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Abstract

Introduction

Placental dysfunction can lead to perinatal hypoxic events including stillbirth. Unless there
is overt severe fetal growth restriction, placental dysfunction is frequently not identified in
(near) term pregnancy, particularly because fetal size is not necessarily small. This study
aimed to evaluate, among (near) term births, the burden of hypoxia-related adverse perina-
tal outcomes reflected in an association with birth weight centiles as a proxy for placental
function.

Material and method

A nationwide 5-year cohort of the Dutch national birth registry (PeriNed) including 684,938
singleton pregnancies between 36*° and 41+ weeks of gestation. Diabetes, congenital
anomalies, chromosomal abnormalities and non-cephalic presentations at delivery were
excluded. The main outcome was antenatal mortality rate according to birthweight centiles
and gestational age. Secondary outcomes included perinatal hypoxia-related outcomes,
including perinatal death and neonatal morbidity, analyzed according to birthweight centiles.

Results

Between 2015 and 2019, 1,074 perinatal deaths (0.16%) occurred in the study population
(n=684,938), of which 727 (0.10%) antenatally. Of all antenatal- and perinatal deaths,
29.4% and 27.9% occurred in birthweights below the 10™ centile. The incidence of perinatal
hypoxia-related outcomes was highest in fetuses with lowest birthweight centiles (18.0%),
falling gradually up to the 50" and 90™ centile where the lowest rates of hypoxia-related out-
comes (5.4%) were observed.
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Conclusion

Perinatal hypoxia-related events have the highest incidence in the lowest birthweight cen-
tiles but are identifiable throughout the entire spectrum. In fact, the majority of the adverse
outcome burden in absolute numbers occurs in the group with a birthweight above the 10™
centile. We hypothesize that in most cases these events are attributable to reduced placen-
tal function. Additional diagnostic modalities that indicate placental dysfunction at (near)
term gestation throughout all birth weight centiles are eagerly wanted.

Introduction

Stillbirth at term gestation is one of the most feared complications of pregnancy and affects
every practicing obstetrician. Sometimes, a clear and unavoidable cause can be identified, such
as the occurrence of congenital anomalies, placental abruption or a cord prolapse. However, in
the majority of cases the cause remains unknown [1, 2]. Under the assumption that most still-
births are preceded by a period of hypoxia, the placenta likely plays a prominent role in the
majority of unexplained deaths.

Placental dysfunction is the most common underlying pathophysiologic mechanism of fetal
growth restriction (FGR), defined as a fetus that does not reach its intrinsic growth potential
[3-5]. Small for gestational age (SGA), defined as an estimated fetal weight or birthweight
below the 10 percentile, is often used as a proxy for FGR. However, fetuses can be constitu-
tionally small but healthy whereas FGR is essentially a pathological condition in which the
fetus is not necessarily small [4].

In placental dysfunction there is a mismatch between the placental metabolic- and gaseous
exchange and fetal demands [6, 7]. Metabolic exchange failure leads to inappropriate fetal
growth and development. Gaseous exchange failure leads to hypoxia, acute and chronic, start-
ing from early in pregnancy up to during delivery. In late-onset placental dysfunction, gaseous
exchange failure may occur before the metabolic exchange failure becomes apparent through
suboptimal fetal growth. If the ensuing hypoxia goes without timely intervention, the fetus is at
increased risk for adverse perinatal outcomes [8, 9], ranging from stillbirth to emergency deliv-
ery for fetal compromise, short-term neonatal morbidity and long-term impact on neurodeve-
lopment, including hypoxic ischemic encephalopathy (HIE) and cerebral palsy [6, 10-14].

Assessment of fetal size, preferably sequential, together with other functional placental
markers (such as Doppler ultrasound and maternal biomarkers) are cornerstones of prenatal
care to identify fetuses suffering from reduced placental function. For clinical and research
purposes, the ‘fetus-at-risk’ has traditionally been defined by small size, usually below the 10™
centile (SGA) [15]. Most studies analyze dichotomized comparisons between groups of SGA
and appropriate for gestational age (AGA) fetuses and newborns, consistently identifying SGA
as a risk factor for adverse outcomes [16]. Only few studies have focused on the association
between fetal and/or newborn size for gestational age (as a function of reduced placental func-
tion) and adverse outcomes with other birth weight centiles thresholds or in a semi-continu-
ous measure, describing the association across the whole spectrum of growth centiles [17-21].
For this reason, and in the absence of systematic evaluations of placental function in AGA
fetuses, accurate estimates of the burden of hypoxia-related adverse outcomes are lacking
among AGA fetuses. This is particularly important in late gestation when reduced placental
function is not restricted to small fetal size [7, 22, 23].
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The aim of this nationwide cohort study was to evaluate, among (near) term births, the bur-
den of hypoxia-related adverse perinatal outcomes reflected in an association with birthweight
centiles as a proxy for placental function.

Material and methods

This population cohort study was conducted with the data from the national perinatal registry
(PeriNed) in the Netherlands (www.perined.nl) [24]. Participation in the registry is obligatory
for midwife practices, obstetricians and neonatologists, and 96-98% of births are recorded in
the registry [25]. The data include anonymized information about pregnancy, childbirth and
hospital (re)admissions of newborns. Data about Doppler measurements, maternal BMI,
smoking, maternal biomarkers and placenta histology are not included in the registry. The
data is recorded at the discretion of the caregiver and is annually checked for consistency.

We included all (near) term singletons born between 36 and 41*° weeks of gestation from
1%, 2015 to December 31%, 2019. We excluded pregnancies complicated by congenital anoma-
lies, chromosomal abnormalities, non-cephalic presentation at time of birth and pregnancies
complicated with any type of diabetes.

The primary outcomes were antenatal- and perinatal death rates. Perinatal death was
defined as antenatal deaths, intrapartum deaths and neonatal deaths within 7 days after birth.
They were analyzed according to birthweight centiles and gestational age, and separately in the
subgroup SGA (defined as a birthweight <10™ centile according to Hoftiezer reference charts).
[26] Antenatal death risks were calculated for each birth weight percentile group at 36, 37, 38,
39, 40 and 41 weeks of gestation using a “fetus-at-risk” approach, dividing the number of still-
births in that gestational age period by the number of women at risk and expressed as the aver-
age weekly risk [27].

Secondary outcomes were divided into three predetermined outcome groups that are
deemed to be related to perinatal hypoxia as a result of reduced placental function. “Outcome-
1” was defined as severe adverse outcomes of pregnancy including: perinatal mortality (ante-
natal-, perinatal- or neonatal death <28 days) or hypoxic ischemic encephalopathy (HIE).
“Outcome-2” was defined as adverse labor outcomes, including Apgar <7 and/or neonatal
intensive care (NICU) admission >24 hours and/or emergency delivery for (presumed) fetal
compromise. Fetal compromise was user-defined, as reported by the caregiver. Fetal compro-
mise in combination with obstructed labor as indication for an emergency delivery was
included, whereas obstructed labor as sole indication was excluded. “Outcome-3” was defined
as adverse neonatal outcomes including necrotizing enterocolitis (NEC) and/or neonatal
hypoglycemia and/or neonatal hypothermia and/or respiratory distress syndrome (RDS) and/
or bronchopulmonary dysplasia (BPD) and/or neonatal convulsions.

Secondary outcomes were analyzed according to birthweight centiles, calculated from Hof-
tiezer population reference charts [26].

Statistical analysis

Data analyses were performed with SAS version 9.4 Baseline characteristics and outcome
parameters were described using descriptive statistics. Categorical variables were presented as
proportions (%) and continuous variables as means (+ standard deviations (SDs)) or medians
(interquartile range). Antenatal- and perinatal death, and adverse outcome rates were tested
by gestational age with a chi-square test. Rates for all adverse outcomes (“outcome 1-3”) were
tested by birthweight centile groups with a chi-square test. A p-value of <0.001 was considered
significant.
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There were five missing Apgar scores and 1058 missing values for birthweight centiles
coded as unknown. The missing data (18 maternal age and 816 birthweights) were imputed
with single imputation.

Ethical approval

No ethical approval was needed according to the Dutch central committee of Human
Research, as the study only used previously collected cohort data. All data in this study were
fully anonymized before we accessed them. Ethical approval was obtained by the committee
for research and ethics of the PeriNed registry (approval number 19.41).

Patient involvement

Because this was a nationwide pseudonymised register-based study of the Netherlands, neither
participants nor the public were involved in developing the research question or in the design,
management, or interpretation of the study. We adhered as much as possible to the core out-
come set for fetal growth restriction that has been developed with the involvement of patients
[28].

Results

The PeriNed database contained 764,529 singleton pregnancies with the time of birth between
36" and 41"° weeks of gestation between January 1%, 2015, and December 31%', 2019. We
excluded 79,591 cases because of diabetes, chromosomal abnormalities, congenital anomalies,
or non-cephalic presentation at the time of birth, leaving 684,938 births for the current study.
Characteristics of the study population and neonatal outcomes are shown in Table 1.

Mortality rates

In this five-year period, 727 antenatal deaths (0.10%), 1,074 perinatal deaths within 7 days
(0.16%) and 1,119 (0.16%) perinatal deaths within 28 days occurred in our study population
(Table 2). Of all antenatal- and perinatal deaths, 29.4% and 27.9% occurred in SGA fetuses
and newborns. Gestational age had a significant association with antenatal- and perinatal
death rate (p<0.0001).

The weekly prospective risk of antenatal death increased with advanced gestational age
and was highest in the lowest birth weight centiles. The prospective stillbirth risk decreased
strongly with increasing birth weight percentiles up to the p70-p90 at all gestational weeks,
except for week 41 (Fig 1 and S1 Table in S1 File).

Adverse events

A total of 53,272 (7.8%) adverse events were described. Severe adverse outcomes of pregnancy
(“outcome-1") was observed in 0.2%, adverse labor outcomes (“outcome-2”) was observed

in 6.5%, and adverse neonatal outcomes (“outcome-3”) occurred in 1.0% (Table 3). Highest
absolute numbers were found at 36 weeks of gestation and lowest rates at 39-40 weeks of gesta-
tion (P<0.001). The distribution of the three outcomes according to birthweight centiles is
shown in Fig 2. Percentages of perinatal hypoxia related events according to birth weight cen-
tile groups can be found in the Appendix, S2 Table in S1 File. The incidence of each outcome
was highest in fetuses with the lowest birthweight centiles, falling gradually up to the p50-p90
at which the lowest rates of adverse hypoxia-related outcomes occurred.
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Table 1. Maternal and neonatal baseline characteristics and outcomes by gestational week.

Maternal Gestational age (weeks)
36 n = 14,049 37 n = 45,031 38n=103,672 39n=182,770 40 n = 212,415 41 n =127,001
Maternal age, mean, (SD) 30.4 (4.9) 30.5 (4.9) 30.7 (4.9) 30.7 (4.7) 30.6 (4.6) 30.8 (4.6)
Nulliparous 53.6% 46.0% 39.7% 39.3% 42.5% 49.2%
Caucasian ethnicity 89.8% 89.1% 88.2% 87.9% 89.6% 90.9%
Hypertensive pregnancy disorder 11.5% 15.9% 9.3% 5.1% 3.9% 3.1%
Previous caesarean section 6.9% 7.6% 11.4% 11.6% 5.2% 5.0%
Onset of labor
Spontaneous 70.2% 50.8% 54.6% 72.7% 86.6% 68.8%
Labor induction 18.3% 39.3% 32.6% 15.8% 11.3% 28.7%
Planned caesarean section 8.6% 6.8% 10.3% 9.9% 0.9% 0.9%
Unknown 2.9% 3.0% 2.4% 1.6% 1.2% 1.7%
Mode of delivery
Spontaneous 74.4% 77.9% 75.4% 76.9% 82.8% 75.9%
Instrumental vaginal delivery 7.6% 6.4% 6.2% 6.3% 8.1% 10.5%
Emergency caesarean section 7.0% 6.9% 6.2% 5.0% 6.5% 10.7%
Planned caesarean section 8.6% 6.8% 10.3% 9.9% 0.9% 0.9%
Unknown 2.4% 2.0% 1.9% 1.9% 1.9% 2.0%
Meconium-stained liquor 3.3% 3.1% 5.3% 11.0% 18.3% 22.2%
Neonatal
Male sex 55.5% 53.0% 55.4% 51.6% 49.9% 50.8%
Birthweight (grams), mean, (SD) 2789 (430) 3011 (447) 3284 (442) 3451 (418) 3606 (417) 3731 (429)
Hoftiezer centile, mean, (SD) 46.3 (29.9) 47.5 (30.2) 51.4 (29.9) 50.5 (28.9) 50.0 (28.4) 50.1 (28.9)
SGA (<p10) 15.6% 14.7% 10.9% 9.9% 9.5% 9.4%
LGA (>p90) 9.4% 10.5% 13.2% 11.1% 10.0% 9.9%
Apgar 5-minutes <7 2.6% 1.5% 1.1% 0.9% 1.1% 1.6%
Apgar 5-minutes <4 0.4% 0.2% 0.1% 0.1% 0.1% 0.2%
NICU admission >24 hours 3.0% 1.4% 0.7% 0.4% 0.5% 0.6%
Cord pH determined 18.1% 10.0% 7.9% 7.1% 6.3% 6.9%
pH <7.1 (if determined) 1.7% 0.9% 0.8% 0.7% 0.9% 1.3%
SD: standard deviation
SGA: small for gestational age (birthweight <p10)
LGA: large for gestational age (birthweight >p90)
NICU: neonatal intensive care admission
https:/doi.org/10.1371/journal.pone.0285096.t001
Discussion
Main findings

This study assessed the perinatal hypoxia-related events, including perinatal mortality,
throughout the birthweight-for-gestation spectrum in singleton pregnancies between 36" and
41*° weeks of gestation within a nationwide Dutch cohort. Our study shows that these adverse
perinatal events, have the highest concentration in lowest birthweight centiles. However, they
are identifiable throughout the entire spectrum, and in absolute numbers they are most fre-

quent in appropriate for gestational age infants.
The gradual association between birthweight centiles and adverse outcomes was observed

in all three composite outcome groups, with the lowest burden between the 50™ and 90™

centile. Remarkably this pattern was less obvious to the adverse neonatal morbidity rates
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Table 2. Antenatal and perinatal death rates according to gestational age in weeks of 684,938 singleton pregnancies in the Netherlands from 2015 to 2019.

Gestational age (weeks) Pregnancies Antenatal death Perinatal death

n n % SGA n % SGA
36 14,049 123 0.88% 39.0% 149 1.06% 38.3%
37 45,031 122 0.27% 25.4% 150 0.33% 24.0%
38 103,672 137 0.13% 24.1% 200 0.19% 22.0%
39 182,770 141 0.08% 30.5% 220 0.12% 30.9%
40 212,415 120 0.06% 26.7% 201 0.09% 26.9%
41 127,001 84 0.07% 32.0% 154 0.12% 26.6%
Total 100% (n = 684,938) 0.10% (n = 727) 29.4% (n = 214) 0.16% (n = 1074) 27.9% (n = 300)

SGA: small for gestational age (birthweight <p10)
Perinatal death includes antenatal-, intrapartum and neonatal death within 7 days postpartum.

https://doi.org/10.1371/journal.pone.0285096.t002
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Fig 1. Average antenatal death risk per 1,000 pregnancies for each birth weight centile group at gestational age
week 36, 37, 38, 39, 40 and 41 in the Netherlands from 2015 to 2019.

https://doi.org/10.1371/journal.pone.0285096.9001

Table 3. Perinatal hypoxia related events according to gestational age for singleton pregnancies in the Netherlands from 2015 to 2019.

Gestational age (weeks) Outcome 1 Severe adverse Outcome 2 Adverse labor outcome Outcome 3 Adverse neonatal
pregnancy outcome outcome
n n % n % n %
36 14,049 168 1.20 1,531 10.90 1,175 8.36
37 45,031 184 0.41 3,348 7.43 1,245 2.76
38 103,672 251 0.24 5,741 5.54 1,351 1.30
39 182,770 300 0.16 9,147 5.00 1,170 0.64
40 212,415 329 0.15 13,431 6.32 1,207 0.57
41 127,001 280 0.22 11,618 9.15 796 0.63
Total 684,938 1,512 0.22 44,816 6.54 6,944 1.01

Outcome 1—Severe adverse outcomes of pregnancy: perinatal mortality or HIE (including antenatal death, perinatal death and neonatal death within 28 days).
Outcome 2—Adverse labor outcomes: Apgar <7 and/or NICU admission (>24 hrs) and/or emergency delivery for fetal compromise.
Outcome 3—Adverse neonatal outcomes including any of the following: necrotizing enterocolitis, neonatal hypoglycemia, neonatal hypothermia, respiratory distress

syndrome, bronchopulmonary dysplasia, and neonatal convulsions.

https://doi.org/10.1371/journal.pone.0285096.t003
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Fig 2. Perinatal hypoxia related events according to birth weight centile groups for neonates born between 36*°
and 41*° weeks’ gestation in the Netherlands from 2015 to 2019. Light blue square Outcome 1—Severe adverse
outcomes of pregnancy: perinatal mortality or HIE (including antenatal death, perinatal death and neonatal death
within 28 days). orange square Outcome 2—Adverse labor outcomes: Apgar <7 and/or NICU admission (>24 hrs)
and/or emergency delivery for fetal compromise. dark blue square Outcome 3: Adverse neonatal outcomes including
any of the following: necrotizing enterocolitis, neonatal hypoglycemia, neonatal hypothermia, respiratory distress
syndrome, bronchopulmonary dysplasia, and neonatal convulsions.

https://doi.org/10.1371/journal.pone.0285096.g002

(‘Outcome 3°). Although a high incidence of events was reported in newborns with a birth-
weight below the 10" percentile and above the 90™ percentile, there was no gradual drop of
incidence rates between the 10™ and 90" centile. We hypothesize that protocolized monitor-
ing and treatment of the newborn focuses on SGA and large for gestational age (LGA), and
that the observed high rates of hypoglycemia are the result of affirmation bias due to targeted
testing. Hypoglycemia incidence rates in AGA are largely unknown, and a study that reported
glucose levels in term newborns of appropriate size excluded infants suspected of intrapartum
hypoxia [29].

It is known that fetal overgrowth is associated with a threefold higher risk for stillbirth inde-
pendent of maternal diabetic status and is a risk factor for neonatal death and morbidity [30,
31]. Mortality- and morbidity in the birthweights above the 90" centile are typically not attrib-
uted to growth restriction or the underling mechanism of placental dysfunction. The lack of a
gold standard of placental insufficiency hinders firm conclusions. However, it can validly be
reasoned that the pattern of the rising incidence of hypoxia-related event rates is most likely
a manifestation of (acute) failure of the gaseous exchange of the placenta. This may present
without obvious declined growth from chronic metabolic exchange failure because placental
reserve in term pregnancy is already limited. For that reason, fetuses with a high genetic
growth potential do not have the time to ‘travel’ to the lowest percentiles before they suffer
from the risks of acidosis. Undetected or unreported diabetes and other underlying placenta
pathology such as terminal villous deficiency may also mediate this process [32].

Although we excluded emergency deliveries for the indication of obstructed labor from
analysis, obstructed labor combined with fetal compromise as indication for emergency deliv-
ery was included as well as neonatal hypoglycemia without further distinction. This may have
also contributed to the rise in morbidity and mortality rates in our analyses.

Some of the observed patterns are skewed due to the interventions starting delivery indi-
cated by clinical findings such as signs of FGR/SGA, hypertensive disorders of pregnancy
and suspected macrosomia. Since antenatal death is prevented by early delivery, these biases
likely have a bearing on the risks of all outcomes. This does not negate the observation that the
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majority of fetal deaths occurs within the ‘normal’ birthweight centile groups, of which a sig-
nificant proportion have not been diagnosed as ‘at risk” And may not have received the appro-
priate interventions.

Quite a substantial proportion of the adverse outcomes that we found in this dataset were
‘emergency deliveries for fetal compromise’. Fetal compromise is usually suspected if the car-
diotocography (CTG) becomes abnormal. However, the diagnostic accuracy of the CTG is
low and if continuous intrapartum CTG monitoring is installed this increases the rate of
emergency instrumental deliveries and caesarean sections [33]. Furthermore, it is possible
that clinicians aware of a fetus diagnosed with FGR are more likely to report fetal compro-
mise, which potentially can over-emphasize fetal compromise at lower birth weight centiles.
Presumably our dataset contains a number of false positives from fetal compromise. How-
ever, we do not expect that this has had a noteworthy influence on the trend that we have
shown.

Interpretation

We hypothesize that the majority of the hypoxia-related events are presumably attributable to
placental dysfunction, also in the appropriate for gestational age spectrum.

Placental insufficiency after birth can be diagnosed through pathological analyses of the pla-
centa and/or perinatal autopsy. However, in late-onset FGR placental function can deteriorate
rapidly and obvious signs such as accelerated parenchymal maturation, nucleated red blood
cells and reduced liver to brain ratio might be absent. Limited placental reserve at term can be
seen as a ‘common’ phenomenon as exemplified by the universal flattening of the fetal growth
curve in late gestation. This is strengthened by current study in which an increasing stillbirth
risk beyond 41- and 42 weeks of gestation was observed. We suspect that this contributes to
the fact that although pathological analyses of the placenta are performed, still 30-60% of still-
birth cases remain unexplained, and that the same lesions are seen in placentas of ‘normal’
pregnancies [1, 2, 34].

The order of magnitude of the issue is that in the context of a high-income country, we
observed that one out of 1,000 singleton non-anomalous pregnancies without diabetes ends in
antenatal death at (near) term. We postulate that most of these deaths most likely result from
placental dysfunction. In this population, over 70% of antenatal and perinatal deaths occurred
in fetuses and newborns that were not SGA and apparently appropriately grown. A consider-
able proportion of these deaths could potentially be prevented if timely identification of the
compromised fetus suffering from placental dysfunction and installation of adequate monitor-
ing and interventions would become possible. This means that, for example in the United
Kingdom, about 400 antenatal deaths in the (near) term period might be prevented annually.
It underlines the pressing need for proven evaluated diagnostic strategies, since the contempo-
rary clinical diagnostic strategy with the focus on fetal size (and screening for SGA) is inaccu-
rate [35].

We excluded multiple pregnancies, congenital anomalies, chromosomal abnormalities,
maternal (gestational) diabetes and non-cephalic presentation at the time of birth as they are
known causes and risk factors of fetal death. Karyotyping and autopsy is advised in case of
perinatal death in the Netherlands and results are reported in the registry. Although we
acknowledge that the causes of death in this dataset are miscellaneous and not necessarily
related to reduced placental function, we postulate that most other causes of death (like cord
accidents, placental abruption, and uterine rupture) are rare events in (near) term births. For
instance, the risk for placental abruption during pregnancy is 0.22% (and this is lower in term
pregnancies: 0.08% for pregnancies between 39-41 weeks), and the risk for uterine rupture

PLOS ONE | https://doi.org/10.1371/journal.pone.0285096 May 4, 2023 8/11



PLOS ONE

Hypoxia related adverse outcomes and perinatal deaths at term gestation

in women with a previous caesarean section is 0.20% [36, 37]. It is known that 30-60% of still-
births remains unexplained. In particular these unexplained cases are frequently associated
with placental dysfunction [38, 39]. Therefore we consider that placental dysfunction is a
prominent mechanism in most perinatal death cases in this dataset. The gradual association
of all hypoxia-related events with birthweight centiles lends further support to the hypothesis
that the majority of deaths can be attributed to placental dysfunction.

Strengths and limitations

A strength of this study is that the dataset of the perinatal registry is comprehensively based on
nearly all births in the Netherlands that occurred between 2015 and 2019. A limitation is how-
ever that data on maternal smoking and BMI, both possible confounders, are absent in the reg-
istry. Also, the perinatal registry lacks detailed information on causes of perinatal deaths, and
on additional supportive information pointing towards reduced placental function including
Doppler measurements, maternal biomarkers and placental histopathology reports.

Conclusion

Perinatal hypoxia-related events have the highest concentration in lowest birthweight centiles,
but are identifiable throughout the entire spectrum. In fact, the majority of the adverse perina-
tal outcome burden in absolute numbers occurs above the 10 birthweight centile. We
hypothesize that in most cases these events are attributable to reduced placental function. Eval-
uation of additional diagnostic modalities that indicate placental dysfunction at (near) term
gestation throughout all birthweight centiles is eagerly wanted. Meanwhile, the current study
is a good indicator for clinical obstetric practice to recognize that hypoxia related events affect
both SGA and AGA fetuses.
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