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Abstract

Objective To compare rates of small- and large-for-gestational age (SGA and LGA) neonates using four different weight
centiles, and to relate these classifications to neonatal morbidity.

Study design Neonates born at 33-40 weeks’ gestation in a multiethnic population were classified as SGA or LGA by
population reference (Fenton), population standard (INTERGROWTH), fetal growth curves (WHO), and customized
(GROW) centiles. Likelihood of composite morbidity was determined compared with a common appropriate-for-gestational
age referent group.

Result Among 45,505 neonates, SGA and LGA rates varied up to threefold by different centiles. Those most likely to
develop neonatal morbidity were SGA or LGA on both the population reference and an alternative centile. Customized
centiles identified over twice as many at-risk SGA neonates.

Conclusions Customized centiles were most useful in identifying neonates at increased risk of morbidity, and those that were

small on both customized and population reference centiles were at the highest risk.

Introduction

Neonates are frequently classified as small (SGA) or large-
for-gestational age (LGA), typically defined as <10™ or
>90™ sex-specific weight centile at birth, respectively, to
identify those at increased risk of early morbidity and to
plan transitional care. SGA and LGA neonates have an
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increased risk of low Apgar score, respiratory distress,
hypoglycemia, infection, feeding difficulty, and neonatal
death [1-3]. These risks are increased if neonates are also
born preterm, especially those that are SGA. Thus, some
centers have specialized care pathways for these neonates,
including prolonged inpatient observation, glucose mon-
itoring, newborn early warning scores, intensified breast-
feeding support, and weight monitoring [4]. In addition to
short-term risks [5], neonates born SGA or LGA have an
increased risk of adverse health outcomes in later life,
including hypertension, obesity, type 2 diabetes mellitus,
and vascular disease [6], and may be considered for early
cardiometabolic screening [7, 8]. Thus, it is important that
neonates are optimally classified, not only to minimize
adverse outcomes but also to prevent unnecessary
intervention.

Although there is clinical utility in identifying small and
large neonates, there is a lack of consensus about which
birthweight centiles are most appropriate [9]. There are four
main types: population birthweight references, population
birthweight standards, fetal growth curves, and customized
centiles. Each differ in how they account for normal in utero
constraint of fetal growth to detect either pathological
undergrowth, also termed fetal growth restriction (FGR), or
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overgrowth, sometimes referred to as macrosomia. Popu-
lation reference centiles aggregate cross-sectional sex- and
gestation-specific birthweights across whole populations
[10], whereas population standards characterize sex- and
gestation-specific cross-sectional birthweights in low-risk
pregnancies without any major environmental threats to
normal fetal growth [11]. Fetal growth curves represent sex-
and gestation-specific estimations of fetal weight derived
from serial ultrasound measures of fetuses born at term [12].
Customized centiles incorporate fetal growth curves but
also maternal factors that affect normal constraint of fetal
growth, including weight, height, ethnicity, and parity [13].

Classification of neonates by birthweight centiles is
complicated by the fact that many FGR neonates are SGA,
but FGR can also occur within the normal birthweight
range, and some SGA neonates are not pathologically small
but simply constrained in their growth [14]. Similarly, most
macrosomic neonates are LGA, but not all LGA neonates
are pathologically large [3]. An ideal weight centile chart
would distinguish both small and large neonates at an
increased risk of short and long-term morbidity from those
without increased risk.

It has been argued that international population standards
obviate the need to account for population or ethnic dif-
ferences in fetal growth [15] but we have previously shown
in a multiethnic obstetric population that using a population
standard failed to identify many smaller neonates at an
increased risk of neonatal morbidity compared with custo-
mized centiles, especially in ethnic groups with larger than
average maternal size [16]. However, customization has
been criticized because of the potential difficulty in
describing ethnicity and the possibility of normalizing
larger fetal size [17]. More recently, the World Health
Organisation (WHO) released sex-specific fetal growth
curves, providing yet another option for assessment of
birthweight [12].

There is additional complexity in that growth-restricted
neonates are more likely to be born preterm, whereas
smaller fetuses that are simply constrained are more likely
to remain in utero until term [18]. Further, larger neonates
are often born late preterm or early term, especially when
associated with maternal diabetes [19]. There is also
increasing recognition that early term birth is itself a risk
factor for long-term adverse respiratory, cardiometabolic,
neurodevelopmental, cognitive, and social outcomes
[20, 21], although it remains unclear the extent to which this
is due to preterm birth per se or confounding by the social
determinants of health.

The aims of this study were to: (1) compare rates of SGA
and LGA at birth using four different types of weight
centiles, namely, a population birthweight reference (Fen-
ton) [10], population birthweight standard (INTER-
GROWTH) [22], fetal growth curves (WHO) [12], and
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customized centiles (GROW) [13]; (2) assess the influence
of gestation length and ethnicity on SGA and LGA classi-
fication; and (3) determine the likelihood of composite
neonatal morbidity in SGA and LGA neonates using dif-
ferent weight centiles at different gestations.

Subjects and methods
Study population

This study was undertaken using a dataset of babies born at
National Women’s Health (NWH), Auckland City Hospital,
Auckland, New Zealand that we have previously used to
assess the role of customization in detection of small babies
at risk of neonatal morbidity [16]. It comprises pro-
spectively collected maternity data from January 2006 to
December 2013. NWH is a tertiary referral hospital with an
annual birth rate of ~7500 from a multiethnic population.
The NWH databases collect maternity and neonatal data for
all births occurring >20 weeks’ gestation, including demo-
graphics, antenatal complications, delivery details, and
neonatal outcomes. Data are routinely checked for com-
pleteness, outliers, and or other inconsistencies. Approval to
use these data was obtained from the Research Review
Committee of the Auckland District Health Board, and data
were provided in an anonymized form.

Gestational age was calculated from the last menstrual
period (LMP) if certain, adjusted if fetal ultrasound mea-
surements differed from LMP gestational age according to
the Australasian Society for Ultrasound in Medicine
guidelines at the time or by dating ultrasound if the LMP
was uncertain [23, 24]. A first trimester ultrasound is
undertaken by the majority of women birthing at NWH.

Maternal height and weight were measured or self-
recalled at the first antenatal visit. Parity was defined as the
number of pregnancies of >20 completed weeks’ gestation
or of at least 400 g if gestation was unknown [25]. Self-
reported maternal ethnicity was grouped and prioritized in
order of Maori, Pacific Peoples, Indian, Asian, Other, and
European [26]. Asian ethnicity included women from
China, South-East Asia, Japan, and Korea. Indian ethnicity
included women from India and those of Fijian-Indian
origin.

Statistical analysis

Analysis was performed using Base SAS® 9.4 Software
(SAS Institute Inc., Cary, NC, USA) and included singleton
neonates born at NWH from 33 to <41 weeks’ gestation.
These gestation limits were required because there were
insufficient data at higher or lower gestations for some
weight centiles. Neonates were excluded if they were
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stillborn, had major malformations, or missing data for
birthweight or gestational age at delivery. Neonates were
also excluded if their mothers were unbooked, transferred to
NWH during pregnancy or labor, or had missing data
required for customization.

Neonates were classified as SGA or LGA by birthweight
using the population birthweight reference (Fenton 2013)
[10] and three alternative centiles: a population birthweight
standard (INTERGROWTH) [27], fetal growth curves
(WHO 2016) [12], and customized centiles (GROW) [28].
The Fenton centiles are currently the most widely used
birthweight reference in New Zealand. The Fenton,
INTERGROWTH, and WHO weight centiles are specific
for gestation length and sex. Customized birthweights
were determined using the GROW calculator (GROW,
version 6.7.8.3; Perinatal Institute; Birmingham, UK),
which includes locally derived coefficients [29], adjusting
for maternal height and weight at booking (or earliest esti-
mate in pregnancy), parity, ethnicity, and infant sex. For
each weight centile, SGA was defined as <10t percentile
and LGA as >90™ percentile. Neonates were also categor-
ized as moderate to late preterm (=33 to <37 weeks), early
term (237 and <39 weeks), and term (239-41 weeks’
gestation) [30].

The primary outcome for this study was composite
neonatal morbidity, defined as any of as follows: neonatal
unit (NNU) admission >48 h for acute complications (not
solely for prematurity without other ICD-10 diagnosis
code), respiratory support >4 h, Apgar score <7 at 5 min, or
neonatal death. Secondary outcomes included the compo-
nents of this composite outcome.

Maternal and neonatal characteristics, and primary and
secondary outcomes were compared among gestation
groups using analysis of variance for continuous data, and
chi-square test for frequency data. The rates of SGA and
LGA using each of the four types of weight centiles were
compared for the entire population, each gestation category,
and for each maternal ethnicity. Differences in the rates of
SGA and LGA between the centiles were analyzed using a
generalized linear mixed model, with subject as a random
effect. The risk of composite neonatal morbidity associated
with classification of SGA or LGA was calculated for each
centile using a generalized linear model, in comparison with
a common referent group, defined as those neonates whose
birthweight was classified between the 10th and 90th per-
centiles on all weight centiles. Neonates were classified
according to whether they were SGA or LGA by only the
population reference, by both the population reference and
an alternative centile, or only the alternative centile.
Exposure effect is presented as odds ratio with a 95%
confidence interval. A P value <0.05 was considered sta-
tistically significant.

To assess the overall performance of each weight centile
for identifying infants at risk of neonatal morbidity, sensi-
tivity, specificity, and positive and negative predictive
values were calculated for SGA or LGA status combined,
i.e., non-appropriate-for-gestational age (non-AGA) status,
as well as positive likelihood ratios with 95% confidence
intervals.

Results

Between January 2006 and December 2013, a total of
48,756 singleton nonanomalous neonates were born at 33 to
<41 weeks’ gestation. Of these, 3,251 neonates were
excluded from this analysis due to stillbirth (97) or
incomplete data (3154), including maternal height and
weight, and birthweight.

Of the remaining 45,505 neonates included in this ana-
lysis, 6.0% (2711) were born moderate to late preterm,
33.0% (15,005) early term, and 61.0% (27,789) at term. Of
the mothers in this cohort, the mean (SD) age was 31.6 (5.6)
years and height was 164.4 (6.8) cm; 46.3% (21048) were
nulliparous, 18.4% (8379) had a BMI>30 kg/mz, 7.7%
(3,487) were smoking either during pregnancy or at deliv-
ery, and 8.7% (3,973) had hypertension during pregnancy.
Nearly half of the mothers were of European ethnicity
(47.8%, 21,731), followed by Asian (21.0%, 9,547), Pacific
(13.3%, 6,071), Indian (7.7%, 3,517), Maori (6.8%, 3,096),
and other ethnicities (3.4%, 1,543) (Table 1). The mean
(SD) gestational age at birth was 39.1 (1.3) weeks and
birthweight was 3379 (508) g. Only 4.2% (1,905) of neo-
nates were admitted to the NNU for >48 h and 4.3% (1,978)
had composite neonatal morbidity, including <0.1% (11)
neonatal deaths, 3.0% (1,372) admitted to the NNU at >48 h
for acute complications, 2.3% (1,067) requiring respiratory
support for >4 h, and 1.0% (458) had an Apgar score <7 at
5 min after birth (Table 1).

Mothers of neonates born moderate to late preterm
compared with those born early term and at term were
shorter and more likely to be nulliparous, obese, smokers,
have hypertension in pregnancy, and be of Maori, Pacific,
or Indian ethnicity (P <0.0001, Table 1). The mothers of
neonates born early term compared with those born at term
were older and less likely to be nulliparous, and more likely
to be obese, have hypertension in pregnancy, and be of
Asian or Indian ethnicity (P <0.0001, Table 1).

Moderate to late preterm neonates (N =2,711), compared
with early term and term neonates, had the highest rates of
admission to the NNU>48h after birth (41.0%, 1,112),
including those with acute complications (25.7%, 697), with
respiratory support for >4 h (16.8%, 455), and Apgar score
<7 at Smin after birth (2.6%, 71), each contributing to a
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Table 1 Cohort characteristics.

Total Moderate to late Early term Term P
preterm
N =45,505 N=2/711 N =15,005 N =27,789

Maternal characteristics
Age (years) 31.6 (5.6) 31.8 (5.9) 322 (5.7) 31.2 (5.6) <0.0001
Height (cm) 164.4 (6.8) 163.7 (6.9) 164.0 (6.9) 164.8 (6.7) <0.0001
Nulliparous 46.3% (21,048) 49.4% (1,338) 41.8% (6,268) 48.4% (13,442) <0.0001
BMI > 30 kg/m? 18.4% (8,379) 23.2% (630) 20.3% (3,050) 16.9% (4,699) <0.0001
Smoking 7.7% (3,487) 9.7% (263) 7.8% (1,163) 7.4% (2,061) 0.0001
Hypertension in 8.7% (3,973) 19.9% (539) 11.4% (1,718) 6.2% (1,716) <0.0001
pregnancy
Ethnicity <0.0001

Maori 6.8% (3,096) 8.2% (223) 6.8% (1,020) 6.7% (1,853)

Pacific 13.3% (6,071) 14.1% (381) 12.9% (1,933) 13.5% (3,757)

Asian 21.0% (9,547) 17.5% (474) 21.9% (3,290) 20.8% (5,783)

Indian 7.7% (3,517) 9.6% (260) 9.0% (1,345) 6.9% (1,912)

Other 3.4% (1,543) 3.2% (87) 3.2% (479) 3.5% (977)

European 47.8% (21,731) 47.4% (1,286) 46.2% (6,938) 48.6% (13,507)
Neonatal characteristics
Gestation (weeks) 39.1 (1.3) 35.7 (1) 38.2 (0.5) 39.9 (0.6) <0.0001
Birthweight (g) 3379 (508) 2633 (537) 3235 (458) 3529 (439) <0.0001
Neonatal death <0.1% (11) 0.1% (3) <0.1% (5) <0.1% (3) 0.004
All NNU admissions 4.2% (1,905) 41.0% (1,112) 2.9% (436) 1.3% (357) <0.0001
>48 h
NNU admissions >48 h 3.0% (1,372) 25.7% (697) 2.6% (385) 1.0% (290) <0.0001
with acute complications®
Respiratory support >4 h 2.3% (1,067) 16.8% (455) 2.0% (296) 1.1% (316) <0.0001
Apgar score <7 at 5 min 1.0% (458) 2.6% (71) 1.1% (170) 0.8% (217) <0.0001
Composite neonatal 4.3% (1,978) 29.3% (793) 4.0% (601) 2.1% (584) <0.0001

morbidity®

Data are mean (standard deviation) or percent (number). Includes singleton live births from >33 to <41 weeks’ gestation. Moderate to late preterm,
>33 to <37 weeks’; early term, 237 and <39 weeks’; and term, 239 to <41 weeks’ gestation.

BMI body mass index, NNU neonatal unit.

*Excludes NNU admission solely for prematurity or known congenital anomalies.

"Composite neonatal morbidity defined as one or more of: NNU admission >48 h for acute complications (not solely for prematurity or known
congenital anomaly), respiratory support >4 h, Apgar score <7 at 5 min, or neonatal death. P value is for comparison of gestation groups.

higher proportion of neonates with composite neonatal
morbidity (29.3%, 793) (P <0.0001, Table 1).

SGA rates and neonatal morbidity

For the entire cohort, the SGA rate was the lowest using the
population reference (3.8%) but was up to threefold higher
using centiles that accounted for normal fetal growth (fetal
growth curves 9.7%, customized 11.5%); the SGA rate was
intermediate using the population standard (4.8%) (P<
0.0001, Table 2). This pattern was seen in all gestational
age groups, although at term, SGA rates were similar using
the population reference and population standard (Table 2).
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Using the population reference, population standard, and
fetal growth curves, SGA rates were lowest in Pacific neo-
nates (2.5-6.5%) but were up to fourfold higher in Indian
neonates (10.6-23.3%) (Table 2). Using customized centiles,
which account for ethnicity, SGA rates were more similar
across different ethnic groups (10.1-14.7%) (Table 2).

In moderate to late preterm neonates, the population
standard, fetal growth curves, and customized centiles
identified all neonates who were SGA by the population
reference (5.7%), i.e., no moderate to late preterm neonates
were identified as SGA by only the population reference
(Table 3). Neonates identified as SGA using both the
population reference and one of the alternative centiles
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Table 2 SGA rates at birth using
different weight centiles in

N Weight centiles P

neonates of different gestational

age and ethnicity. reference

(Fenton) [10]

Population

Population standard ~ Fetal growth ~ Customized

Entire cohort 45,505

3.8% (1,746)

Gestation
Moderate 2,711 5.7% (155)
to late
preterm
Early term 15,005 3.8% (570)
Term 27,789  3.7% (1,02
Maternal ethnicity
Maori 3,096 4.0% (124)
Pacific 6,071 2.5% (151)
Asian 9,547 4.8% (459)
Indian 3,517  10.6% (374)
Other 1,543 4.3% (66)
European 21,731 2.6% (572)

(INTERGROWTH)  curves (WHO) (GROW) [13]
[27] [12]
4.8% (2,183) 9.7% (4.433) 11.5% (5,241) <0.0001
11.1% (302) 16.5% (447)  21.8% (590)  <0.0001
5.8% (877) 9.8% (1,469) 12.7% (1,909) <0.0001
1) 3.6% (1,004) 9.1% (2,517)  9.9% (2,742) <0.0001
4.8% (148) 9.3% (289)  14.7% (456)  <0.0001
3.0% (184) 6.5% (394)  13.1% (794)  <0.0001
6.1% (580) 12.9% (1,229) 10.1% (965)  <0.0001
13.3% (468) 23.3% (820)  12.8% (450)  <0.0001
5.6% (86) 11.9% (184)  11.0% (169)  <0.0001
3.3% (717) 7.0% (1,517) 11.1% (2,407) <0.0001

Data are percent (number) detected as SGA. Includes singleton live births from >33 to <41 weeks’ gestation.
Gestation groups defined as: moderate to late preterm, >33 to <37 weeks’; early term, >37 and <39 weeks’;
and term, 239 to <41 weeks’ gestation. Maternal ethnicity prioritized in order: Maori, Pacific, Indian, Asian,
Other, and European. P value is for comparison of weight centiles.

SGA small-for-gestational age (<10™ centile).

(5.7%) had the highest risk of neonatal morbidity (OR 11.9,
95% CI 8.1-17.8). Those identified as SGA using only one
of the alternative centiles but not using the population
reference (population standard, 5.4%; fetal growth curves,
10.8%; customized centiles, 16.0%) also had approximately
a threefold increased likelihood of neonatal morbidity
(Table 3).

In early term neonates, the fetal growth curves but
not the population standard (<0.1%) or customized centiles
(0.2%) identified all neonates who were SGA by
the population reference, i.e., no early term neonates were
identified as SGA by only the population reference
(Table 3). However, the risk of neonatal morbidity was not
increased for these neonates. Neonates identified as SGA
using both the population reference and one of the alter-
native centiles (3.6-3.8%) had approximately a sixfold
increased likelihood of neonatal morbidity (Table 3). Those
identified as SGA using only one of the alternative centiles
but not by the population reference (population standard,
2.1%; fetal growth curve, 6.0%; customized centile, 9.1%)
also had a nearly twofold increased likelihood of neonatal
morbidity (Table 3).

In term neonates, the fetal growth curve identified all
neonates who were SGA by the population reference (3.7%),
but a small proportion of these neonates were not identified
as SGA using the population standard (0.6%) or customized
centile (0.4%). However, the risk of neonatal morbidity was
not increased for the latter (Table 3). Neonates identified as

SGA using both the population reference and one of the
alternative centiles (3.1-3.7%) had a threefold increased
likelihood of neonatal morbidity; this was the highest using
the customized centiles (OR 3.8, 95% CI 2.8-5.1) (Table 3).
Neonates identified as SGA by only the fetal growth curves
(5.4%) or customized centiles (6.6%) but not by the popu-
lation reference, had a small increased likelihood of neonatal
morbidity (Table 3). Few term neonates were SGA using
only the population standard (0.5%).

LGA rates and neonatal morbidity

In the entire cohort, the LGA rate was the highest using the
population standard (20.0%), intermediate using the fetal
growth curves (16.3%), and the lowest using the population
reference (11.7%) and customized centiles (9.3%) (Table 4).
In moderate to late preterm neonates, LGA rates were the
highest using the fetal growth curve (21.6%) but in term
neonates, rates were the highest using the population stan-
dard (21.3%) (Table 4).

Using the population reference, population standard, and
fetal growth curve, LGA rates were the lowest in Indian
neonates (3.6-6.5%) but were more than fivefold higher in
Pacific neonates (20.0-31.8%). Using the customized cen-
tiles, which account for ethnicity, LGA rates were similar
across different ethnic groups (8.4—10.8%) (Table 4).

In moderate to late preterm neonates, LGA using any
centile, or combination thereof, was not associated with

SPRINGER NATURE
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Neonatal morbidity and small and large size for gestation: a comparison of birthweight centiles

Table 4 LGA rates at birth using

different weight centiles in N Weight centiles P
neonates of different gestational Population Population standard ~ Fetal growth ~ Customized
age and ethnicity. reference (INTERGROWTH)  curves (WHO) (GROW) [13]
(Fenton) [10]  [27] [12]
Entire cohort 45,505 11.7% (5,320) 20.0% (9,115) 16.3% (7,396)  9.3% (4,219) <0.0001
Gestation
Moderate 2,711  15.9% (430) 12.5% (340) 21.6% (586) 11.0% (299)  <0.0001
to late
preterm
Early term 15,005 15.9% (2,389) 19.0% (2,848) 20.9% (3,135) 11.0% (1,657) <0.0001
Term 27,789  9.0% (2,501) 21.3% (5,927) 13.2% (3,675)  8.1% (2,263) <0.0001
Maternal ethnicity
Maori 3,096 13.0% (403)  21.3% (660) 18.0% (556) 9.2% (285)  <0.0001
Pacific 6,071  20.0% (1,216) 31.8% (1,933) 26.5% (1,608)  9.7% (591)  <0.0001
Asian 9,547 5.9% (568) 11.0% (1,046) 8.8% (839) 8.4% (799)  <0.0001
Indian 3,517 3.6% (126) 6.5% (230) 5.2% (183) 9.8% (344)  <0.0001
Other 1,543 9.1% (140) 14.8% (229) 12.8% (197) 10.8% (167)  <0.0001
European 21,731 13.2% (2,867) 23.1% (5,017) 18.5% (4,013)  9.4% (2,033) <0.0001

Data are percent (number) detected as SGA. Includes singleton live births from >33 to <41 weeks’ gestation.
Gestation groups defined as: moderate to late preterm, >33 to <37 weeks’; early term, >37 and <39 weeks’;
and term, 239 to <41 weeks’ gestation. Weight centiles: population reference, Fenton; population standard,
INTERGROWTH; fetal growth curve, WHO; customized, GROW. Maternal ethnicity prioritized in order:
Maori, Pacific, Indian, Asian, Other, and European. P value is for comparison of weight centiles.

LGA large-for-gestational age (>90™ centile).

likelihood ratio for composite neonatal morbidity than any
individual centile. Overall, our study shows that there are
substantial differences among the various weight centiles
for the detection of small or large neonates at the risk of
neonatal morbidity, and that the combined use of population
cross-sectional birthweights and customized centiles may
provide a more comprehensive assessment of in utero
growth.

Defining normal fetal growth is complex both in concept
and practice, as growth in utero is primarily determined by
nutritional supply rather than genetic potential but is also
normally constrained by the maternal environment [31].
Fetal growth hormones, such as insulin and the insulin-like
growth factors, primarily serve to match fetal growth to
substrate supply [32]. FGR occurs when there are patho-
logical conditions that limit nutrient supply or, more rarely,
when there is a defect of the fetal endocrine mechanisms
that support normal substrate-driven growth. In developed
countries, the most common cause of FGR is placental
insufficiency due to impaired placentation [33, 34]. Risk
factors for placental insufficiency include maternal smok-
ing, previous FGR, and adverse maternal cardiovascular or
metabolic conditions, such as hypertension, dyslipidemia,
and insulin resistance [35-38]. Identification of FGR is
important because of its association with preterm birth,
perinatal death, and neonatal morbidity, as well as an
increased risk of later cardiometabolic disease [39].

In contrast, constraint refers to the normal limits placed
on fetal growth by the capacity of the uteroplacental unit to
supply the fetus with nutrients. This phenomenon has been
demonstrated in various cross-breeding and embryo transfer
experiments in which smaller breeds have higher birth-
weight when carried by mothers of larger breeds, and vice
versa [40-42]. From an evolutionary perspective, it is
important that birth size is appropriate for maternal physical
characteristics to allow a successful, unaided, and delivery
[43]. However, as fetal growth capacity normally exceeds
nutrient supply, fetal growth is constrained by physiological
factors related to uteroplacental capacity, such as maternal
stature, weight, parity, and age [43].

Due to this high in utero growth potential, fetal size
increases when there is less constraint [44, 45] but fetal
growth can also be excessive, surpassing what is typically
expected for maternal characteristics when there is a
pathological increase of nutrient availability, such as in
diabetes [46]. Sometimes called overgrowth or macrosomia,
these neonates are not only LGA but also have excess skin
adiposity and increased fat mass for length [47]. Being born
LGA is also more common in maternal obesity and this may
represent reduced constraint or overgrowth secondary to
impaired glucose tolerance and dyslipidemia, or both [48].

Our study shows that in a multiethnic population, cross-
sectional population birthweight centiles (Fenton) fail to
detect many smaller neonates at the risk of neonatal
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morbidity, who are likely growth-restricted. There are two
main reasons for this: (1) population references do not
account for normal variation in maternal constraint; and (2)
population birthweights are progressively negatively
skewed with increasing prematurity due to the fact that
placental insufficiency often results in indicated or sponta-
neous preterm birth [49]. Population standards (INTER-
GROWTH) account for constraint to a limited degree by
excluding women at the risk of excessive constraint, such as
short stature, and the women included in standard popula-
tions may be at the lower risk of placental insufficiency
[22]. Thus, it has been argued that standards permit detec-
tion of fetal under- and over-growth irrespective of
“ancestry, nationality and skin color” [50]. However, there
is no adjustment for individual variation in constraint,
which can be considerable in a multiethnic population [16].
Fetal growth curves (WHO) account for the influence of
prematurity by referencing birthweight to fetal growth in
ongoing pregnancies. Customized centiles (GROW) have
the advantage of accounting for both individual variation in
constraint and the effect of preterm birth on the birthweight
distribution. Thus, in our study SGA rates were the highest
with the GROW centiles, but overall the two centiles based
on fetal growth (GROW and WHO) identified more neo-
nates as SGA, with an increased likelihood of neonatal
morbidity, than cross-sectional centiles (Fenton and
INTERGROWTH).

This suggests that if a single birthweight centile is used
to identify neonates at an increased risk of morbidity,
especially SGA, those based on fetal growth may be pre-
ferable. Importantly, the centiles based on fetal growth
identified virtually all neonates that were SGA by the
population reference, but also identified additional small
neonates with increased likelihood of morbidity. Although
still within the normal population birthweight range, their
smaller size relative to their in utero peers suggests the
presence of a pathological restriction of growth, rather than
simply physiological constraint. Combined use of a popu-
lation reference and another weight centile referenced to
fetal growth may be useful in identifying small at-risk
neonates (SGA by GROW or WHO centiles) and those at
the highest risk of neonatal morbidity (SGA by both
population reference and GROW or WHO centiles).

There has been concern that birthweight customization
could incorrectly “normalize” larger fetal size. Indeed, we
found that in Maori, Pacific, and European neonates the
LGA rate was up to two- to three-fold lower using custo-
mized centiles than using any other centiles. However, the
increased likelihood of neonatal morbidity associated with
LGA status was small, and this was significant only in near-
term and term infants who were LGA on both the popula-
tion reference (Fenton) and an alternative centile. Again,
this indicates that these neonates were large relative not

only to the general newborn population, but also their
expected degree of constraint.

Across all centiles, AGA status had high negative pre-
dictive value for neonatal morbidity. However, positive
predictive value was low, indicating that birthweight cen-
tiles may need to be combined with other tools, such as
early warning scores, to readily infants at increased risk of
early morbidity [51]. Nevertheless, the positive likelihood
ratio was modestly increased by combining the population
reference and customized centiles, such that SGA was
defined by the customized centiles and LGA by both the
customized centiles and population reference.

In all ethnic groups, apart from Indian, using the popu-
lation standard (INTERGROWTH) identified more neo-
nates as being LGA than using any other centile. This is
most likely due to more constraint in the standard popula-
tion than in our general multiethnic obstetric population.
For example, women in the INTERGROWTH population
were more likely to be nulliparous (64% vs 44%) and were
shorter on average than women in our population [16, 27].
Thus, use of the INTERGROWTH standard in our popu-
lation classifies many neonates as LGA who appear to be an
appropriate size for maternal constraint and do not have
increased neonatal morbidity. In moderate to late preterm
and early term groups, fetal growth curves (WHO) also
identified many neonates as being LGA (21-22%), which
may reflect the increased risk of preterm birth among
fetuses with true overgrowth, who would be excluded from
such cohorts.

Our study has several limitations. First, we did not have
any data on neonatal hypoglycemia, which may be parti-
cularly relevant for interpretation of the morbidity asso-
ciated with the different classifications of size at birth.
Further research on which SGA and LGA neonates are at
greatest risk of neonatal hypoglycemia is needed. Never-
theless, neonates with severe hypoglycemia would usually
be admitted to NNU for >48 h and so would have been
included in the composite outcome. Second, we did not
have any measures of neonatal body composition which
would have aided in the interpretation of SGA and LGA
classifications. Third, we did not have data on long-term
outcomes, and it cannot be assumed that associations
between the different SGA or LGA classifications and
neonatal morbidity apply to long-term health risks.

Conclusion

In our multiethnic general obstetric population, there was
significant variation in the rates of SGA and LGA at birth
using the different weight centiles, reflecting the different
approaches used to account for normal constraint on fetal
growth and the effect of preterm birth on birthweight
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distributions. Across all gestations, neonates at the greatest
risk of neonatal morbidity were those classified as SGA
using both the Fenton population reference and one of the
alternative centiles. Compared with the Fenton population
reference, the customized centiles identified more than
twice as many at-risk SGA neonates. Larger early term and
term neonates were at increased likelihood of neonatal
morbidity only if classified as LGA using both the Fenton
population reference and one of the alternative centiles.
Overall, our data suggest that the combined use of the
Fenton population reference and customized GROW cen-
tiles may provide optimal assessment of birthweight for the
detection of infants at the risk of neonatal morbidity.

Author contributions RDC and CJDM had full access to all the data in
the study and take responsibility for the integrity of the data and the
accuracy of the data analysis. Concept and design: RDC and CJDM.
Acquisition, analysis, or interpretation of data: all authors. Drafting of
the paper: RDC and CJDM. Critical revision of the paper for important
intellectual content: all authors. Statistical analysis: RDC and CJDM.
Administrative, technical, or material support: JEH and CJDM.
Supervision: JEH and CJDM.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Horbar JD, Carpenter JH, Badger GJ, Kenny MJ, Soll RF, Morrow
KA, et al. Mortality and neonatal morbidity among infants 501 to
1500 grams from 2000 to 2009. Pediatrics. 2012;129:
1019-26.

2. Manuck TA, Rice MM, Bailit JL, Grobman WA, Reddy UM,
Wapner RJ, et al. Preterm neonatal morbidity and mortality by
gestational age: a contemporary cohort. Am J Obstet Gynecol.
2016;215:103.e101-103.e114.

3. Pasupathy D, McCowan LM, Poston L, Kenny LC, Dekker GA,
North RA, et al. Perinatal outcomes in large infants using custo-
mised birthweight centiles and conventional measures of high
birthweight. Paediatr Perinat Epidemiol. 2012;26:543-52.

4. Roland D, Madar J, Connolly G. The Newborn Early Warning
(NEW) system: development of an at-risk infant intervention
system. Infant. 2010;6:116-20.

5. Yu J, Flatley C, Greer RM, Kumar S. Birth-weight centiles and
the risk of serious adverse neonatal outcomes at term. J Perinat
Med. 2018;46:1048-56.

6. Chiavaroli V, Marcovecchio ML, de Giorgis T, Diesse L, Chiarelli
F, Mohn A. Progression of cardio-metabolic risk factors in sub-
jects born small and large for gestational age. PLoS ONE. 2014;9:
e104278.

7. Crispi F, Miranda J, Gratacés E. Long-term cardiovascular con-
sequences of fetal growth restriction: biology, clinical implica-
tions, and opportunities for prevention of adult disease. Am J
Obstet Gynecol. 2018;218:S869-79.

SPRINGER NATURE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Theodore RF, Broadbent J, Nagin D, Ambler A, Hogan S,

Ramrakha S, et al. Childhood to early-midlife systolic blood
pressure trajectories: early-life predictors, effect modifiers, and
adult cardiovascular outcomes. Hypertension. 2015;66:1108-15.

. McCowan LM, Figueras F, Anderson NH. Evidence-based

national guidelines for the management of suspected fetal
growth restriction: comparison, consensus, and controversy. Am J
Obstet Gynecol. 2018;218:S855-68.

Fenton TR, Kim JH. A systematic review and meta-analysis to
revise the Fenton growth chart for preterm infants. BMC Pediatr.
2013;13:59.

Papageorghiou AT, Ohuma EO, Altman DG, Todros T, Ismail
LC, Lambert A, et al. International standards for fetal growth
based on serial ultrasound measurements: the Fetal Growth
Longitudinal Study of the INTERGROWTH-21st Project. Lancet.
2014;384:869-79.

Kiserud T, Piaggio G, Carroli G, Widmer M, Carvalho J, Jensen
LN, et al. The World Health Organization Fetal Growth Charts: a
multinational longitudinal study of ultrasound biometric mea-
surements and estimated fetal weight. PLoS Med. 2017;14:
¢1002220.

Gardosi J. New definition of small for gestational age based on
fetal growth potential. Horm Res Paediatr. 2006;65:S15-8.
Gardosi J. Customized fetal growth standards: rationale and
clinical application. Semin Perinatol. 2004;28:33—40.

Villar J, Altman D, Purwar M, Noble J, Knight H, Ruyan P, et al.
The objectives, design and implementation of the INTER-
GROWTH-21st Project. BJOG. 2013;120:S9-S26.

Anderson NH, Sadler LC, McKinlay CJD, McCowan LM.
INTERGROWTH-21st vs customized birthweight standards for
identification of perinatal mortality and morbidity. Am J Obstet
Gynecol. 2016;214:509.e501-507.

Hutcheon JA, Zhang X, Platt RW, Cnattingius S, Kramer MS. The
case against customised birthweight standards. Paediatr Perinat
Epidemiol. 2011;25:11-16.

Mclntire DD, Bloom SL, Casey BM, Leveno KJ. Birth weight in
relation to morbidity and mortality among newborn infants. N
Engl J Med. 1999;340:1234-8.

Brown H, Speechley K, Macnab J, Natale R, Campbell M. Bio-
logical determinants of spontaneous late preterm and early term
birth: a retrospective cohort study. BJOG. 2015;122:491-9.
Gunay F, Alpay H, Gokce I, Bilgen H. Is late-preterm birth a risk
factor for hypertension in childhood? Eur J Pediatr.
2014;173:751-6.

Heinonen K, Eriksson JG, Lahti J, Kajantie E, Pesonen A-K,
Tuovinen S, et al. Late preterm birth and neurocognitive perfor-
mance in late adulthood: a birth cohort study. Pediatrics.
2015;135:e818-e825.

Villar J, Cheikh Ismail L, Victora CG, Ohuma EO, Bertino E,
Altman DG, et al. International standards for newborn weight,
length, and head circumference by gestational age and sex: the
Newborn Cross-Sectional Study of the INTERGROWTH-21st
Project. Lancet. 2014;384:857—68.

Australasian Society for Ultrasound in Medicine. Guidelines for
the mid trimester obstetric scan (D2); 2007. http://www.asum.
com.au/site/policies.php.

Australasian Society for Ultrasound in Medicine. Statement on
normal ultrasonic fetal measurements (D7); 2007. http://www.
asum.com.au/site/policies.php.

Farquhar C. Seventh annual report of the Perinatal and Maternal
Mortality Review Committee: Reporting mortality, 2011. Well-
ington: Health Quality and Safety Commission; 2013.

Ministry of Health. Ethnicity data protocols for the health and
disability sector; 2004. http://www.nzhis.govt.nz/documentation/
ethnicity/index.html.


http://www.asum.com.au/site/policies.php
http://www.asum.com.au/site/policies.php
http://www.asum.com.au/site/policies.php
http://www.asum.com.au/site/policies.php
http://www.nzhis.govt.nz/documentation/ethnicity/index.html
http://www.nzhis.govt.nz/documentation/ethnicity/index.html

Neonatal morbidity and small and large size for gestation: a comparison of birthweight centiles

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Villar J, Ismail LC, Victora CG, Ohuma EO, Bertino E, Altman
DG, et al. International standards for newborn weight, length, and
head circumference by gestational age and sex: the Newborn
Cross-Sectional Study of the INTERGROWTH-21st Project.
Lancet. 2014;384:857-68.

Gardosi J, Mongelli M, Wilcox M, Chang A. An adjustable fetal
weight standard. Ultrasound Obstet Gynecol. 1995;6:168-74.
Anderson N, Sadler L, Stewart A, McCowan L. Maternal and
pathological pregnancy characteristics in customised birthweight
centiles and identification of at-risk small-for-gestational-age
infants: a retrospective cohort study. BJOG. 2012;119:848-56.
Engle WA. Age terminology during the perinatal period. Pedia-
trics. 2004;114:1362-4.

Gluckman PD, Pinal CS. Maternal-placental-fetal interactions in
the endocrine regulation of fetal growth. Endocrine.
2002;19:81-89.

Bassett N, Oliver M, Breier B, Gluckman P. The effect of
maternal starvation on plasma insulin-like growth factor I con-
centrations in the late gestation ovine fetus. Pediatr Res.
1990;27:401-4.

Brosens I, Dixon H, Robertson W. Fetal growth retardation and
the arteries of the placental bed. BJOG. 1977;84:656-63.

Salafia CM, Minior VK, Pezzullo JC, Popek EJ, Rosenkrantz TS,
Vintzileos AM. Intrauterine growth restriction in infants of less
than thirty-two weeks’ gestation: associated placental pathologic
features. Am J Obstet Gynecol. 1995;173:1049-57.

Salafia C, Pezzullo J, Ghidini A, Lopez-Zeno J, Whittington S.
Clinical correlations of patterns of placental pathology in preterm
pre-eclampsia. Placenta. 1998;19:67-72.

Dekker G, De Vries J, Doelitzsch P, Huijgens P, Von Blomberg
B, Jakobs C, et al. Underlying disorders associated with severe
early-onset  preeclampsia. Am J  Obstet  Gynecol.
1995;173:1042-8.

Lorentzen B, Henriksen T. Plasma lipids and vascular dysfunction
in preeclampsia. Semin Reprod Med. 1998;16:33-39.

Kaaja R. Insulin resistance syndrome in preeclampsia. Semin
Reprod Endocrinol. 1998;16:41-46.

Lackman F, Capewell V, Richardson B, Gagnon R. The risks of
spontaneous preterm delivery and perinatal mortality in relation to
size at birth according to fetal versus neonatal growth standards.
Am J Obstet Gynecol. 2001;184:946-53.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

Walton A, Hammond J. The maternal effects on growth and
conformation in shire horse-shetland pony crosses. Proc R Soc
Lond B Biol Sci. 1938;125:311-35.

Fowden AL, Ward JW, Wooding F, Forhead AJ, Constancia M.
Programming placental nutrient transport capacity. J Physiol.
2006;572:5-15.

Allen W, Wilsher S, Turnbull C, Stewart F, Ousey J, Rossdale P,
et al. Influence of maternal size on placental, fetal and postnatal
growth in the horse. I. Development in utero. Reproduction.
2002;123:445-53.

Gluckman PD, Hanson MA. Maternal constraint of fetal growth
and its consequences. Semin Fetal Neonatal Med. 2004;9:419-25.
Kramer MS. Determinants of low birth weight: methodological
assessment and meta-analysis. Bull World Health Organ.
1987;65:663-737.

Gardosi J, Clausson B, Francis A. The value of customised cen-
tiles in assessing perinatal mortality risk associated with parity and
maternal size. BJOG. 2009;116:1356-63.

Lawlor D, Fraser A, Lindsay R, Ness A, Dabelea D, Catalano P,
et al. Association of existing diabetes, gestational diabetes and
glycosuria in pregnancy with macrosomia and offspring body
mass index, waist and fat mass in later childhood: findings from a
prospective pregnancy cohort. Diabetologia. 2010;53:89-97.
Logan KM, Gale C, Hyde MJ, Santhakumaran S, Modi N. Dia-
betes in pregnancy and infant adiposity: systematic review and
meta-analysis. Arch Dis Child Fetal Neonatal Ed. 2017;102:
F65-F72.

Donnelley E, Raynes-Greenow C, Turner R, Carberry A, Jeffery
H. Antenatal predictors and body composition of large-for-
gestational-age newborns: perinatal health outcomes. J Perinatol.
2014;34:698.

Ananth CV, Vintzileos AM. Maternal-fetal conditions necessi-
tating a medical intervention resulting in preterm birth. Am J
Obstet Gynecol. 2006;195:1557-63.

Villar J, Ohuma E, Stirnemann J, Papageorghiou A, Kennedy S.
Clarification of INTERGROWTH-21st newborn birthweight
standards—Authors’ reply. Lancet. 2018;391:1996.

Robinson A, Winckworth LC, Eleftheriou G, Hewitson R, Holme
H. Prospective evaluation of the Whitt Neonatal Trigger Score in
an ‘at-risk’ neonatal population. J Paediatr Child Health.
2017;53:950-6.

SPRINGER NATURE



	Neonatal morbidity and small and large size for gestation: a�comparison of birthweight centiles
	Abstract
	Introduction
	Subjects and methods
	Study population
	Statistical analysis

	Results
	SGA rates and neonatal morbidity
	LGA rates and neonatal morbidity
	Overall performance of weight centiles

	Discussion
	Conclusion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




