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Abstract

Background

Birthweight centiles beyond the traditional thresholds for small or large babies are associ-
ated with adverse perinatal outcomes but there is a paucity of data about the relationship
between birthweight centiles and childhood development among children born from 37
weeks of gestation. This study aims to establish the association between birthweight cen-
tiles across the whole distribution and early childhood development among children born
from 37 weeks of gestation.

Methods and findings

This is a population-based cohort study of 686,284 singleton infants born from 37 weeks of
gestation. The cohort was generated by linking pregnancy and delivery data from the Scot-
tish Morbidity Records (2003 to 2015) and the child developmental assessment at age 2 to
3.5 years. The main outcomes were child’s fine motor, gross motor, communication, and
social developmental concerns measured with the Ages and Stages Questionnaires—3
(ASQ-3) and Ages and Stages Questionnaire: Social & Emotional—2 (ASQ:SE-2), and for a
subset of children with additional specialist tools such as the Modified Checklist for Autism
in Toddlers (M-CHAT) if the ASQ3/SE indicate these are necessary. The ASQ score for
each domain was categorised as “concern” and “no concern.”

We used multivariate cubic regression splines to model the associations between birth-
weight centiles and early childhood developmental concerns. We used multivariate Poisson
regression models, with cluster robust errors, to estimate the relative risks (RRs) of develop-
mental concerns below and above the established thresholds. We adjusted for maternal
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age, early pregnancy body mass index (BMI), parity, year of delivery, gestational age at
delivery, smoking history, substance misuse in pregnancy, alcohol intake, ethnicity, residen-
tial area deprivation index, maternal clinical conditions in pregnancy (such as diabetes and
pre-eclampsia), induction of labour, and child’s sex.

Babies born from 37 weeks of gestation with birthweight below the 25th centile, com-
pared to those between the 25th and 74th centile, were at higher risk of developmental con-
cerns. Those born between the 10th and 24th centile had an RR of 1.07 (95% CI: 1.03 to
1.12, p<0.001), between the 3rd and 9th centile had an RR: 1.18 (95% Cl: 1.12t0 1.25, p<
0.001), and <3rd centile had an RR of 1.37 (95% CI: 1.24 to 1.50, p < 0.001). There was no
substantial increase in the risk of early childhood developmental concerns for larger birth-
weight categories of 75th to 89th (RR: 1.01; 95% ClI: 0.97 to 1.05; p = 0.56), 90th to 96th
(RR: 0.99; 95% CI: 0.94 to 1.05; p=0.86), and >97th centiles (RR: 1.04; 95% CI: 0.97 to
1.12; p=0.27), referent to birthweight between 25th and 74th centile.

The percentage of developmental concerns attributable to birthweight between the 10th
and 24th centile was more than that of birthweight <3rd centile (p = 0.023) because this
group includes more of the population. Approximately 2.50% (95% CI: 1.26 to 3.61) of social
skills concerns and 3.00% (95% ClI: 1.33 to 4.67) of fine motor developmental concerns
were attributable to birthweight between the 10th and 24th centile compared to 0.90% (95%
Cl: 0.4810 1.26) and 2.30% (95% ClI: 1.73 to 2.67) respectively for birthweight <3rd centile.
We acknowledge the limitation of ASQ as a screening tool, the subjective nature of develop-
mental assessments (particularly for speech) among young children, and inability to control
for early childhood illness and upbringing factors may have an impact on our findings.

Conclusions

We observed that from 37 weeks of gestation birthweight below the 25th centile was associ-
ated with child developmental concerns, with an association apparent at higher centiles
above the conventional threshold defining small for gestational age (SGA, 3rd or 10th cen-
tile). Mild to moderate SGA is an unrecognised potentially important contributor to the preva-
lence of developmental concerns. Closer surveillance, appropriate parental counselling,
and increased support during childhood may reduce the risks associated with lower birth-
weight centiles.

Author summary

Why was this study done?

« Existing studies investigating the association between birthweight centiles and child-
hood developmental concerns have focused mainly either on preterm babies or use
established birthweight thresholds.

o We know little on how distribution of birthweights, across its entire range, associate
with early childhood developmental concerns among infants born from 37 weeks of
gestation.
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What did the researchers do and find?

o We analysed routinely collected maternity and delivery records of 686,284 singleton
infants born from 37 weeks of gestation in Scotland between 2003 and 2015.

« Among these infants, we found that the association of birthweight with early childhood
developmental concerns was apparent at higher centiles than the conventional threshold
defining small for gestational age (< 10th centile).

o More babies with birthweight between the 10th and 24th centile account for the burden
of developmental concerns than those with birthweight <10th centile because this
group includes more of the population.

What do these findings mean?

« Although it is mostly unrecognised, mild to moderate small for gestational age (SGA)
may be a key contributor to the burden of developmental concerns.

« Babies who had mild to moderate SGA may need closer monitoring and increased sup-
port in early childhood to reduce the risk of developmental concerns.

Introduction

Low and high extremes of birthweight have been associated with adverse pregnancy and neo-
natal health outcomes, mortality, general wellbeing, and development [1]; however, there is
sparse data regarding the shape and magnitude of the relationship between the distribution of
birthweight centiles and subsequent childhood development. Available studies have mostly
focused on prematurity [2,3] showing that preterm infants (<37 weeks’ gestational age) have
delayed motor, social, and language development compared to their counterparts born at term
(37 to 41 weeks) [4,5], and that low birthweight (LBW), defined as under 2,500 g (at any gesta-
tion) is a risk factor for developmental concerns [6]. A small number of studies have suggested
that birthweight, even within the normal range, could be associated with adverse developmen-
tal and language outcomes [7,8]. However, these studies included both preterm and term
births and did not explore how much of these associations were driven by gestational age or
delivery events rather than birthweight centile.

Birthweights <10th percentile and >90th percentile or birthweight outside 2 standard devi-
ations of the mean have mostly been used in clinical practice and research [1,9] for defining
small and large for gestational age babies (SGA, LGA), respectively. Some studies, using these
conventional thresholds for birthweight centiles, have examined the relationship between size
at birth and neurodevelopment [10,11]. We have previously shown that thresholds used to
define at risk birthweight should be derived from research that explores the whole birthweight
distribution to ascertain group(s) at greatest risk and in relation to adverse perinatal outcomes
found that the risk increases substantially below the 25th centile and above the 85th centile
[12]. It is unknown whether the same associations are observed with subsequent childhood
development. The aim of the study is to determine, in a large and contemporary population,
how birthweight from 37 weeks of gestation, across its range, is associated with the main
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domains of childhood development at age 2 to 3.5 years. This could provide a means of early
identification of infants at risk of developmental difficulties to enable early interventions and
support that could ensure the child attains his or her optimal learning potential.

Methods
Study design and population

This study linked individual-level data from 5 Scotland-wide health databases: Scottish Mor-
bidity Record 02 (SMRO02), the Scottish Birth Record (SBR), the National Records for Scotland
(NRS) death certificates, the Scottish Care Information Diabetes Collaboration (SCI-DC), and
the Child Health Surveillance System Programme Pre-School (CHSP-PS), held by the Infor-
mation Services Division of the National Health Service, Scotland. The Public Benefit and Pri-
vacy Panel for Health and Social Care of NHS Scotland gave approval to access and link the
datasets for the purpose of the study and waived the requirement for individual consent
(eDRIS_1617-0330). We did not request additional approval from an ethics committee. There
was no prespecified analysis plan for the study. The study analyses were planned after data
access and quality control checks, with input and agreement of the coauthors. The study is
reported as per Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines.

The study population was comprised of all singleton offspring who were delivered in Scot-
tish maternity hospitals between 1 January 2003 and 31 December 2015 and had a child health
assessment between the ages of 2 and 3.5 years. In total, 35 maternity hospitals were included,
representing all possible maternity hospitals in Scotland at that time. The timing of child health
assessment changed during the period of study, and child health datasets at 39 to 42 months
(assessed approximately 1995 to 2007), 22 to 24 months (assessed approximately 1996 to
2007), 24 months (assessed approximately 2007 to 2014), and 27 to 30 months (assessed
approximately 2013 onwards) were combined. The end date of deliveries for the birth cohort
reflects the most recent data with available and complete child health follow-up at the time of
data extraction.

All individuals registered with general practitioners in Scotland are allocated a unique iden-
tifier—the Community Health Index (CHI)—used for health care purposes and recorded in
health databases. The CHI allows linkage of different databases at individual level using exact
matching [13]. This enabled child health assessments to be linked with the maternity record in
the SMRO2 database via statutory birth registration information containing child and maternal
CHI. The linked datasets provided comprehensive demographic and clinical information on
births at Scottish maternity hospitals and subsequent child development. Further details on
the datasets, the quality assurance procedures, and how to access data are available from the
Public Health Scotland (www.publichealthscotland.scot).

We restricted the main analyses to singleton livebirths, delivered between and including the
gestational ages of 37 weeks and 0 days (37%°) and 43 weeks and 6 days (43"°) during the study
period. We considered that in practice, due to multiple factors including uncertainty about
gestational age and maternal requests, few deliveries occur between 427° and 43*°. We
excluded infants with known congenital anomaly, defined as infants with structural or genetic
defects using ICD 10 codes Q00-Q99.

Outcome

The primary outcomes of interest were the presence or absence of childhood developmental
domains—fine motor, gross motor, communication, and social skills, captured in the child
health databases from the health assessments carried out between the ages of 2 and 3.5 years.
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We did not consider the problem-solving domain as it was not captured in the child health sur-
veys until recently. The universal child health reviews are a core element of the Child Health
Programme in Scotland, and all assessments are routinely undertaken by trained health visi-
tors using standardised methodology. Trained health visitors assessed childhood development
in fine motor, gross motor, communication, and social skills domains. In assessing develop-
ment, there is a structured discussion with parents to assess the extent to which children are
attaining expected milestones and to elicit any concerns, then, the health visitor carefully
observes/examines the children for presence of key skills, using developmental screening tool
—the Ages and Stages Questionnaire (ASQ-3) [14-16]. When considered necessary, the health
visitor supplements ASQ-3 with the Ages and Stages Questionnaire: Social & Emotional (ASQ:
SE-2) or other more specialist tools such as the Modified Checklist for Autism in Toddlers
(M-CHAT) [15-17]. The age of the child, corrected for gestational age at birth, was used for
all assessments. At the end of a child health review, the health visitor uses the relevant Child
Health Surveillance Programme-Preschool (CHSP-PS) review form to record their overall
assessment of development in each domain as either “no concern” or “concern.” The categori-
sation of assessment result for each domain is determined by overall responses—including the
opportunity to observe or examine for key skills, and the ASQ score cutoft for respective
domain [18]. The childhood development data from CHSP-PS have been previously validated
and has approximately 80% to 87% meaningful information recorded for all domains [19,20].

Exposure

The main exposure was population birthweight centiles (standardised for sex and gestational
age). Gestational age was defined in completed weeks based on earliest ultrasound estimation
in the first half of pregnancy undertaken on more than 95% of women in the United Kingdom
since the 1990s [21]. The centiles were calculated from distribution of birthweights in the
study population. The population birthweight centile has been previously validated [12].

Covariates

We considered that maternal age, early pregnancy body mass index (BMI), parity, year of
delivery, gestational age at delivery, smoking history, substance misuse in pregnancy, alcohol
intake, ethnicity, residential area deprivation index, diabetes in pregnancy, pre-eclampsia,
maternal infections during pregnancy (including viral hepatitis, HIV/AIDS and other sexually
transmitted infections (STIs), and tuberculosis), history of previous stillbirth or spontaneous
miscarriage, induction of labour, and child’s sex could confound the relationship between
birthweight and child developmental outcomes, on the basis that they plausibly influence
birthweight, and child motor and cognitive development. Maternal diabetic status was ascer-
tained from ICD 10 codes (0244, 0249, E10-14, 0240-1, 0243) recorded in the SMRO02 data-
base and the SCI-DC diabetes register, as were pre-eclampsia/eclampsia (0140-2, 0149,
0150-1, 011, O11X) and maternal infections (0980-9). The Scottish Index of Multiple Depri-
vation (SIMD) was used as a measure of socioeconomic status. The SIMD of an area of resi-
dence is derived from data across 7 domains: income, employment, education, health, access
to services, crime, and housing and was categorised into tenths of the distribution, with the
lowest decile representing that the woman lives in one of the most deprived areas of Scotland
[22]. Ethnicity was recoded as “white,” “black,” “Asian,” “mixed and other,” as defined by the
Scottish Government for census purposes [23]. Ethnicity has previously been shown to be
independently associated with adverse perinatal outcomes [24]. We considered ethnicity since
it could influence birthweight and childhood development (e.g., through language barriers
and access to services).
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All variables were examined for data entry errors, guided by medical and biological plausi-
bility. Where possible, related variables were used to cross check any entries that were outside
the plausible range and if these were deemed to be valid, they were retained. The remaining
questionable data were converted to “missing” (S1 Table provides details of the plausible
ranges/categorisation for all variables).

Statistical analyses

We used multivariate cubic regression splines to model the associations between birthweight
centiles and each child developmental outcome, using the mvrs command in Stata. The mvrs
selects the regression spline model that best predicts the outcome variable from one or more
independent variables, at least one of which should be continuous. The programs use basis
functions for regression splines to automatically determine the position of knots for the equally
spaced birthweight centiles [25]. In these analyses, we selected the position of the knots in the
spline model as being where the association between birthweight centile and child develop-
mental outcomes changed in direction or magnitude. With the identification of the knots, we
used multivariate Poisson regression models to estimate the relative risks of developmental
concerns below and above the chosen knots, referent to birthweight centiles between the
thresholds. We used cluster robust errors in these models to account for the fact that we were
analysing data for children and some women will have had more than one child over the study
period. We anticipated that the cubic spline modelling might not identify knots at the thresh-
olds used currently in clinical practice to define SGA (<10th centile and <3rd centile) and
LGA age (>90th centile and >97th) babies. Therefore, a priori we decided to estimate the rela-
tive risks of developmental concerns using birthweight centile categories of <3rd, >3rd to
<10th, 90th to 96th and >97th and compare with the results driven by the cubic spline knots.

We estimated the population attributable fraction (PAF) of developmental concerns for the
birthweight categories. PAF is the estimated fraction of all cases that would not have occurred
if the infants in the birthweight centile of interest (exposure) had a birthweight between 25th
and 74th centile (referent category), calculated as PAF = p.(1-1/RR), where p. is the prevalence
of exposure among cases (i.e., children with developmental concerns), and RR is the adjusted
relative risk for the birthweight centile of interest [26,27]. All analyses were performed using
Stata (version 16, StataCorp LP, College Station, Texas, United States of America). The level of
statistical significance was set at 0.05, using a 2-sided alternative hypothesis.

Supplementary analyses

Mode of delivery, use of analgesia/anaesthesia in labour, Apgar score <7 at 5 minutes, and
neonatal unit (NNU) admission have previously been associated with childhood development
[28,29]. Since birthweight could influence the choice of delivery method, use of analgesia/
anaesthesia in labour, Apgar score, and neonatal admission, which in turn could account for
variation in the dependent variable (i.e., developmental outcomes), we explored the potential
mediation by including these variables in the model after adjusting for confounders [30].
Mode of delivery was a categorical variable, recorded as “spontaneous cephalic,” “instrumental
cephalic,” “assisted vaginal breech,” “elective cesarean section,” and “emergency cesarean sec-
tion” deliveries. Analgesia/anaesthesia in labour was recorded as “none,” “opiates,” “gas and
air only,” “spinal (including combined anaesthesia),” and “general anaesthesia.” Apgar score
<7 at 5 minutes and NNU admission were coded as “No” and “Yes.”

To explore whether the magnitude of the associations was different among the whole birth
population (inclusive of preterm births), we performed supplementary analysis for gestational
ages 28 to 43 weeks. Based on peer reviewers’ comments, we conducted additional analyses
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restricting analyses to babies born between 37"° and 41*° weeks, controlling for child’s age at
developmental assessment, assessing the relationship between absolute birthweight in kilo-
grams and developmental concerns (using categories <2.5 kg and >4.0 kg, referent to 2.5 to
4.0 kg, and categories <2.5 kg, between 2.5 and 3.0 kg and >4.0 kg, referent to 3.0 to 4.0 kg),
and checking for any differences in associations with developmental concerns within the 25th
to 74th percentile range (using the categories 25th to 34th, 35th to 44th, 55th to 64th, 65th to
74th, referent to 45th to 54th birthweight centile). These additional analyses were considered
to examine the associations between birthweight centiles and early childhood development in
a typical term population (37" and 41*° weeks), whether the timing of developmental assess-
ments influence the observed associations, whether the associations differ using absolute birth-
weight compared to using birthweight centiles, and if there were differences in the association
of birthweight centiles with various outcome domains within the referent group (25th to 74th
centile).

Missing data

The extent of missingness among variables varied, ranging from 0% (maternal age, gestational
age, child sex, and birthweight) to 57% (for outcome variables). We examined differences in
distributions of variables between children with and without missing outcomes and whether
the missingness of outcome variables is predicted by child’s birthweight, gestational age at
birth, or year of birth. Multiple imputation by chained equations (MICE) was used to predict
missing data for covariates and outcomes with missing >0% [31]. All variables included in any
of the analysis models, including birthweight and the outcomes, were used to predict the distri-
bution of each missing value. We generated 20 imputed datasets with 10 iterations for each
imputation [32]. We present results for the imputed datasets (MI) involving all babies born
from 37 weeks of gestation (N = 686,284) in supplementary analyses. MI analyses assume that
data are missing at random (i.e., that missingness is only influenced by observed variables
included in our imputation model) [33]. On the other hand, complete case analyses assumes
that missingness would not influence an outcome conditional on the main exposure and co-
variables that are adjusted for in each analysis [33].

Results

A total of 759,641 deliveries occurred between 1 January 2003 and 31 December 2015. After
applying prespecified exclusions, there were 686,284 singleton infants born from 37 weeks of
gestation and 40,717 singleton preterm births (<37 weeks of gestation). Of the infants born
from 37 weeks of gestation, 14,571 (2.12%) had birthweight <2.5 kg, 576,019 (83.93%) between
2.5 and 4.0 kg, and 95,694 (13.94%) with birthweight >4.0 kg. The distribution of birthweight
percentiles of the infants and corresponding birthweight in grams is summarised in S2 Table.

A total of 295,200 (43.00%) of those born from 37 weeks of gestation completed child devel-
opmental assessments at age 2 to 3.5 years (Fig 1). Of these, 93,873 (31.80%) had developmen-
tal assessment at approximately 22 to 24 months, 180,700 (61.21%) at 27 to 30 months and
20,627 (6.99%) at 39 to 42 months. A total of 41,877 (14.19%) had concerns recorded in at least
1 domain: 7,033 (2.38%) had fine motor concern, 5,957 (2.02%) gross motor concern, 36,550
(12.38%) communication concern, and 10,865 (3.68%) social skills concern.

A summary of variable missingness is shown in S3 Table, and the distributions of variables
among children with and without missing outcomes are presented in S4 Table. Births in the

earliest years of our analysis cohort (2003 to 2007) were more likely to have missing outcomes
(S5 Table).
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Linked deliveries
(2003-2015)

759,641 Excluded
Multiple births (22,521)

Stillbirths & Infants deaths (689)
Gestational age <28*° (1,500)
Gestational age >43*6 weeks (1,239)
Congenital anomaly (5,935)
Unresolved data entry error (755)

727,002 ]
Singleton live births J

between 28,4 43

v

686,284 727,002
Singleton live births Singleton live births
(37*%043* weeks) (280 43 weeks)

Missing outcome
variables (391,084)

Complete follow-up data

295,200

Fig 1. Eligible cohort and analysis sample flow chart.
https://doi.org/10.1371/journal.pmed.1004108.9001

The characteristics of the study population by developmental concern are presented in
Table 1. Early childhood developmental concerns were commoner among boys, children
delivered following induction of labour with Apgar score <7 at 5 minutes, admitted to NNU,
who had multiparous mothers, with a maternal history of smoking or substance misuse during
pregnancy, and who lived in more deprived conditions.

Fig 2 shows the shape of the relationships between birthweight and the developmental
outcomes.

Reverse ] shaped curves were observed for fine and gross motor developmental concerns
and hockey stick shape for communication and social skills developmental concerns. On visual
inspection, there was a steep negative linear association up to 25th centile for all outcomes and
a less steep positive linear association above 75% centile for communication and social skills
developmental concerns.

The proportion of children by birthweight centiles with developmental concern in each
domain is summarised in S6 Table. Table 2 shows higher relative risk of developmental con-
cerns for birthweight categories below the 25th centile. Children with birthweight <3rd centile
had approximately 40% higher risk of developmental concern (RR: 1.37; 95% CI: 1.28 to 1.47;
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Table 1. Basic maternal and child characteristics of infants with complete follow-up data by developmental concern.

Variable Frequency, n Developmental concern
No Yes
Maternal age (years) 295,200 28.94 + 6.02 27.88 +6.13
Maternal BMI (kg/mz) 225,358 26.05 £ 5.58 26.78 £ 6.15
Parity 292,968
Nulliparous 113,746 (45.26) 16,625 (39.94)
Multiparous 137,592 (54.74) 25,005 (60.06)
Year of birth 295,200
2003-2007 64,918 (25.63) 9,749 (23.28)
2008-2011 67,336 (26.58) 12,087 (28.86)
2012-2015 121,069 (47.79) 20,041 (47.86)
Gestational age (weeks) 295,200
37" to 38%¢ 45,478 (17.95) 9,071 (21.66)
39*0 to 40™° 141,805 (55.98) 23,151 (55.28)
41* to 417 59,226 (23.38) 8,683 (20.73)
42*° t0 43" 6,814 (2.69) 972 (2.32)
Smoking history 281,761
Never smoked 160,107 (66.16) 22,570 (56.75)
Former smoker 28,110 (11.62) 4,453 (11.2)
Current smoker 53,772 (22.22) 12,749 (32.06)
Substance misuse in pregnancy 191,622
No 161,008 (97.86) 26,061 (96.21)
Yes 3,526 (2.14) 1,027 (3.79)
Weekly alcohol intake 190,185
None 153,411 (93.85) 25,308 (94.72)
1-2 units 3,248 (1.99) 407 (1.52)
>3 units 6,808 (4.16) 1,003 (3.75)
SIMD Decile 294,839
1 36,496 (14.42) 8,587 (20.53)
2 32,056 (12.67) 6,647 (15.89)
3 27,608 (10.91) 5,475 (13.09)
4 25,615 (10.12) 4,534 (10.84)
5 24,329 (9.62) 3,959 (9.47)
6 22,012 (8.7) 3,132 (7.49)
7 22,137 (8.75) 2,964 (7.09)
8 21,830 (8.63) 2,572 (6.15)
9 21,543 (8.51) 2,204 (5.27)
10 19,389 (7.66) 1,750 (4.18)
Induction of labour 293,370
No 184,742 (73.39) 30,114 (72.29)
Yes 66,969 (26.61) 11,545 (27.71)
Child’s sex 295,200
Male 122,331 (48.29) 28,513 (68.09)
Female 130,992 (51.71) 13,364 (31.91)
Apgar score (5 minutes) 292,949
7-10 248,757 (98.93) 40,814 (98.35)
<7 2,692 (1.07) 686 (1.65)
Birthweight centiles 295,200
(Continued)
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Table 1. (Continued)

Variable Frequency, n Developmental concern
No Yes

<3rd 4,268 (1.68) 1,131 (2.70)
3rd-9th 16,171 (6.38) 3,346 (7.99)
10th-24th 36,550 (14.43) 6,686 (15.97)
25th-74th 127,635 (50.38) 20,154 (48.13)
75th-89th 39,263 (15.50) 6,052 (14.45)
90th-96th 18,539 (7.32) 2,798 (6.68)
>97th 10,897 (4.30) 1,710 (4.08)
NNU admission 290,682

Not admitted 237,117 (95.05) 38,206 (92.81)
Admitted (up to 48 hours) 7,178 (2.88) 1,409 (3.42)
Admitted (beyond 48 hours) 5,169 (2.07) 1,549 (3.76)

n (%)-percentage presented in columns.
BMI, body mass index; NNU, neonatal unit; SIMD, Scottish Index of Multiple Deprivation.

https://doi.org/10.1371/journal.pmed.1004108.t001

p < 0.01) referent to birthweight between the 25th and 74th centiles, for complete case analy-
sis. In particular, their risk of fine and gross motor concerns was double the risk among chil-
dren in the referent birthweight category (25th to 74th centile). Those with birthweights
between the 3rd and 9th centiles had more than 40% risk of fine motor (RR: 1.43; 95% CI: 1.24
to 1.65; p < 0.01) and gross motor (RR: 1.41; 95% CI: 1.21 to 1.64, p < 0.01) concerns, and
30% (RR: 1.31;95% CI: 1.18 to 1.46; p < 0.01) risk of social skills concern, while children with
birthweights between the 10th and 24th centiles had 21% (RR: 1.21; 95% CI: 1.08 to 1.35;

p < 0.01) higher risk of fine motor concerns compared to the referent category (25th to 74th
centile). There was no substantial increase in the risk of early childhood development concerns
for larger birthweight categories of 75th to 89th (RR: 1.01; 95% CI: 0.97 to 1.05; p = 0.56), 90th
to 96th (RR: 0.99; 95% CI: 0.94 to 1.05; p = 0.86), and >97th centiles (RR: 1.04; 95% CI: 0.97 to
1.12; p = 0.27) after adjustment for confounders, compared to the referent group (25th to 74th
centile). The regression results for the imputed datasets were directionally similar with the
complete case analyses (S7 Table).

When potential mediators—mode of delivery, use of analgesia/anaesthesia in labour, Apgar
score at 5 minutes and NNU admission—were included in the regression model, there was a
marginal reduction in the magnitude of the associations between birthweight centiles and
developmental concerns (S8 Table). Adjustment for the child’s age at developmental assess-
ment did not alter the direction and magnitude of associations (S8 Table).

In additional analyses using thresholds of birthweight to define low birthweight (<2.5 kg)
and high birthweight (>>4.0 kg), referent to birthweight between 2.5 and 4.0 kg, we found
babies with birthweight <2.5 kg were at increased risk of developmental concerns (S9 Table).
With more granular categories of birthweight using <2.5 kg, between 2.5 to 3.0 kg (approxi-
mately corresponding to the population birthweight between the 10th and 24th centiles), and
>4.0 kg, referent to birthweight between 3.0 and 4.0 kg, there was similarity in direction of
associations of birthweight <2.5 kg and between 2.5 and 3.0 kg with developmental concerns.
However, the magnitude of associations was higher among children with birthweight <2.5 kg
(S10 Table). After adjusting for confounders, babies with birthweight between 2.5 and 3.0 kg
had 12% higher risk of developmental concerns (RR: 1.12; 95% CI: 1.08 to 1.17; p < 0.01) than
the referent category of birthweight between 3.0 and 4.0 kg.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004108 October 11, 2022 10/21


https://doi.org/10.1371/journal.pmed.1004108.t001
https://doi.org/10.1371/journal.pmed.1004108

PLOS MEDICINE Birthweight centiles of infants born from 37 weeks of gestation and early childhood development

A. B.
] b T
-
£2 2 £@ | EE
Ev \ -
2 - e
234 \ 29 ] -
= \ o
=3 3 =4
=3 : 8
o~ ~
™ o ] Ly o
e @ - <
8 &
e Py
=k 8 £
3 8 o
e —_—
§co_ R Q@ - .
) 8@
_§ 15 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100 § e o e e
S © Contiles of Birthweight S «© 15 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
€ E Centiles of Birthweight
o @«
R=po B ]
g o
&}
o~ et o
T T T T 1T T 1 1 T T T T T T T T T T T 1T
1 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

: 55 60 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Centiles of Birthweight Centiles of Birthweight

1.8
8

1.6

16

14
L
14

1.2
1.2

8

\

15 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Centiles of Birthweight

o N\

6
6
1

4
I

Communication concern per 1000 livebirth
1.0
!
4
L

Social skills concern per 1000 livebirth
1.0
!

T3 10 15 20 25 % 35 40 45 50 55 60 65 70 75 80 85 90 95 100
‘Contios of Brthwoight

2
1
2

1 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 1 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Centiles of Birthweight Centiles of Birthweight

1.8

16

14

1.2

8
1

6
1

4
1

Any developmental concern per 1000 livebirth
1.0

2
1

15 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Centies of Birthweight

1 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Centiles of Birthweight

Fig 2. Regression splines showing child developmental concerns relative to birthweight centiles. The bold lines represent the predicted occurrence of
developmental concerns, and the dotted lines represent the 95% confidence interval. (A) Restricted cubic spline showing predicted relationship between
birthweight centiles and fine motor concern. (B) Restricted cubic spline showing predicted relationship between birthweight centiles and gross motor
concern. (C) Restricted cubic spline showing predicted relationship between birthweight centiles and communication concern. (D) Restricted cubic spline
showing predicted relationship between birthweight centiles and social skills concern. (E) Restricted cubic spline showing predicted relationship between
birthweight centiles and any developmental concern.

https://doi.org/10.1371/journal.pmed.1004108.9002
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Table 2. Adjusted RR with 95% confidence intervals of developmental concerns at chosen birthweight centiles referent to the birthweight between 25th and 74th
centiles (for gestational age 37"° to 43*).

Birthweight Risk of any Risk for each domain
centile developmental concern Fine motor concern Gross motor concern Communication Social skills concern
concern

RR (95% CI) |pvalue| RR (95% CI) |pvalue| RR(95% CI) |pvalue| RR (95% CI) |pvalue| RR (95% CI) |p value
Unadjusted | 25th-74th

analysis$§ (ref)
<3rd 1.54 (1.46-1.62) | <0.001 | 2.68 (2.39-3.00) | <0.001 | 2.40 (2.11-2.73) | <0.001 | 1.52 (1.43-1.61) | <0.001 | 1.79 (1.61-2.00) | <0.001
3rd-9th 1.26 (1.22-1.30) | <0.001 | 1.64 (1.51-1.78) | <0.001 | 1.52 (1.39-1.66) | <0.001 | 1.26 (1.22-1.31) | <0.001 | 1.46 (1.36-1.56) | <0.001
10th-24th 1.13 (1.11-1.16) | <0.001 | 1.36 (1.28-1.45) | <0.001 | 1.30 (1.21-1.39) | <0.001 | 1.13 (1.09-1.16) | <0.001 | 1.25 (1.19-1.32) | <0.001

75th-89th 0.98 (0.95-1.01) | 0.128 | 0.93 (0.86-1.00) | 0.044 | 0.98 (0.91-1.06) | 0.614 | 0.99 (0.96-1.02) | 0.355 | 0.94 (0.89-1.00) | 0.047
90th-96th 0.96 (0.93-1.00) | 0.038 | 0.88 (0.79-0.98) | 0.015 | 0.93 (0.83-1.04) | 0.194 | 0.96 (0.93-1.00) | 0.064 | 0.93 (0.86-1.00) | 0.066

>97th 0.99 (0.95-1.04) 0.820 | 1.00 (0.89-1.13) 0.974 | 0.98 (0.85-1.12) 0.729 | 1.01 (0.96-1.06) 0.837 | 0.97 (0.88-1.07) 0.576
Adjusted 25th-74th
analysis¥ (ref)
<3rd 1.37 (1.24-1.50) | <0.001 | 2.05 (1.65-2.54) | <0.001 | 2.33 (1.87-2.90) | <0.001 | 1.34 (1.21-1.49) | <0.001 | 1.43 (1.19-1.72) | <0.001
3rd-9th 1.18 (1.12-1.25) | <0.001 | 1.43 (1.24-1.65) | <0.001 | 1.41 (1.21-1.64) | <0.001 | 1.18 (1.12-1.26) | <0.001 | 1.31 (1.18-1.46) | <0.001

) )
10th-24th 1.07 (1.03-1.12) | 0.001 | 1.21 (1.08-1.35) |  0.001 | 1.16 (1.03-1.31) | 0.012 | 1.07 (1.02-1.11) | 0.005 | 1.17 (1.08-1.27) | <0.001
75th-89th 1.01 (0.97-1.05) | 0.557 | 1.05 (0.94-1.18) |  0.364 | 1.02 (0.90-1.15) | 0.777 | 1.02 (0.97-1.06) | 0.497 | 1.08 (0.99-1.17) | 0.071
90th-96th 0.99 (0.94-1.05) | 0.862 | 1.00 (0.85-1.17) | 0.992 | 0.90 (0.76-1.07) | 0.220 | 1.00 (0.94-1.06) | 0.961 | 1.04 (0.93-1.17) | 0.505
>97th 1.04 (0.97-1.12) | 0.271 | 1.06 (0.88-1.29) |  0.533 | 1.13(0.93-1.37) | 0.208 | 1.05 (0.97-1.13) | 0.204 | 1.07 (0.92-1.24) |  0.390
$ Unadjusted, CCA, n = 295,200.
¥ Adjusted CCA, n = 118,325.
Analysis was adjusted for maternal age, BMI, parity, year of birth, gestational age at delivery, child’s sex, smoking, substance misuse in pregnancy, alcohol intake,
socioeconomic status, ethnicity, diabetes, pre-eclampsia, maternal infection during pregnancy, history of stillbirth and spontaneous abortion, and induction of labour.

BMI, body mass index; CCA, complete case analysis; RR, relative risk.

https://doi.org/10.1371/journal.pmed.1004108.t002

The proportion of children with developmental concerns and regression for babies born
between the gestational ages of 37*° to 417° is presented in S11 Table. The result of regression
analysis for these babies were similar to our main analysis using gestational ages 37" to 43*°
(S12 Table). In supplementary analysis involving all births (inclusive of preterm births), the
results of complete case analysis and imputed datasets were consistent with analyses involving
pregnancies from 37 weeks of gestation only (513 Table). There were no differences in associa-
tions with developmental concerns within the referent group, 25th to 74th percentile (S14
Table). The distribution of birthweights between the 25th and 74th centiles was not associated
with developmental concerns.

The percentage of developmental concerns attributable to birthweight between the 10th and
24th centile was more than that of birthweight <3rd centile (p = 0.023). Approximately 0.80%
(95% CI: 0.58 to 1.00) of developmental concerns in babies born from 37 weeks of gestation
were attributable to birthweight <3rd centile while 1.05% (95% CI: 0.47 to 1.71) were attribut-
able to birthweight between 10th and 24th centile, in adjusted analysis (Table 3). The burden of
communication concerns (p = 0.010) and social skills concerns (p < 0.001) were similarly
higher for birthweight between 10th and 24th centile than for birthweight <3rd centile. There
was no difference in the PAF of fine and gross motor concerns. At the other end of the birth-
weight range, the burden of developmental concerns associated with birthweight >75th centile
was less than 1%. In supplementary analysis involving all births (inclusive of preterm babies),
2.94% (1.43 to 4.16) of fine motor concerns, 1.73% (0.00 to 3.10) of gross motor concerns, and
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Table 3. PAFs of developmental concerns.

Birthweight PAF for any developmental PAF for each domain
centile concern Fine motor concern Gross motor Communication Social skills
concern concern concern

Unadjusted <3rd 1.05 (0.95 to 1.15) 2.76 (2.56 t0 2.93) | 2.33 (2.1t0 2.53) 1.03 (0.90 to 1.14) 1.32 (1.14 to 1.5)
analysis 3rd-9th 1.65 (1.44 to 1.85) 3.90 (3.38 t0 4.38) | 3.08 (2.53 to 3.58) 1.65 (1.44 to 1.89) 2.84 (2.38 t0 3.23)
10th-24th 1.84 (1.59 to 2.21) 476 (3.9410 5.59) | 3.92 (2.95 to 4.77) 1.84 (1.32 t0 2.21) 3.40 (2.71 to 4.12)
75th-89th -0.31 (-0.79 to 0.15) -0.98 (-2.12 to -0.29 (-1.38 to ~0.15 (—0.63 to 0.29) -0.89 (-1.73 to
0.00) 0.79) 0.00)
90th-96th -0.29 (-0.53 to 0.00) -0.82 (-1.59 to -0.45 (-1.23 to —0.29 (-0.53 to 0.00) —0.45 (-0.98 to
-0.12) 0.23) 0.00)
>97th —0.04 (-0.21 t0 0.15) 0.00 (=049 to 0.46) | —0.08 (=0.71 to 0.04 (—0.17 to 0.23) —0.12 (=0.55 to
0.43) 0.26)

Adjusted analysis¥ | <3rd

0.81 (0.58 to 1.00)

2.25 (1.73 to 2.67)

2.28 (1.86 to 2.62)

0.76 (0.52 to 0.99)

0.90 (0.48 to 1.26)

3rd-9th 1.22 (0.86 to 1.60) 3.01(1.94t03.94) | 2.62 (1.56t0 3.51) 1.22 (0.86 to 1.65) 2.13 (1.37 to 2.84)

10th-24th 1.05 (0.47 to 1.71) 3.12(1.33t04.67) | 2.34(0.50 to 4.02) 1.05 (0.31 to 1.59) 2.47 (1.26 to 3.61)

75th-89th 0.15 (~0.46 to 0.71) 0.62 (-0.83t0 1.98) |  0.27 (~1.56 to 0.29 (~0.46 to 0.85) 1.04 (-0.14 to
1.83) 2.03)

90th-96th —0.07 (~0.45 to 0.33) 0.00 (-1.06t0 0.87) | —0.67 (—1.89 to 0.00 (—0.45 to 0.4) 0.23 (-0.45 to
0.39) 0.87)

>97th 0.15 (=0.12 to 0.43) 0.23 (-0.55t00.90) |  0.46 (=0.30 to 0.19 (=0.12 to 0.46) 0.26 (-0.35 to
1.08) 0.77)

¥ Adjustment for maternal age, BMI, parity, year of birth, gestational age at delivery, child’s sex, smoking, substance misuse in pregnancy, alcohol intake, socioeconomic
status [deprivation index], ethnicity, diabetes, pre-eclampsia, maternal infection during pregnancy, history of stillbirth and spontaneous abortion, and induction of
labour, referent to birthweight between 25th and 74th centile.

Result presented as percent (95% CI).

BMI, body mass index; PAF, population attributable fraction.

https://doi.org/10.1371/journal.pmed.1004108.t003

1.53% (0.45 to 2.57) of social skills concerns were attributable to birthweight between 10th and
24th centile in babies born from 37 weeks of gestation, in adjusted analysis (S15 Table).

Discussion

We found that while the risk of developmental concerns was increased at birthweight less than
25th centile threshold compared to those between 25th and 74th centile thresholds, the risk is
not dichotomous but rather a continuum, with the magnitude increasing progressively as
birthweight centile falls below this threshold. Therefore, from individual child’s perspective,
the distance they fall below this threshold is important with respect to developmental monitor-
ing. Although the risk of developmental concerns increases as birthweight falls, the percentage
of developmental concerns attributable to birthweights between the 10th and 24th centile in
infants born from 37 weeks of gestation is higher because this group includes more of the pop-
ulation. Hence, from a population perspective preventing mild to moderate SGA from 37
weeks of gestation or reducing its effect would make a bigger impact than targeting only
extremes of birthweight.

The commonest method of summarising birthweight categories is by using thresholds of
absolute weight, usually <2,500 grams for low birthweight and >4,000 grams for high birth-
weight, or percentile, usually <10th or <3rd centile for SGA, and >90th or >97th centile for
LGA, which oversimplifies the relationship between birthweights and health or developmental
outcomes. As shown in this study and elsewhere [12,34], a nonlinear relationship exists
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between birthweight centiles as a continuous measure and short- to long-term birth outcomes.
Hence, in certain situations when birthweight centiles are dichotomised, critical information
about how birthweight centiles between the normative thresholds relates to the outcome of
interest could be missed.

The association of SGA, with motor, cognitive, and social developmental concerns at age 2
to 4 years, has been previously shown [10,11,35]. These studies categorised birthweight centile
using traditional thresholds (<10th centile) or included a heterogeneous group of term and
preterm babies and prematurity with its associated implications may have confounded the
relationship. We have shown that lower birthweight centiles from 37 weeks of gestation, even
within the accepted normal range, are associated with developmental concerns.

The association of LGA in term infants with neurodevelopmental concerns has been incon-
sistent [10,35-37]. Frank and colleagues [37], analysing 1,685 children, suggested that LGA,
defined as birthweight >90th percentile, are not at increased risk for poor verbal ability or exter-
nalizing behaviour problems at 4 to 5 years. We found in a substantially larger cohort of children
that birthweight >75th centile was not importantly associated with developmental concerns,
before and after adjustment for confounders in both complete case and imputed datasets.

The analysis examining potential mediation including mode of delivery, use of analgesia
and anaesthesia in labour, 5-minute Apgar score, and NNU admission, showed a marginal
attenuation in relative risks. However, the associations of low birthweight centiles with devel-
opmental concerns remained significant, suggesting that the relationship was not driven by
peripartum or immediate postpartum events. However, we acknowledge that we did not have
any information on childhood exposures, e.g., early growth trajectories, that may also have
mediated the associations. There is evidence to suggest that most SGA babies have caught up
growth by age 2 years with about 10 percent remaining small through adulthood [38-41]. The
first 2 years of life is a period with significant brain plasticity [42] and may provide opportunity
to improve neurodevelopment. Although an earlier trial involving term SGA failed to demon-
strate that faster weight gain confers neurodevelopmental benefits [43], more recent evidence
suggests there could be some benefits [38].

The strength of this study lies in its large sample size and contemporary cohort of births
over a 12-year period. The inclusion of all eligible deliveries minimises the risk of selection
bias and data quality control measures strengthen the veracity of our inferences. We acknowl-
edge that we were unable to control for parental factors, in particular parental education,
which could impact on childhood development, however, adjusting for smoking, deprivation
index, and substance misuse may capture some of the confounding due to these traits. The
main focus of our analyses was on singleton infants born from 37 weeks of gestation and we
acknowledge that exclusion of those born preterm and from multiple pregnancies may intro-
duce selection bias if any factors related to preterm or multiple-birth influence early childhood
development [44]. The consistency of our findings in the whole birth population, including
preterm babies, provides reassurance against substantial selection bias. We recognise that the
ASQ as a screening tool will over-diagnose developmental concerns when compared to more
formal, objective assessments such as the Bayley Scales of Infant Development [45]. We appre-
ciate that the subjective nature of the assessments and the difficulties assessing young children,
particularly for speech, may have contributed to the strength of the associations observed for
each parameter, however, training of health visitors and use of standardised methodology for
assessment reduce the subjectivity. We acknowledge that we cannot assume causality between
birthweight centiles and early childhood developmental concerns because there may be resid-
ual confounding factors, such as those relating to childhood illness and upbringing, for which
data were not available. Similarly, we may need to interpret the findings of the mediational
model with caution, especially because of the categorical nature of the selected mediators;
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however, our analysis reasonably satisfied other underpinning assumptions, i.e., that there be
no measurement error in the mediator and that the dependent variables do not cause the
mediator [30]. We recognised high missing data, especially in the earlier years of the birth
cohort (2003 to 2007), which a previous audit has suggested was due to failure of parents to
engage with the Child Health Surveillance Programme and loss of data along the data return
pathway [46]. The sensitivity analyses and similarity in findings from complete case and
imputed data analyses give additional reassurance that we could expect consistency in the find-
ings. We appreciate that we could not offer more information on other growth characteristics
that could differentiate constitutionally small from growth-restricted offspring. We anticipate
that the magnitude of the associations will be even larger for growth-restricted babies as the
effect will not be diluted by the number of the constitutionally small babies. We have not esti-
mated the disparity between estimated fetal weight (EFW) and birthweight; however, this dis-
parity has been summarised to be about 5% [47] that render our findings relevant when
counselling women with expected birthweight in the lower centiles.

Findings from our study reiterate the need for evaluation of the existing thresholds of birth-
weight centiles used clinically. Since birthweight is closely related to EFW, our study suggests
that EFW <25th centile might be used as a marker to identify fetuses at risk of long-term
adverse outcomes. Birthweight centile less than the 25th centile can be used by health care
workers (such as paediatricians, health visitors, and child health nurses) as additional risk
“flag” for early childhood developmental concerns and to highlight to parents children who
may need added monitoring and support to achieve their full developmental potential.
Though, we acknowledge that this would require appropriate intervention development and
testing in randomised control trials to establish public health and economic effect.

Key areas for future research should be using objective assessment tools, such as the Bayley
Scales, to examine the relationship between birthweight centiles and development among sin-
gleton infants born from 37 weeks of gestation and exploring the impact of birthweight centiles
on longer-term outcomes, such as school performance. In addition, balanced against any poten-
tial problems that could associated with earlier delivery, future research should explore whether
earlier delivery of babies from 37 weeks of gestation with mild to moderate SGA, above the tra-
ditional thresholds for smallness, would minimise the in-utero exposure to factors contributing
to the suboptimal growth and subsequently reduce impact on child’s development.

Our study showed a progressive increase in the risk of child developmental concerns from
birthweight <25th centile for babies born from 37 weeks of gestation. Our findings strengthen
the suggestion for reconsideration of the traditional birthweight thresholds used clinically and
suggest consideration of early childhood monitoring and support measures for infants born
from 37 weeks of gestation with lower birthweight centiles to potentially reduce the risk of
developmental concerns in childhood.
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