term fetal sheep. Am J Physiol Regul Integr Comp Physiol
2014;306:R787-95.

91) Park TS, Van Wylen DG, Rubio R, Berne RM. Increased brain interstitial

fluid adenosine concentration during hypoxia in newborn piglet. J Cereb Blood Flow

Metab 1987;7:178-83.

79



92) Bakker PC, Kurver PH, Kuik DJ, Van Geijn HP. Elevated uterine activity
increases the risk of fetal acidosis at birth. Am J Obstet Gynecol 2007;196:313 e311—
6.

93) Cunningham FG, Leveno KJ, Bloom SL, Spong CY, Dashe JS, Hoffman BL,
Casey BM, Sheffield JS. Williams Obstetrics (24th edn), McGraw-Hill Education: New
York, NY, 2014.

94) Hanley GE, Munro S, Greyson D, Gross MM, Hundley V, Spiby H, Janssen
PA. Diagnosing onset of labor: a systematic review of definitions in the research
literature. BMC Pregnancy Childbirth 2016; 16: 71.

95) Societa Italiana di Ecografia Ostetrica e Ginecologica e Metodologie
Biofisiche (SIEOG). Linee Guida SIEOG edizione 2015. https://www.sieog.it/linee-
guida-2015/

96) https://www.mscbs.gob.es/organizacion/sns/planCalidadSNS/pdf/Guia_prac

tica_AEP.pdf
97) National Institute for Health and Care Excellence. Antenatal care for
uncomplicated pregnancies. Clinical guideline 62 [CG62].

https://www.nice.org.uk/guidance/cg62

98) Ayres-de-Campos D, Spong CY, Chandraharan E; FIGO Intrapartum Fetal
Monitoring Expert Consensus Panel. FIGO consensus guidelines on intrapartum fetal
monitoring: Cardiotocography. Int J Gynaecol Obstet 2015; 131:13-24.

99) Parra-Cordero M, Lees C, Missfelder-Lobos H, Seed P, Harris C. Fetal
arterial and venous Doppler pulsatility index and time averaged velocity ranges. Prenat
Diagn 2007; 27:1251-1257.

100) Ciobanu A, Wright A, Syngelaki A, Wright D, Akolekar R, Nicolaides KH.

Fetal Medicine Foundation reference ranges for umbilical artery and middle cerebral
80


https://www.sieog.it/linee-guida-2015/
https://www.sieog.it/linee-guida-2015/
https://www.mscbs.gob.es/organizacion/sns/planCalidadSNS/pdf/Guia_practica_AEP.pdf
https://www.mscbs.gob.es/organizacion/sns/planCalidadSNS/pdf/Guia_practica_AEP.pdf
https://www.nice.org.uk/guidance/cg62

artery pulsatility index and cerebroplacental ratio. Ultrasound Obstet Gynecol. 2019
Apr;53(4):465-472.

101) Gobmez O, Figueras F, Fernandez S, Bennasar M, Martinez JM, Puerto B,
Gratacos E. Reference ranges for uterine artery mean pulsatility index at 11-41 weeks
of gestation. Ultrasound Obstet Gynecol. 2008 Aug;32(2):128-32.

102) ACOG Committee on Obstetric Practice. ACOG Committee Opinion No.
348, November 2006: Umbilical cord blood gas and acid-base analysis. Obstet Gynecol
2006; 108: 1319-1322.

103) Bertino E, Spada E, Occhi L, Coscia A, Giuliani F, Gagliardi L, Gilli G, Bona
G, Fabris C, De Curtis M, Milani S. Neonatal anthropometric charts: the Italian
neonatal study compared with other European studies. J Pediatr Gastroenterol Nutr
2010;51: 353-361.

104) Robson MS. Classification of caesarean sections. Fetal Matern Med Rev
2001; 12:23-39.

105) DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under
two or more correlated receiver operating characteristic curves: a nonparametric
approach. Biometrics. 1988 Sep;44(3):837-45.

106) Lackman F, Capewell V, Gagnon R, Richardson B. Fetal umbilical cord
oxygen values and birth to placental weight ratio in relation to size at birth. Am J Obstet
Gynecol 2001; 185: 674-682.

107) Brosens I, Pijnenborg R, Vercruysse L, Romero R. The ”Great Obstetrical
Syndromes” are associated with disorders of deep placentation. Am J Obstet Gynecol

2011; 204: 193-201.

81



108) Khalil A, Thilaganathan B. Role of uteroplacental and fetal Doppler in
identifying fetal growth restriction at term. Best Pract Res Clin Obstet Gynaecol. 2017
Jan;38:38-47.

109) Sovio U, White IR, Dacey A, Pasupathy D, Smith GCS. Screening for fetal
growth restriction with universal third trimester ultrasonography in nulliparous women
in the Pregnancy Outcome Prediction (POP) study: a prospective cohort study. Lancet.
2015 Nov 21;386(10008):2089-2097.

110) Akolekar R, Syngelaki A, Gallo DM, Poon LC, Nicolaides KH. Umbilical
and fetal middle cerebral artery Doppler at 35-37 weeks' gestation in the prediction of
adverse perinatal outcome. Ultrasound Obstet Gynecol. 2015 Jul;46(1):82-92.

111) Akolekar R, Ciobanu A, Zingler E, Syngelaki A, Nicolaides KH. Routine
assessment of cerebroplacental ratio at 35-37 weeks' gestation in the prediction of
adverse perinatal outcome. Am J Obstet Gynecol. 2019 Jul;221(1):65.e1-65.e18.

112) Papageorghiou AT, Yu CK, Bindra R, Pandis G, Nicolaides KH; Fetal
Medicine Foundation Second Trimester Screening Group. Multicenter screening for
pre-eclampsia and fetal growth restriction by transvaginal uterine artery Doppler at 23
weeks of gestation. Ultrasound Obstet Gynecol. 2001 Nov;18(5):441-9.

113) Yu CK, Khouri O, Onwudiwe N, Spiliopoulos Y, Nicolaides KH; Fetal
Medicine Foundation Second-Trimester Screening Group. Prediction of pre-eclampsia
by uterine artery Doppler imaging: relationship to gestational age at delivery and small-
for-gestational age. Ultrasound Obstet Gynecol. 2008 Mar;31(3):310-3.

114) Papageorghiou AT, Yu CK, Erasmus IE, Cuckle HS, Nicolaides KH.
Assessment of risk for the development of pre-eclampsia by maternal characteristics

and uterine artery Doppler. BJOG. 2005 Jun;112(6):703-9.

82



115) Shwarzman P, Waintraub AY, Frieger M, Bashiri A, Mazor M, Hershkovitz
R. Third-trimester abnormal uterine artery Doppler findings are associated with adverse
pregnancy outcomes. J Ultrasound Med. 2013 Dec;32(12):2107-13.

116) Gaillard R, Arends LR, Steegers EA, Hofman A, Jaddoe VW. Second-
and third-trimester placental hemodynamics and the risks of pregnancy complications:
the Generation R Study. Am J Epidemiol. 2013 Apr 15;177(8):743-54.

117) Llurba E, Turan O, Kasdaglis T, Harman CR, Baschat AA. Emergence
of late-onset placental dysfunction: relationship to the change in uterine artery blood
flow resistance between the first and third trimesters. Am J Perinatol. 2013
Jun;30(6):505-12.

118) Maroni E, Youssef A, Arcangeli T, Nanni M, De Musso F, Contro E,
Kuleva M, Bellussi F, Pilu G, Rizzo N, Ghi T. Increased uterine artery pulsatility index
at 34 weeks and outcome of pregnancy. Ultrasound Obstet Gynecol. 2011
Oct;38(4):395-9.

119) Figueras F, Gratacds E. Update on the diagnosis and classification of fetal
growth restriction and proposal of a stage-based management protocol. Fetal Diagn
Ther. 2014;36(2):86-98.

120) Flo K, Wilsgaard T, Vartun A, Acharya G. A longitudinal study of the
relationship between maternal cardiac output measured by impedance cardiography
and uterine artery blood flow in the second half of pregnancy. BJOG. 2010
Jun;117(7):837-44.

121) Ghi T, degli Esposti D, Montaguti E, Rosticci M, Tancredi S, Youssef A,
di Giovanni MV, Pilu G, Borghi C, Rizzo N. Maternal cardiac evaluation during
uncomplicated twin pregnancy with emphasis on the diastolic function. Am J Obstet

Gynecol. 2015 Sep;213(3):376.e1-8.
83



122) Valensise H, Tiralongo GM, Pisani |, Farsetti D, Lo Presti D, Gagliardi
G, Basile MR, Novelli GP, Vasapollo B. Maternal hemodynamics early in labor: a
possible link with obstetric risk? Ultrasound Obstet Gynecol. 2018 Apr;51(4):509-513.
123) Tiralongo GM, Pisani |, Vasapollo B, Khalil A, Thilaganathan B,
Valensise H. Effect of a nitric oxide donor on maternal hemodynamics in fetal growth
restriction. Ultrasound Obstet Gynecol. 2018 Apr;51(4):514-518.

124) Gagliardi G, Tiralongo GM, LoPresti D, Pisani I, Farsetti D, Vasapollo
B, Novelli GP, Andreoli A, Valensise H. Screening for pre-eclampsia in the first
trimester: role of maternal hemodynamics and bioimpedance in non-obese patients.
Ultrasound Obstet Gynecol. 2017 Nov;50(5):584-588.

125) Stott D, Papastefanou 1, Paraschiv D, Clark K, Kametas NA.
Longitudinal maternal hemodynamics in pregnancies affected by fetal growth
restriction. Ultrasound Obstet Gynecol. 2017 Jun;49(6):761-768.

126) Chandraharan E, Arulkumaran S. Prevention of birth asphyxia:
responding appropriately to cardiotocograph (CTG) traces. Best Pract Res Clin Obstet
Gynaecol. 2007 Aug;21(4):609-24.

127) National Collaborating Centre for Women’s and Children's Health
commissioned by the National Institute for Health and Clinical Excellence. Intrapartum
care. 2007.

128) American College of Obstetricians and Gynecologists. Fetal heart rate
monitoring: guidelines. ACOG Tech Bull 32. 1974;June.

129) Chen I, Opiyo N, Tavender E, Mortazhejri S, Rader T, Petkovic J,
Yogasingam S, Taljaard M, Agarwal S, Laopaiboon M, Wasiak J, Khunpradit S,

Lumbiganon P, Gruen RL, Betran AP. Non-clinical interventions for reducing

84



unnecessary caesarean section. Cochrane Database Syst Rev. 2018 Sep
28;9:CD005528.

130) Mgaya AH, Kidanto HL, Nystrom L, Essén B. Use of a criteria-based
audit to optimize uptake of cesarean delivery in a low-resource setting. Int J Gynaecol

Obstet. 2019 Feb;144(2):199-209.

85



Acknowledgements

In first instance I am grateful to the Coordinators of the PhD course at the University
of Parma, Prof Carlo Ferrari and Prof Riccardo Bonadonna, and to the Tutors of my
PhD project, Prof Tiziana Frusca from the University of Parma and Prof Christoph
Lees from Imperial College London, for their continuous scientific and clinical
support over the three years of my Doctorate. For the same reasons I wish to thank

Prof Tullio Ghi from the University of Parma.

My acknowledgements also to the research teams led by Prof Giuseppe Rizzo from
the University of Rome Tor Vergata and Prof Francesc Figueras from the University
of Barcelona, who have joined this research project lead by the University of Parma.

It has been my honour and privilege to coordinate this research group.

86



