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Summary
Background The aim of this study was to detail incidence rates and relative risks for severe adverse perinatal outcomes
by birthweight centile categories in a large Australian cohort of late preterm and term infants.

Methods This was a retrospective cohort study of singleton infants (≥34+0 weeks gestation) between 2000 and 2018 in
Queensland, Australia. Study outcomes were perinatal mortality, severe neurological morbidity, and other severe
morbidity. Categorical outcomes were compared using Chi-squared tests. Continuous outcomes were compared
using t-tests. Multinomial logistic regression investigated the effect of birthweight centile on study outcomes.

Findings The final cohort comprised 991,042 infants. Perinatal mortality occurred in 1944 infants (0.19%). The
incidence and risk of perinatal mortality increased as birthweight decreased, peaking for infants <1st centile (peri-
natal mortality rate 13.2/1000 births, adjusted Relative Risk Ratio (aRRR) of 12.96 (95% CI 10.14, 16.57) for stillbirth
and aRRR 7.55 (95% CI 3.78, 15.08) for neonatal death). Severe neurological morbidity occurred in 7311 infants
(0.74%), with the highest rate (19.6/1000 live births) in <1st centile cohort. There were 75,243 cases of severe
morbidity (7.59% livebirths), with the peak incidence occurring in the <1st centile category (12.3% livebirths). The
majority of adverse outcomes occurred in infants with birthweights between 10 and 90th centile. Almost 2 in 3
stillbirths, and approximately 3 in 4 cases of neonatal death, severe neurological morbidity or other severe morbidity
occurred within this birthweight range.

Interpretation Although the incidence and risk of perinatal mortality, severe neurological morbidity and severe
morbidity increased at the extremes of birthweight centiles, the majority of these outcomes occurred in infants that
were apparently “appropriately grown” (i.e., birthweight 10th–90th centile).
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Introduction
Placental dysfunction results in poor oxygen and
nutrient supply to the fetus and often leads to fetal
growth restriction (FGR) and potentially, birth of a small
for gestational age (SGA) infant (birthweight <10th
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centile for gestation).1 SGA infants are at increased risk
for stillbirth, neonatal death, and severe neonatal
morbidity and in the longer term, for cerebral palsy,
social and cognitive problems, anxiety, depression,
childhood/adult obesity, cardiovascular and metabolic
Raymond Terrace, South Brisbane, Queensland 4101, Australia.
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Research in context

Evidence before this study
Large cohort studies utilising data obtained from birth
registries have demonstrated that infants born at lower
birthweight centiles are at greater risk of perinatal mortality,
low Apgar score, poorer childhood developmental and
educational outcomes. Higher rates of placental dysfunction
present at lower birthweight centiles are considered the
pathophysiological basis of these findings. Many infants
classified as small for gestational age at birth are subject to
increased surveillance during the neonatal period and
throughout childhood, but it is becoming widely
acknowledged that many infants above these thresholds are
also vulnerable to adverse outcomes. Furthermore, the
birthweight centile threshold associated with increased risk
may also vary according to the outcome of interest. We
conducted a PubMed search for articles examining the risk of
perinatal mortality, adverse neurological outcomes, and other
adverse neonatal outcomes up to September 30th 2023. We
used search terms including “birthweight”, “centile”,
“stillbirth”, “neonatal death”, “hypoxic ischaemic
encephalopathy”, “neonatal encephalopathy,” “asphyxia”,
“low Apgar score,” “acidosis,” and “neonatal unit admission”,
and found very few studies providing granularity on the

incidence and risk of severe neurological and other adverse
neonatal outcomes across the birthweight centile spectrum.

Added value of this study
In this Australian cohort study of almost 1 million late
preterm and term births, we provide increased granularity as
to the cumulative incidence and relative risk of perinatal
mortality adverse perinatal outcomes across the entire
spectrum of birthweight centile categories. We demonstrate a
U-shaped distribution in the incidence and relative risk of
perinatal mortality, severe neurological morbidity and severe
neonatal morbidity across the birthweight centile categories,
with no clear thresholds for increased risk. However, we also
found that the majority of adverse outcomes occurred in
apparently “appropriately grown” infants, with birthweights
between 10th–90th centiles.

Implications of all the available evidence
These findings add to the growing body of evidence that
birthweight centile thresholds inadequately identify
vulnerable infants and that perinatal risk exists on a
continuum. It also highlights that imperative of future
research to identify biomarkers, ultrasound parameters, and
other strategies to identify the “at risk” infant.
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disease.2–5 The imperative to prenatally identify these
small and vulnerable infants is a key clinical and
research priority.3

Although it is convenient to use risk thresholds (such
as estimated fetal weight or birthweight <10th centile) to
dichotomise infants into low or high-risk populations,
this approach disregards the fact that for most biological
risk factors the association with adverse outcomes is a
continuum.6,7 Risk thresholds tend to be arbitrary con-
structs, designed to maximise detection of outcomes
with acceptable false positive and false negative rates.
Whilst this approach is not necessarily unreasonable, it
ignores the spread of adverse outcomes associated with
values beyond these cut-offs. It is also potentially
dangerous because individuals that fall just outside
these thresholds may not receive the same level of sur-
veillance or treatment because they are deemed unlikely
to be at significant risk of an adverse outcome. This
caveat is important—from a perinatal perspective not all
FGR infants will be SGA at birth, thus if a weight cutoff
of <10th centile is used, some vulnerable infants not
meeting this criterion will be missed.8–10 Given these
limitations, information regarding rates and risks of
adverse outcomes across the full birthweight centile
spectrum of birth is important, and may help healthcare
providers individualize care and counsel women pre-
natally. Therefore, the aim of this study was to detail
perinatal mortality (stillbirth and neonatal death), severe
neurological and other severe newborn morbidity across
all birthweight centile categories in a large Australian
birth cohort of late preterm and term infants.
Methods
Study population
This was a retrospective cohort study of late preterm and
term singleton infants (i.e., births ≥34+0 weeks gesta-
tion) between 2000 and 2018 in Queensland, Australia.
We adhered to the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE)
guidelines.11 We utilized the Queensland Perinatal
dataset12 which contains routinely collected, deidenti-
fied, maternal and perinatal data of all births in
Queensland. The dataset used for analysis was provided
by the Statistical Output and Reporting Unit, Statistical
Services Branch of Queensland’s Department of Health.
Ethical approval was granted by the Metro North Hos-
pital and Health Service Human Research Ethics
Committee (number: LNR/219/QRBC/53154). Infants
with major structural abnormalities or known genetic or
chromosomal abnormalities, twins and higher order
multiples, and births with no recorded gestational age,
missing or implausible birthweights were excluded
from the study population.

Exposure
Birthweight centiles were calculated using Australian
population charts13 according to infant sex, and
www.thelancet.com Vol 45 April, 2024
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classified into 11 categories: 1) <1st, 2) 1st to <3rd, 3)
3rd to <5th, 4) 5th to <10th, 5) 10th to <25th, 6) 25th to
<75th, 7) 75th to <90th, 8) 90th to <95th, 9) 95th
to <97th, 10) 97th to ≤99th, and 11) >99th. The 25th to
<75th percentile category was selected as the referent
group.5

Outcomes
Study outcomes were: 1) Stillbirth, 2) Neonatal Mortality,
3) Severe Neurological Morbidity, 4) Other Severe
Morbidity or 5) No Adverse Perinatal Outcome. To avoid
interpretative difficulties arising from an infant having
multiple outcomes, all outcomes were considered
mutually exclusive according to the ranking above, so that
an infant could only experience one of the four study
outcomes. Stillbirth incorporated both antepartum and
intrapartum stillbirths. Neonatal mortality was consid-
ered as a binary outcome of death within 28 days of birth.
Severe neurological morbidity was defined as neonatal
encephalopathy, neonatal seizures, or intraventricular
haemorrhage. Other severe morbidity was defined as a
composite (corrected for overlap) of Apgar score <4 at
5 min, severe acidosis (cord pH < 7.0), need for severe
resuscitation (defined as requiring intermittent positive
pressure ventilation via an endotracheal tube, external
cardiac massage, administration of ionotropic or chro-
notropic drugs, or sodium bicarbonate), admission to the
neonatal intensive care unit (NICU) for >24 h, sepsis
(bacterial, viral and fungal), birth trauma, brachial plexus
injury, severe hypoglycemia requiring treatment, or hy-
pothermia. ICD-10 codes relevant to neonatal outcomes
are presented in Supplementary Table S1.

Confounders
Confounders of the association between birthweight
centile and adverse outcomes were selected based on
clinical relevance.14,15 These included maternal health
and demographic variables such as age, country of birth,
Indigenous status, smoking, illicit drug use, alcohol use,
socio-economic status, body mass index (BMI), parity,
previous stillbirth, previous caesarean section, ante-
partum haemorrhage, assisted conception, diabetes
mellitus, and hypertension. Maternal health character-
istics were determined using ICD-10 codes
(Supplementary Table S1). Socio-economic status was
ascertained using the socioeconomic index for areas
(SEIFA) score. The SEIFA score is generated by the
Australian Bureau of Statistics16 and ranks Australian
geographical regions according to socioeconomic
advantage based on information from the five-yearly
census. Relative socioeconomic deprivation is defined
as a SEIFA score in the lowest quintile.

Effect measure modifiers (interactions)
Potential effect measure modifiers of the effect of
birthweight centile on the study outcomes included
gestational age at birth and mode of birth.
www.thelancet.com Vol 45 April, 2024
Statistical analysis
Data were analyzed using Stata 18® (Statacorp, College
Station, TX, USA). Significance was set at α = 0.05 for all
analyses. The cumulative incidence of adverse perinatal
outcomes was calculated by dividing the number of events
that occurred by the population at risk of the event. Cu-
mulative incidences were determined overall, and then for
each birthweight centile category. Preliminary evaluation
of the association between potential confounders, effect
measure modifiers and components of the outcomes
were performed using Fishers exact, chi-squared, t-tests,
Wilcoxon rank sum tests, ANOVA or Kruskal–Wallis
ANOVAs, depending on the number of outcome cate-
gories and the distribution of variables. The distribution
of variables was assessed using histograms.

Missing data
Data were missing for country of birth (2/991,042),
SEIFA score (8846/991,042) and BMI (370,287/
991,042). Data were imputed using Multivariate Impu-
tation by Chained Equations, with one imputation and
ten iterations, with year of birth, severe adverse perinatal
outcome, maternal age, Indigenous status, smoking,
illicit drug use, alcohol use, parity, previous stillbirth,
previous caesarean section, antepartum haemorrhage,
assisted conception, diabetes mellitus and hypertension
as covariates. Cross-tabulations revealed similar pro-
portions of the study outcomes and birthweight centile
categories in imputed and original data.

Multinomial logistic regression models
Multivariable multinomial logistic regression models
were built to determine Relative Risk Ratios (RRR) and
95% Confidence Intervals (95% CI) for the effect of
birthweight centile on adverse perinatal outcomes.
Robust standard errors were used to account for clus-
tering at the maternal level because new pregnancies in
the same woman are assigned new identification
numbers in the Queensland Perinatal Dataset. Models
were built using forward selection of all clinically relevant
confounders and stepwise backward elimination. Inter-
action terms were investigated for clinically relevant ef-
fect measure modifiers. Final models were selected
according to parsimony and Akaike’s and Schwarz’s
Bayesian information criteria. Reporting of this study
adheres to the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) statement.11

Ethical approval
Institutional ethical approval was granted by the Metro
North Hospital and Health Service Human Research
Ethics Committee (Reference number: LNR/219/
QRBC/53154).

Role of the funding source
None of the funding parties had any role in the design
and conduct of the study; collection, management,
3
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analysis, and interpretation of the data; preparation, re-
view, or approval of the manuscript; and decision to
submit the manuscript for publication.
Results
Over the study period there were 1,105,612 births in
Queensland, of which 991,042 infants were births >34+0

weeks gestation (Fig. 1). Of these, 4.9% (48,172/
991,042) were born at late preterm gestations (34+0–36+6

weeks) whilst 27.1% (268,481/991,042) and 54.3%
(538,592/991,042) were at early term (37+0–38+6 weeks)
Fig. 1: Study flow diagram—incl
and term (39+0–40+6 weeks) gestations respectively. The
late term (41+0–41+6 weeks) cohort comprised 13.0%
(128,516/991,042) and 0.7% (7281/991,042) were post
term (>42+0 weeks).

Table 1 presents the association between birthweight
centiles and potential confounders. Rates of women
who were <25 years old, nulliparous, BMI <18 kg/m2,
had hypertension, antepartum haemorrhage, smokers,
used alcohol and illicit drugs, born outside Australia, or
reported Aboriginal or Torres Strait Islander (Indige-
nous) ethnicity were higher in birthweight <25th centile
categories. In contrast, rates of diabetes mellitus, BMI
usion and exclusion criteria.
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Birthweight centile category

<1st 1st–<3rd 3rd–<5th 5–<10th 10–<25th 25–<50th 50–<75th 75–<90th 90–<95th 95–<97th 97-≤99th >99th Total

Total birthsa n (%) 7748 (0.8%) 15,757 (1.6%) 16,473 (1.7%) 43,495 (4.4%) 136,291 (13.8%) 240,800 (24.3%) 258,422 (26.1%) 158,917 (16.01%) 55,124 (5.6%) 22,567 (2.3%) 21,924 (2.2%) 13,524 (1.4%) 991,042 (100.0%)

Maternal age (y)

<25 2364 (30.5%) 4639 (29.4%) 4616 (28.0%) 11,562 (26.6%) 33,897 (24.9%) 55,117 (22.9%) 54,219 (21.0%) 31,340 (19.7%) 10,244 (18.6%) 4150 (18.4%) 3822 (17.4%) 2263 (16.7%) 218,233 (22.0%)

25–34 4016 (51.8%) 8322 (52.8%) 9085 (55.2%) 24,450 (56.2%) 78,435 (57.5%) 142,512 (59.2%) 156,101 (60.4%) 96,860 (61.0%) 33,842 (61.4%) 13,830 (61.3%) 13,575 (61.9%) 8301 (61.4%) 589,329 (59.5%)

35–44 1358 (17.5%) 2780 (17.6%) 2754 (16.7%) 7410 (17.0%) 23,753 (17.4%) 42,830 (17.8%) 47,733 (18.5%) 30,482 (19.2%) 10,969 (19.9%) 4555 (20.2%) 4495 (20.5%) 2937 (21.7%) 182,056 (18.4%)

>45 10 (0.1%) 16 (0.1%) 18 (0.1%) 73 (0.2%) 206 (0.2%) 341 (0.1%) 369 (0.1%) 235 (0.1%) 69 (0.1%) 32 (0.1%) 32 (0.1%) 23 (0.2%) 1424 (0.1%)

Born in Australia 5980 (77.2%) 11,918 (75.6%) 12,286 (74.6%) 32,560 (74.9%) 103,084 (75.6%) 186,691 (77.5%) 205,731 (79.6%) 129,346 (81.4%) 45,275 (82.1%) 18,543 (82.2%) 18,156 (82.8%) 11,131 (82.3%) 780,701 (78.8%)

Aboriginal and Torres
Strait Islander

1114 (14.4%) 1898 (12.0%) 1781 (10.8%) 4182 (9.6%) 11,014 (8.1%) 16,038 (6.7%) 14,700 (5.7%) 8409 (5.3%) 2799 (5.1%) 1142 (5.1%) 1185 (5.4%) 962 (7.1%) 65,224 (6.6%)

Smoking 2200 (28.4%) 4018 (25.5%) 3904 (23.7%) 8844 (20.3%) 22,466 (16.5%) 30,728 (12.8%) 25,806 (10.0%) 13,041 (8.2%) 4044 (7.3%) 1553 (6.9%) 1448 (6.6%) 960 (7.1%) 119,012 (12.0%)

Drug use 199 (2.6%) 388 (2.5%) 294 (1.8%) 662 (1.5%) 1484 (1.1%) 1639 (0.7%) 1240 (0.5%) 537 (0.3%) 155 (0.3%) 46 (0.2%) 50 (0.2%) 31 (0.2%) 6725 (0.7%)

Alcohol use 74 (1.0%) 95 (0.6%) 72 (0.4%) 144 (0.3%) 367 (0.3%) 454 (0.2%) 366 (0.1%) 158 (0.1%) 50 (0.1%) 23 (0.1%) 19 (0.1%) 16 (0.1%) 1838 (0.2%)

Lowest SEIFA Quintile 2116 (27.6%) 4015 (25.7%) 4092 (25.1%) 10,288 (23.9%) 29,739 (22.0%) 48,900 (20.5%) 50,091 (19.6%) 30,318 (19.2%) 10,626 (19.4%) 4436 (19.8%) 4454 (20.5%) 2980 (22.2%) 202,055 (20.6%)

Maternal BMI (kg/m2)

≤18 621 (14.9%) 1383 (15.0%) 1457 (14.6%) 3396 (12.7%) 9265 (11.0%) 12,984 (8.6%) 10,370 (6.3%) 4671 (4.6%) 1213 (3.5%) 409 (2.9%) 333 (2.4%) 133 (1.6%) 46,235 (7.4%)

19–24 2090 (50.1%) 4830 (52.4%) 5154 (51.7%) 14,254 (53.5%) 45,019 (53.4%) 78,176 (52.0%) 80,525 (49.3%) 45,173 (44.7%) 14,263 (40.6%) 5335 (37.5%) 4701 (33.9%) 2351 (27.8%) 301,871 (48.6%)

25–29 833 (20.0%) 1839 (19.9%) 1981 (19.9%) 5416 (20.3%) 17,651 (21.0%) 34,262 (22.8%) 40,422 (24.7%) 26,908 (26.6%) 9697 (27.6%) 3957 (27.8%) 3959 (28.6%) 2314 (27.4%) 149,239 (24.0%)

30–34 381 (9.1%) 733 (7.9%) 845 (8.5%) 2248 (8.4%) 7688 (9.1%) 15,577 (10.4%) 19,413 (11.9%) 14,116 (14.0%) 5627 (16.0%) 2484 (17.5%) 2604 (18.8%) 1717 (20.3%) 73,433 (11.8%)

35–39 182 (4.4%) 286 (3.1%) 328 (3.3%) 885 (3.3%) 3076 (3.7%) 6194 (4.1%) 8147 (5.0%) 6292 (6.2%) 2598 (7.4%) 1186 (8.3%) 1326 (9.6%) 1083 (12.8%) 31,583 (5.1%)

>40 67 (1.6%) 152 (1.6%) 195 (2.0%) 456 (1.7%) 1545 (1.8%) 3237 (2.2%) 4554 (2.8%) 3845 (3.8%) 1706 (4.9%) 850 (6.0%) 940 (6.8%) 847 (10.0%) 18,394 (3.0%)

Nulliparous 4080 (52.7%) 8314 (52.8%) 8563 (52.0%) 21,954 (50.5%) 64,947 (47.7%) 105,179 (43.7%) 99,598 (38.5%) 54,359 (34.2%) 17,075 (31.0%) 6455 (28.6%) 5909 (27.0%) 3266 (24.1%) 399,699 (40.3%)

Previous stillbirth 129 (1.7%) 244 (1.5%) 228 (1.4%) 614 (1.4%) 1875 (1.4%) 3230 (1.3%) 3565 (1.4%) 2276 (1.4%) 794 (1.4%) 330 (1.5%) 319 (1.5%) 223 (1.6%) 13,827 (1.4%)

Previous caesarean
section

878 (11.3%) 1777 (11.3%) 1857 (11.3%) 5301 (12.2%) 18,366 (13.5%) 36,017 (15.0%) 43,998 (17.0%) 29,770 (18.7%) 11,034 (20.0%) 4782 (21.2%) 4950 (22.6%) 3607 (26.7%) 162,337 (16.4%)

Antepartum
haemorrhage

226 (2.9%) 474 (3.0%) 506 (3.1%) 1212 (2.8%) 3810 (2.8%) 6467 (2.7%) 6505 (2.5%) 3679 (2.3%) 1091 (2.0%) 407 (1.8%) 392 (1.8%) 221 (1.6%) 24,990 (2.5%)

Assisted
conception

219 (2.8%) 545 (3.5%) 547 (3.3%) 1633 (3.8%) 5189 (3.8%) 9278 (3.9%) 10,089 (3.9%) 6217 (3.9%) 2043 (3.7%) 808 (3.6%) 772 (3.5%) 446 (3.3%) 37,786 (3.8%)

Diabetes mellitusb 411 (5.3%) 901 (5.7%) 1073 (6.5%) 2811 (6.5%) 9142 (6.7%) 16,428 (6.8%) 18,844 (7.3%) 13,115 (8.3%) 5182 (9.4%) 2394 (10.6%) 2662 (12.1%) 2709 (20.0%) 75,672 (7.6%)

Hypertensionc 782 (10.1%) 1413 (9.0%) 1384 (8.4%) 3266 (7.5%) 8873 (6.5%) 14,221 (5.9%) 15,098 (5.8%) 9754 (6.1%) 3713 (6.7%) 1537 (6.8%) 1657 (7.6%) 1278 (9.4%) 62,976 (6.4%)

aTotal births = stillbirths + livebirths. bDiabetes includes: gestational diabetes, Type 1 and Type 2 diabetes mellitus. cHypertension includes: essential hypertension, gestational hypertension and preeclampsia.

Table 1: Maternal characteristics.
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>30 kg/m2 and previous caesarean section were higher
in birthweight >50th centile categories.

Table 2 details the relationship between birthweight
centiles and intrapartum outcomes. Spontaneous
vaginal birth rates decreased as birthweight centile
increased and were lowest for infants with a birthweight
>99th centile. Elective caesarean section rates increased
as birthweight centile increased and was highest for
infants with birthweight >99th centile. This cohort also
had the lowest rate of instrumental vaginal birth.
Emergency caesarean section rates were highest in the
<1st and >99th birthweight centile cohorts. Rates of
operative birth (caesarean section or instrumental birth)
for non-reassuring fetal status were inversely related to
birthweight whilst operative birth for failure to progress
was associated with increasing birthweight. Cord pro-
lapse, intrapartum haemorrhage and non-reassuring
fetal status rates were highest in the <1st centile
category.

Table 3 and Fig. 2 a-c details the cumulative inci-
dence of perinatal mortality, severe neurological and
severe non-neurological morbidity. Perinatal deaths
occurred in 1944 infants (0.19%)—1535 (0.15%) were
stillbirths and 409 (0.04%) were neonatal deaths. Still-
birth and neonatal death rates increased when birth-
weight was <50th centile and were highest when
birthweight was <3rd centile. Infants with birthweight
<1st centile had almost double the stillbirth rate
compared to those with birthweights in the 1st–3rd
centile category (11.5 vs. 5.8/1000 births). There was a
“U” shaped distribution of both stillbirth and neonatal
deaths with higher rates at both extremes of birthweight
(<1st centile and >99th centile).

Severe neurological morbidity occurred in 7311 in-
fants (0.74%), with the highest rate (19.6/1000 live
births) in <1st centile cohort and the lowest rate
observed in the 50th–75th centile group (6.5/1000 live
births). Rates of other severe morbidity were highest in
the <1st centile category (12.3% of live births) and
lowest in the 25–<50th category. For both severe
neurological and other severe morbidity, there was also
a U-shaped pattern of distribution peaking at the ex-
tremes of birthweight centile. Fig. 2c and
Supplementary Fig. S3b shows that most cases of peri-
natal mortality, severe neurological and other severe
morbidity occurred in the 10th–90th centile categories.

Multivariable multinomial logistic regression was
undertaken to investigate the relationship between
birthweight centile and adverse perinatal outcomes after
considering potential confounders and effect measure
modifiers (Table 4 and Fig. 3). There were no significant
interactions between birthweight centile and gestational
age and non-reassuring fetal status, cord prolapse,
intrapartum haemorrhage, uterine rupture and shoulder
dystocia. The only interaction that was significant was
between birthweight centile and mode of birth and thus
incorporated in the model (Supplementary Table S4).
Infants at lower birthweight centiles, particularly
those <5th centile, were at greater relative risk of peri-
natal mortality (Fig. 3). The relative risk for stillbirth was
significantly increased when birthweight fell below the
25th centile and peaked for infants with birthweight
<1st centile (aRRR 12.96, 95% CI 10.14–16.57,
p < 0.001). Similarly, the relative risk of neonatal death
was significantly increased when birthweight fell below
the 5th centile, and greatest for birthweight <1st centile
(aRRR 7.55, 95% CI 3.78–15.08). The relative risk of
severe neurological morbidity and other severe
morbidity was highest for infants with birthweight
>99th centile (aRRR 2.77, 95% CI 2.22–3.47, p < 0.001
and aRRR 1.86, 95% CI 1.70–2.02, p < 0.001, respec-
tively) (Table 4, Fig. 3).
Discussion
In this descriptive study of more 1 million births in
Australia, we demonstrate the following key findings.
Firstly, perinatal death rates are greatest in the birth-
weight <1st centile cohort. Secondly, rates of severe
neurological and other severe newborn morbidity follow
a U-shaped distribution with peaks at the extremes of
birthweight centiles. Thirdly, the incidence of all study
outcomes (perinatal mortality, neurological and other
morbidity) increased when birthweight was <25th cen-
tile or >97th centile. Finally, although the cumulative
incidence of adverse outcomes was greatest when
birthweight was <10th centile, most adverse outcomes
actually occurred in infants that were apparently
“appropriately grown” (i.e., birthweight 10th–90th cen-
tile). Almost two in three stillbirths and approximately
three in four cases of neonatal death, severe neurolog-
ical or other severe morbidity occurred within this
birthweight range.

Our finding that rates of SGA infants are higher in
women who are younger (<25 years), of low BMI,
nulliparous, Aboriginal or Torres Strait Islander
ethnicity, smokers, use alcohol or illicit drugs, or ex-
perience an antepartum haemorrhage, are consistent
with other publications.17,18 Our results also confirm
that Indigenous women are more likely to give birth to
an SGA infant. A similar demographic association was
also reported in a smaller study by McEwen et al.19 from
the Northern Territory in Australia—a geographical
region with a large Aboriginal or Torres Strait Islander
population. The relationship between increasing birth-
weight, maternal BMI and diabetes mellitus is also
consistent, as obesity and hyperglycemia are known
risk factors for increased fetal growth.20 The correlation
between birthweight centile and previous caesarean
section is likely to reflect the effect of parity on
increasing infant birthweight.21,22 Interestingly however,
despite our large cohort we did not see an association
between maternal age and low birthweight as reported
in other studies.22,23
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Birthweight centile category

<1st 1st–3rd 3rd–5th 5–10th 10–25th 25–50th 50–75th 75–90th 90–95th 95–97th 97–99th >99th Total

Total birthsa n (%) 7748 (0.8%) 15,757 (1.6%) 16,473 (1.7%) 43,495 (4.4%) 136,291 (13.8%) 240,800 (24.3%) 258,422 (26.1%) 158,917 (16.01%) 55,124 (5.6%) 22,567 (2.3%) 21,924 (2.2%) 13,524 (1.4%) 991,042 (100.0%)

Late preterm (34 + 0–36
+ 6w) n (%)

387 (5.0%) 768 (4.9%) 779 (4.7%) 2137 (4.9%) 6542 (4.8%) 11,313 (4.7%) 12,471 (4.8%) 7862 (4.9%) 2748 (5.0%) 1119 (5.0%) 1051 (4.8%) 995 (7.4%) 48,172 (4.9%)

Early term (37 + 0–38 +
6w) n (%)

1956 (25.2%) 4431 (28.1%) 4510 (27.4%) 11,982 (27.5%) 36,574 (26.8%) 64,309 (26.7%) 69,758 (27.0%) 43,545 (27.4%) 15,115 (27.4%) 6184 (27.4%) 6056 (27.6%) 4061 (30.0%) 268,481 (27.1%)

Term (39 + 0–40 + 6w)
n (%)

4264 (55.0%) 8317 (52.8%) 8834 (53.6%) 23,320 (53.6%) 74,353 (54.6%) 131,678 (54.7%) 141,233 (54.7%) 860,70 (54.2%) 29,682 (53.8%) 12,298 (54.5%) 11,734 (53.5%) 6809 (50.3%) 538,592 (54.3%)

Late term
(>41 + 0–41 + 6)
n (%)

1085 (14.0%) 2107 (13.4%) 2229 (13.5%) 5734 (13.2%) 17,845 (13.1%) 31,726 (13.2%) 33,087 (12.8%) 20,259 (12.7%) 7156 (13.0%) 2790 (12.4%) 2924 (13.3%) 1574 (11.6%) 128,516 (13.0%)

Post term
(>42w) n (%)

56 (0.7%) 134 (0.9%) 121 (0.7%) 322 (0.7%) 977 (0.7%) 1774 (0.7%) 1873 (0.7%) 1181 (0.7%) 423 (0.8%) 176 (0.8%) 159 (0.7%) 85 (0.6%) 7281 (0.7%)

SVB n (%) 4396 (56.7%) 9622 (61.1%) 10,197 (61.9%) 27,057 (62.2%) 84,267 (61.8%) 147,003 (61.0%) 153,860 (59.5%) 91,270 (57.4%) 30,582 (55.5%) 12,038 (53.3%) 11,308 (51.6%) 5865 (43.4%) 587,465 (59.3%)

IVB n (%) 683 (8.8%) 1585 (10.1%) 1768 (10.7%) 4692 (10.8%) 14,295 (10.5%) 24,296 (10.1%) 24,092 (9.3%) 13,570 (8.5%) 4409 (8.0%) 1656 (7.3%) 1453 (6.6%) 717 (5.3%) 93,216 (9.4%)

ElCS n (%) 1296 (17.7%) 2365 (13.9%) 2462 (12.4%) 6694 (11.6%) 22,680 (11.0%) 43,111 (11.0%) 50,816 (11.5%) 34,159 (12.5%) 12,618 (13.6%) 5526 (14.8%) 5767 (15.5%) 4559 (17.6%) 192,053 (11.9%)

EmCS n (%) 1373 (17.7%) 2184 (13.9%) 2046 (12.4%) 5051 (11.6%) 15,049 (11.0%) 26,388 (11.0%) 29,653 (11.5%) 19,916 (12.5%) 7515 (13.6%) 3347 (14.8%) 3396 (15.5%) 2383 (17.6%) 118,301 (11.9%)

IVB n (%) 683 (8.8%) 1585 (10.1%) 1768 (10.7%) 4692 (10.8%) 14,295 (10.5%) 24,296 (10.1%) 24,092 (9.3%) 13,570 (8.5%) 4409 (8.0%) 1656 (7.3%) 1453 (6.6%) 717 (5.3%) 93,216 (9.4%)

IVB for NRFS n
(% of IVB)

475 (69.5%) 1057 (66.7%) 1074 (60.7%) 2706 (57.7%) 7171 (50.2%) 10,298 (42.4%) 8765 (36.4%) 4129 (30.4%) 1234 (28.0%) 418 (25.2%) 354 (24.4%) 142 (19.8%) 37,823 (40.6%)

IVB for FTP n
(% of IVB)

130 (19.0%) 329 (20.8%) 468 (26.5%) 1325 (28.2%) 4809 (33.6%) 9673 (39.8%) 10,748 (44.6%) 6733 (49.6%) 2279 (51.7%) 883 (53.3%) 787 (54.2%) 411 (57.3%) 38,575 (41.4%)

IVB other n
(% of IVB)

78 (11.4%) 199 (12.6%) 226 (12.8%) 661 (14.1%) 2315 (16.2%) 4325 (17.8%) 4579 (19.0%) 2708 (20.0%) 896 (20.3%) 355 (21.4%) 312 (21.5%) 164 (22.9%) 16,818 (18.0%)

EmCS n (%) 1373 (17.7%) 2184 (13.9%) 2046 (12.4%) 5051 (11.6%) 15,049 (11.0%) 26,388 (11.0%) 29,653 (11.5%) 19,916 (12.5%) 7515 (13.6%) 3347 (14.8%) 3396 (15.5%) 2383 (17.6%) 118,301 (11.9%)

EmCS for NRFS
N (% of EmCS)

1099 (80.0%) 1443 (66.1%) 1188 (58.1%) 2635 (52.2%) 6244 (41.5%) 8492 (32.2%) 7507 (25.3%) 4202 (21.1%) 1400 (18.6%) 588 (17.6%) 561 (16.5%) 405 (17.0%) 35,764 (30.2%)

EmCS for FTP N
(% of EmCS)

168 (12.2%) 390 (17.9%) 435 (21.3%) 1263 (25.0%) 4686 (31.1%) 9913 (37.6%) 12,978 (43.8%) 9573 (48.1%) 3771 (50.2%) 1706 (51.0%) 1812 (53.4%) 1185 (49.7%) 47,880 (40.5%)

EmCS for Other
N (% of Em CS)

106 (7.8%) 351 (16.1%) 423 (20.7%) 1153 (22.8%) 4119 (27.4%) 7983 (30.3%) 9168 (30.9%) 6141 (30.8%) 2344 (31.2%) 1053 (31.5%) 1023 (30.1%) 793 (33.3%) 34,657 (29.3%)

NRFS n (%) 3091 (39.9%) 5095 (32.3%) 4761 (28.9%) 11,603 (26.7%) 31,207 (22.9%) 48,493 (20.1%) 46,946 (18.2%) 26,998 (17.0%) 9063 (16.4%) 3868 (17.1%) 3657 (16.7%) 2244 (16.6%) 197,026 (19.9%)

Cord Prolapse
n (%)

29 (0.4%) 45 (0.3%) 40 (0.2%) 94 (0.2%) 240 (0.2%) 365 (0.2%) 342 (0.1%) 237 (0.1%) 100 (0.2%) 35 (0.2%) 41 (0.2%) 34 (0.3%) 1602 (0.2%)

Intrapartum
Haemorrhage n (%)

21 (0.3%) 35 (0.2%) 34 (0.2%) 137 (0.3%) 348 (0.3%) 531 (0.2%) 515 (0.2%) 309 (0.2%) 94 (0.2%) 41 (0.2%) 36 (0.2%) 22 (0.2%) 2123 (0.2%)

Uterine Rupture
n (%)

5 (0.06%) 3 (0.02%) 2 (0.01%) 13 (0.03%) 46 (0.03%) 79 (0.03%) 77 (0.03%) 49 (0.03%) 17 (0.03%) 6 (0.03%) 7 (0.03%) 1 (0.01%) 305 (0.03%)

Shoulder
Dystocia n (%)

5 (0.1%) 7 (0.0%) 10 (0.1%) 37 (0.1%) 217 (0.2%) 821 (0.3%) 1869 (0.7%) 2469 (1.6%) 1459 (2.6%) 835 (3.7%) 1108 (5.1%) 1057 (7.8%) 9894 (1.0%)

SVB: Spontaneous vaginal birth; IVB: Instrumental vaginal birth; FAB: Forceps assisted birth; VAB: Vacuum assisted birth; ElCS: Elective Caesarean Section, EmCS: Emergency Caesarean Section; NRFS: Non-Reassuring Fetal Status; FTP: Failure to progress.
aTotal births = stillbirths + livebirths.

Table 2: Pregnancy outcomes.
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Birthweight centile category

<1st 1st–<3rd 3rd–<5th 5–<10th 10–<25th 25–<50th 50–<75th 75–<90th 90–<95th 95–<97th 97–99th >99th Total

Perinatal mortality n 102 114 79 141 330 407 390 209 59 28 44 41 1944

% BWC categorya 5.3% 5.9% 4.1% 7.3% 17.0% 21.0% 20.1% 10.8% 3.0% 1.4% 2.3% 2.1% 100%

n/1000 total births 13.2 7.2 4.8 3.2 2.4 1.7 1.5 1.3 1.1 1.2 2.0 3.0 2.0

Stillbirths n 89 91 69 118 258 308 301 166 43 24 35 33 1535

% BWC categorya 5.8% 5.9% 4.5% 7.7% 16.8% 20.1% 19.6% 10.8% 2.8% 1.6% 2.3% 2.1% 100.0%

(n/1000 births) 11.5 5.8 4.2 2.7 1.9 1.3 1.2 1 0.8 1.1 1.6 2.4 1.5

Neonatal deaths n 13 23 10 23 72 99 89 43 16 4 9 8 409

% BWC categorya 3.2% 5.6% 2.4% 5.6% 17.6% 24.2% 21.8% 10.5% 3.9% 1.0% 2.2% 2.0% 100.0%

(n/1000 live births) 1.7 1.5 0.6 0.5 0.5 0.4 0.3 0.3 0.3 0.2 0.4 0.6 0.4

Severe neurological morbidity n 150 196 178 383 1037 1625 1684 1111 413 183 198 153 7311

% BWC categorya 2.1% 2.7% 2.4% 5.2% 14.2% 22.2% 23.0% 15.2% 5.6% 2.5% 2.7% 2.1% 100.0%

(n/1000 live births) 19.6 12.5 10.9 8.8 7.6 6.8 6.5 7.0 7.5 8.1 9.0 11.3 7.4

Other severe morbidity n 954 1420 1315 3381 10,006 17,287 18,806 12,273 4438 1861 1985 1517 75,243

% BWC categorya 1.3% 1.9% 1.7% 4.5% 13.3% 23.0% 25.0% 16.3% 5.9% 2.5% 2.6% 2.0% 100.0%

% Live births 12.3% 9.0% 8.0% 7.8% 7.3% 7.2% 7.3% 7.7% 8.1% 8.2% 9.1% 11.2% 7.6%

BWC: Birthweight centile. Stillbirth includes both antepartum and intrapartum stillbirths. Severe Neurological Morbidity was defined as neonatal encephalopathy, neonatal seizures, or intraventricular
haemorrhage. Other Severe Morbidity is a composite (corrected for overlap) of Apgar score <4 at 5 min, severe acidosis (cord pH < 7.0), need for severe resuscitation, admission to the neonatal intensive
care unit, sepsis, birth trauma, brachial plexus injury, severe hypoglycemia requiring treatment, or hypothermia. a% BWC category—refers to the percentage of cases for each outcome in the respective BWC
category.

Table 3: Perinatal mortality, severe neurological and other severe morbidity by birthweight centiles.
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We included late preterm infants in our study
cohort because although they are greater risk of peri-
natal mortality and severe morbidity compared to term
infants, the absolute incidence of these complications
is low and generally similar to term infants.24 The
exception to this relates to other complications, such as
NICU admission, hypoglycaemia, hypothermia, respi-
ratory morbidity and sepsis, which are acknowledged
complications of prematurity.25 However, as late pre-
term infants comprised only 4.9% of our study cohort,
and the incidence of late preterm births was consistent
across the birthweight centiles (Table 2), the influence
of prematurity on our study outcomes is likely to be
small.

Rates of intrapartum sentinel events (cord prolapse,
intrapartum haemorrhage or uterine rupture), which are
strongly associated with severe hypoxic injury and
adverse outcomes26,27 were also relatively low in our
cohort and therefore their contribution to the overall
incidence of adverse perinatal outcomes was small. The
higher rates of cord prolapse and intrapartum haemor-
rhage in the lower birthweight centile cohorts is likely to
reflect the higher rates of malpresentation and hyper-
tension in this group.28,29

Our findings highlight the vulnerability of smaller
infants, particularly to asphyxial complications (either
antenatal or intrapartum). Our epidemiological data are
consistent with other studies showing higher rates of
histological10,30 and ultrasound31–33 abnormalities in
keeping with placental dysfunction that are present at
lower birthweight centiles.10,34 Prenatal identification of
these infants may improve outcomes.3 Although third
trimester ultrasound can improve prenatal detection
rates of SGA infants,35–37 caution is required because this
may result in increased rates of obstetric intervention
particularly iatrogenic preterm/early term birth38 and
may also be, from a population perspective, not cost
effective.39

Intrapartum uterine contractions (against a back-
ground of pre-existing poor placental function), results
in impaired oxygen and nutrient transfer to the fetus
increasing the likelihood of compromise.40 This is re-
flected by higher rates of operative birth for non-
reassuring fetal status as seen at lower birthweight
centiles in our study. We also observed that rates of
operative birth for failure to progress increased as
birthweight centile increased, and that after adjusting
for confounders and considering the interaction of
mode of birth, the relative risk of severe neurological
and other severe morbidity was greatest for infants with
a birthweight >99th centile. Adverse outcomes in larger
infants may reflect obstructed labour and complications
related to operative birth. Vasak41 and others42,43 have
suggested that a Darwinian process may exist in later
gestations to limit fetal growth, to improve the likeli-
hood of successful vaginal birth, reduce maternal
morbidity, and optimise maternal survival. It may also
explain why we and others21,44 found that nulliparous
and younger women are over-represented at the lower
birthweight centiles. From a biological perspective,
these women are in the earlier stages of their repro-
ductive life and have future reproductive potential if
birth can proceed free of complications related to
obstructed labour.
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Fig. 2: Perinatal outcomes: a: Perinatal mortality, b: Severe neurological and other severe morbidity. c: Proportion of adverse outcomes by birth
weight centile categories.
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Univariable analysis

Perinatal outcomes Stillbirth Neonatal death Severe neurological
morbidity

Other severe morbidity No severe adverse
outcome

Birthweight centile RRR (95% CI) p-value RRR (95% CI) p-value RRR (95% CI) p-value RRR (95% CI) p-value RRR (95% CI)

<1st 10.25 (8.2, 12.83) <0.001 4.85 (2.76, 8.52) <0.001 3.18 (2.7, 3.75) <0.001 1.85 (1.73, 1.99) <0.001 Ref

1st–<3rd 4.89 (3.92, 6.1) <0.001 4 (2.6, 6.17) <0.001 1.94 (1.68, 2.24) <0.001 1.29 (1.22, 1.36) <0.001 Ref

3rd–<5th 3.49 (2.72, 4.48) <0.001 1.64 (0.87, 3.1) 0.128 1.66 (1.42, 1.93) <0.001 1.12 (1.06, 1.19) <0.001 Ref

5th–<10th 2.25 (1.84, 2.74) <0.001 1.42 (0.92, 2.19) 0.114 1.34 (1.21, 1.49) <0.001 1.09 (1.05, 1.13) <0.001 Ref

10th–<25th 1.56 (1.35, 1.8) <0.001 1.41 (1.07, 1.85) 0.014 1.15 (1.07, 1.24) <0.001 1.02 (1, 1.04) 0.115 Ref

25th–75th Ref Ref Ref Ref Ref Ref Ref Ref Ref

75th–<90th 0.86 (0.73, 1.02) 0.088 0.72 (0.52, 1.01) 0.054 1.06 (0.99, 1.14) 0.091 1.07 (1.05, 1.1) <0.001 Ref

90th–<95th 0.65 (0.47, 0.88) 0.006 0.78 (0.47, 1.3) 0.335 1.14 (1.03, 1.26) 0.012 1.12 (1.09, 1.16) <0.001 Ref

95th–<97th 0.88 (0.59, 1.33) 0.549 0.48 (0.18, 1.28) 0.142 1.24 (1.07, 1.44) 0.005 1.15 (1.1, 1.21) <0.001 Ref

97th–≤99th 1.34 (0.95, 1.88) 0.093 1.12 (0.57, 2.18) 0.749 1.39 (1.21, 1.61) <0.001 1.28 (1.22, 1.34) <0.001 Ref

>99th 2.11 (1.48, 2.99) <0.001 1.65 (0.81, 3.36) 0.164 1.8 (1.53, 2.11) <0.001 1.63 (1.55, 1.72) <0.001 Ref

Multivariable analysis

Perinatal outcomes Stillbirth Neonatal death Severe neurological
morbidity

Other severe morbidity No severe adverse
outcome

Birthweight Centile aRRR (95% CI) p-value aRRR (95% CI) p-value aRRR (95% CI) p-value aRRR (95% CI) p-value aRRR (95% CI)

<1st 12.96 (10.14, 16.57) <0.001 7.55 (3.78, 15.08) <0.001 2.01 (1.5, 2.71) <0.001 1.65 (1.49, 1.82) <0.001 Ref

1st–<3rd 5.2 (4.05, 6.69) <0.001 3.65 (1.88, 7.08) <0.001 1.64 (1.32, 2.04) <0.001 1.1 (1.02, 1.19) 0.019 Ref

3rd–<5th 3.48 (2.6, 4.65) <0.001 1.72 (0.7, 4.26) 0.238 1.48 (1.19, 1.85) 0.001 1.01 (0.93, 1.09) 0.858 Ref

5th–<10th 2.23 (1.77, 2.8) <0.001 1.43 (0.76, 2.7) 0.263 1.12 (0.95, 1.32) 0.173 0.99 (0.94, 1.04) 0.593 Ref

10th–<25th 1.59 (1.34, 1.88) <0.001 1.58 (1.08, 2.33) 0.019 0.94 (0.85, 1.05) 0.287 0.94 (0.91, 0.97) <0.001 Ref

25th–75th Ref Ref Ref Ref Ref Ref Ref Ref Ref

75th–<90th 0.69 (0.55, 0.86) 0.001 0.61 (0.36, 1.03) 0.066 1.15 (1.04, 1.26) 0.007 1.13 (1.09, 1.16) <0.001 Ref

90th–<95th 0.58 (0.39, 0.87) 0.008 0.56 (0.23, 1.38) 0.206 1.32 (1.14, 1.53) <0.001 1.22 (1.17, 1.28) <0.001 Ref

95th–<97th 0.74 (0.42, 1.28) 0.276 0.85 (0.27, 2.68) 0.783 1.32 (1.05, 1.65) 0.017 1.3 (1.21, 1.39) <0.001 Ref

97th–≤99th 0.89 (0.53, 1.5) 0.672 1.19 (0.44, 3.27) 0.73 1.86 (1.53, 2.27) <0.001 1.48 (1.38, 1.58) <0.001 Ref

>99th 1.37 (0.77, 2.44) 0.278 1.72 (0.54, 5.46) 0.36 2.77 (2.22, 3.47) <0.001 1.86 (1.7, 2.02) <0.001 Ref

RRR: Relative Risk Ratio. aRRR: Adjusted Relative risk ratio; adjusted for lowest quintile of SEIFA, BMI, nulliparity, drug use, maternal history of stillbirth, antepartum haemorrhage, diabetes mellitus and
hypertension in pregnancy, and incorporating an interaction term for method of birth and birthweight centile.

Table 4: Multinomial logistic regression analyses of the effect of birthweight centile on perinatal outcomes.

Fig. 3: The adjusted relative risk ratio and 95% of confidence interval of stillbirth, neonatal death, severe neurological morbidity and other severe
morbidity across birthweight centile categories. aRRR—adjusted Relative Risk Ratio. Adjusted for lowest quintile of SEIFA, body mass index,
nulliparity, drug use, maternal history of stillbirth, antepartum haemorrhage, diabetes mellitus and hypertension in pregnancy, and incorpo-
rating an interaction term for birthweight centile and method of birth.
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Strengths of our study include the large cohort which
allowed the analysis of rarer adverse outcomes to be
determined across birthweight centiles. Our findings
are also generalisable to other high-income countries
and provides granular information that obstetric prac-
titioners can use to guide care and inform women.
However, it is important that healthcare professionals
communicate pregnancy risks in a sensible and
balanced manner to women and their families without
causing undue alarm. Furthermore, women should not
be offered unnecessary obstetric intervention such as
preterm or early term birth without robust evidence that
such interventions result in a reduction in adverse out-
comes. We were unable to account for the effects of
interventions or treatment on perinatal outcomes or
changes in clinical practice over the study period.
Treatment effect may have had a more pronounced ef-
fect at the extremes of birthweight centiles where in-
terventions such as planned birth, mode of birth, and
intensity of fetal surveillance may have altered out-
comes. Although perinatal mortality rates were stable
during the study period, we observed an increase in
rates of severe neurological and other severe morbidity
(Supplementary Fig. S6) in the latter half. We postulate
that this may be due to changes reporting practices over
the study period or possibly the consequences of ob-
stetric intervention at earlier gestations for a variety of
perceived maternal and perinatal risks. A further po-
tential limitation is our use of birthweight charts13 that
may have included preterm small infants. We were also
not able to ascertain the interval between fetal demise in
utero and gestation at birth.

Although, fortunately rare in high income countries,
adverse perinatal outcomes still have catastrophic, life-
altering impacts for infants and their families.
Furthermore, despite the higher risk of perinatal
morbidity and mortality in small infants, from a
healthcare perspective, the overall quantum of compli-
cations is greatest in the apparently normal size cohort
(infants with birthweight 10–90th centile, Fig. 2c).
Almost 70% of aa perinatal mortality and 75% of all
severe neurological morbidity cases occurred in “normal
size” infants (Table 4, Fig. 2c). Our results concur with
the view that the continuum of perinatal risks extends
beyond a specific birthweight threshold10,34 and thus
simply dichotomising thresholds may not be the best
approach to improving outcomes. Identifying the “at
risk” infant is however difficult. Although fetal size,
reduced intrauterine growth velocity8,45 and evidence of
cerebral redistribution32,46,47 are associated with greater
odds of perinatal morbidity and mortality8,45,48–50 other
factors, such as placental derived biomarkers51 may need
to be considered. The use of iterative and automated
artificial intelligence techniques currently evaluated in
other areas of science and medicine52–54 could be future
strategies to identify pregnancies and infants at risk of
adverse outcomes.
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