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Abstract
Background: The relationship between ultrasongraphically derived estimates of fetal
growth and educational attainment in the postnatal period is unknown. Results from previous studies focusing on cognitive ability, however, suggest there may be gestationspecific associations. Our objective was to model growth in fetal weight (EFW) and head
circumference (HC) and identify whether growth variation in different periods was related
to academic attainment in middle childhood.
Methods: Data come from the Born in Bradford (BiB) cohort study, which has performed
data linkage to both routine antenatal scans and national academic attainment tests at
age 6–7 years. Multilevel linear spline models were used to model EFW and HC. Random
effects from these were related to Key Stage 1 (KS1) results in reading, writing, mathematics, science and a composite of all four (age 6–7 years), using ordinal logistic and
logistic regression. Associations were adjusted for potential confounders, facilitated by
directed acyclic graphs. Missing covariate data were imputed using multiple imputation.
Results: In all, 6995 and 8438 children had complete KS1, and EFW and HC data, respectively. Positive associations were observed between both fetal weight in early pregnancy
(14 weeks) and EFW growth in mid-pregnancy (14-26 weeks) and the individual KS1 outcomes. Furthermore, after adjustment for previous size and confounders, a 1-z score
increase in growth in mid-pregnancy was associated with an 8% increased odds of
achieving the expected standard for all KS1 outcomes [odds ratio (OR): 1.08, 95% confidence interval (CI): 1.02; 1.13]. Similar results were observed for HC, with generally larger
effect sizes. Smaller associations were observed with growth in the early-third trimester,
with no associations observed with growth in the later-third trimester.
C The Author(s) 2018. Published by Oxford University Press on behalf of the International Epidemiological Association.
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Key Messages
• This longitudinal study found that fetal growth is associated with academic attainment in mid-childhood.
• Increased EFW and HC in early gestation and an increased growth of these in mid-gestation were associated with in-

creased odds of achieving a higher level of academic attainment at age 6-7 years.
• Smaller/no associations were observed between growth in later gestation and academic attainment.

Introduction
There is a large literature focusing on the relationship between size at birth (a proxy for fetal growth) and cognitive
outcomes in children,1–4 with studies generally reporting a
positive association between the two. Assessing fetal
growth using summary measures at the end of the intrauterine period however, not only masks the pattern of
growth that has occurred in fetal life, i.e. various growth
trajectories can ultimately result in the same birthweight,
but also lacks consideration of critical periods of growth
during gestation. For example, growth in early pregnancy,
during which rapid cell hyperplasia occurs, may be a more
critical period for later cognitive development as compared
with growth during later pregnancy, which may be
characterized by reduced velocity and cell hypertrophy.5
Fetal head growth (represented by head circumference),5,6
for example, is rapid in early gestation7 and it is well
recognized that the early fetal periods are vital in neural
development.8 There is mixed evidence regarding the association between directly observed estimates of fetal growth
(obtained via prenatal ultrasonography) and cognitive and
developmental outcomes (assessed using standardized cognitive tests) and it is unclear what, if any, period of gestation confers the greatest association.9–12
Although intelligence tests provide an index of global
cognitive ability, academic attainment is a more relevant
marker of a child’s functional outcomes13 Poor academic attainment in childhood has been associated with low educational attainment in adolescence14 and adulthood,15 with
implications for longer-term wealth16 and socioeconomic
status (SES).17 Research into the relationship between fetal

growth and academic attainment has also focused on weight
at birth, with some studies reporting positive associations in
childhood.18,19 However a recent instrumental variable
analysis using a number of single nucleotide polymorphisms
(SNPs; therefore not subject to confounding) determining
birthweight revealed no association with academic attainment in adolescence.20 There is, however, a paucity of research into the effects of ultrasonographically assessed
estimates of fetal growth on future academic attainment.
Understanding the effects of fetal growth on educational
outcomes may shed light on sensitive periods of fetal growth
in relation to long-term functional outcomes and the targeting of antenatal strategies to improve long-term outcomes.
We hypothesized that, in line with the studies which have
observed that early pregnancy may be a potential critical
period for later neurodevelopment,9,10 growth in earlier
gestation would have a greater association with childhood
educational outcomes than growth in later gestation.
Specifically, a greater rate of growth would be associated
with higher educational attainment. Our objective therefore
was to relate early fetal size and growth, measured using estimated fetal weight (EFW; representing growth of the
whole fetus) and head circumference (HC; representing fetal
brain growth), across different periods of gestation, to academic attainment routinely recorded in middle childhood as
part of the national curriculum in England.

Methods
Born in Bradford (BiB) is a longitudinal multi-ethnic
[largely bi-ethnic (White British and Pakistani-origin)]
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Conclusions: We observed consistent positive associations between fetal size and
growth in early and mid-gestation and academic attainment in childhood. The smaller
and null associations with growth in the early-third and later-third trimester, respectively,
suggests that early-mid gestation may be a sensitive period for future cognitive
development.
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Exposure: ultrasongraphically derived estimates
of fetal growth
The expected date of delivery (EDD) was based on the date
of the woman’s last menstrual period (LMP). The LMP
was used as a guide for the planning the dating scan, at
which the EDD and LMP-determined gestational age were
confirmed by ultrasound scan [median gestational age of
the dating scan in BiB was 11.7 weeks (IQR: 10.3–13.0)].
If there was a 2-week discrepancy between the LMP and
ultrasound-derived dates, dates based on the ultrasound
were used.
Estimated fetal weight (EFW) and HC were extracted
from sonographic notes, compiled as part of the NHS
screening programme23 and the BiB protocol. Fetal biometry was measured in accordance with the guidelines recommended by the British Medical Ultrasound Society
(BMUS).24

Outcome: educational attainment in childhood
Key Stage 1 (KS1) attainment: in England, all state-funded
and some independent schools follow a national curriculum
comprising four ‘key stages’. Key Stage 1 covers coursework

completed in the first 2 years of school (age 5–7 years) in
four key domains: reading, writing, mathematics and science. The KS1 statutory assessments comprise teacher evaluations of the student’s academic attainment in each domain
according to uniform criteria, facilitated by the completion
of a standardized KS1 test in most subject areas.25 The assessment framework can then be used to determine whether
a child is working below, at or above the expected standard.
KS126–29 attainment has been used as an outcome measure
in a number of observational studies and clinical trials. The
testing framework for these tests changed in the 2015–16
academic year- and we have described the pre- and post2016 frameworks in the Supplementary material (available
as Supplementary data at IJE online).

Statistical analysis
Fetal growth trajectories: growth trajectories were derived
for live-born singleton births of known sex who were free
from congenital malformations and who contributed at
least one measurement during the fetal period (n ¼ 10 921
for EFW model and n ¼ 12 748 for HC).
In an attempt to stabilize the increasing variability in fetal size with gestational age, the modelling of fetal trajectories was done on the (natural) log-transformed dimensions,
as has been advocated in previous studies of fetal
growth.30–33 Linear spline mixed effects models were used
for the modelling of fetal growth, which has been done
previously for both fetal growth32 and growth in childhood.34–36 Further details about the model-fitting process
can be found in the Supplementary material (available as
Supplementary data at IJE online). The best-fitting model
split the gestational period into three periods. The resulting
random effects, representing deviations from average predicted size at approximately 14 weeks for EFW or
18 weeks for HC (z1) and the deviance from the average
predicted weekly growth rate [as fetal dimensions were
modelled on the (natural) log scale weekly growth was in
terms of % change] in each of the three periods (z2, z3, z4),
were subsequently converted into (sex-specific) z-scores so
that the sizes of the coefficients were directly comparable.
Linking fetal growth to educational outcomes: the analysis
was limited to those with complete exposure and outcome
data. Final models were therefore based on 6995 and 8438
children for the EFW and HC analyses, respectively.
As the KS1 marking structure changed during the period of data collection, it was necessary to derive a new set
of variables accounting for these changes (more information about the derivation of these new variables can be
found in the Supplementary material, available as
Supplementary data at IJE online). Accordingly, for the
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birth cohort study aiming to examine the impact of environmental, psychological and genetic factors on maternal and
child health and well-being, and has been described in detail
elsewhere.21 In brief, the full BiB cohort recruited 12 450
women comprising 13 773 pregnancies and 13 858 children
between 2007 and 2010. The methods of recruitment and
outcomes for BiB have been published elsewhere.21,22 The
cohort is broadly characteristic of the city’s maternal population. Women were typically recruited when they attended
the Bradford Royal Infirmary (BRI) (Bradford, UK) for a
routine oral glucose tolerance test (GTT) at 26–28 weeks of
gestation. Women who consented to the study at this visit
also completed an interviewer-administered questionnaire
that included items about demographic characteristics, lifestyle and health status/history. Furthermore, BiB has
conducted extensive data linkage to external data sources,
e.g. routine health records stored on ‘SystmOne’ (clinical
system used by almost all GP practices in Bradford) as well
as records of educational attainment from local education
authorities. This has been facilitated with the use of common identifiers contained within the linked datasets (i.e. deterministic linkage). For hospital data this was done using
hospital and NHS numbers. For education data this was
achieved using full name, date of birth, gender and postcode. This analysis is based on live-born singleton children
with complete exposure (fetal growth) and outcome (academic attainment) data.
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Results
Fetal weight and academic attainment: the best-fitting linear
spline model for fetal weight trajectories had knot points at
26 and 32.5 weeks for males and 26 and 32 weeks for
females. The average patterns of change in fetal weight predicted by these linear spline models, for boys and girls in this
population, together with 95% reference ranges, are shown
in Supplementary Table 1 (available as Supplementary data
at IJE online). For both males and females, the rate of increase was highest initially in early pregnancy and then decreased with increasing gestational age.
A total of 6995 children had complete fetal weight and
KS1 data, of whom 51.6% (n ¼ 3608/6995) were male
and 48.8% (n ¼ 2778/5699) were of Pakistani origin. The
mean birth weight of the sample was 3210g [standard deviation (SD) ¼ 546g], with a median gestational age at birth
of 40 weeks [interquartile range (IQR): 39-41 weeks].
Further sample characteristics are reported in Table 1.
Differences between the sample with complete exposure
and outcome data and those missing either exposure or
outcome are shown in Supplementary Table 2 (available as
Supplementary data at IJE online).
In unadjusted analyses, small but consistent positive
associations were observed between size in early pregnancy
(approximately 14 weeks) and attainment in mathematics,
reading and science, with odds ratios (ORs) ranging from
1.06 [95% confidence interval (CI): 1.01; 1.11) to 1.11
(95% CI: 1.04; 1.18). After adjustment for confounding
variables, these odds ratios were only slightly attenuated,
with the largest association observed between size in early
pregnancy and attainment in science (adjusted OR: 1.10,
95% CI: 1.03; 1.17) (Supplementary Table 3, available as
Supplementary data at IJE online; and Figure 1). For the
composite outcome, a 1-z-score increase in size in early
pregnancy was associated with 6% greater odds of achieving the expected standard across the four KS1 outcomes
(adjusted OR: 1.06, 95% CI: 1.01; 1.12) (Supplementary
Table 3 and Supplementary Figure 2, available as
Supplementary data at IJE online).
Similar associations were observed between growth in
the mid-pregnancy and all four KS1 outcomes, with odds
ratios for a higher KS1 attainment ranging from 1.05
(95% CI: 1.00; 1.10) to 1.07 (95% CI: 1.01; 1.14) for a 1z-score increase in fetal growth (Supplementary Table 3,
available as Supplementary data at IJE online; and
Figure 1). A 1-z-score increase in growth during this period
was also associated with 8% greater odds of achieving the
expected standard across all four KS1 outcomes (adjusted
OR: 1.08, 95% CI: 1.02; 1.13) (Supplementary Figure 2,
available as Supplementary data at IJE online). Positive
estimates were also observed for growth in the early-third
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mathematics, reading and writing outcome data, new ordinal variables were created with the values: 1 ¼ ‘below
expected standard’; 2 ¼ ‘at expected standard’; 3 ¼ ‘above
expected standard’. Fetal growth z-scores were related to
these three outcome variables using ordinal logistic regression, checking for non-violation of the proportional odds
assumption. Similarly a dichotomous variable was derived
for science, with a value of 0 ¼ ‘below standard’ and a
value of 1 ¼ ‘working at or above standard’. A final binary
outcome variable was also created, which represented
whether a child had attained the expected standard across
all four KS1 domains. Logistic regression models were
used to relate the fetal z-scores to these binary outcomes.
For all models, clustered standard errors were used to account for the clustering of children within schools.
In the first step, separate unadjusted analyses were run
which related z1, z2, z3, z4 to the respective outcomes and
these estimates were reported. In the second step (for z2,
z3, z4 only), we adjusted for size (z-score) at the beginning
of that respective period and reported only the estimate of
the latter z-score. For example, we adjusted z3 for size at
the beginning of the z3 period and reported only the estimate for z3 (as the coefficient for size at the beginning of
that period is interpreted as the direct effect of size which
does not operate via its effect on z3, which we were not interested in).37 Finally we adjusted for a number of confounding variables identified via literature searches and
after holding consultative meetings with experts in the
fields related to the exposure and outcome. Results of these
searches/meetings were encapsulated in the form of directed acyclic graphs (DAGs: more information provided
in Supplementary material, available as Supplementary
data at IJE online). The final DAG is included in
Supplementary Figure 1 (available as Supplementary data
at IJE online) and resulted in the adjustment for sex, ethnicity, maternal education, level of deprivation, smoking
during pregnancy, alcohol intake during pregnancy, maternal height and parity. Variables on the causal pathway between exposure and outcome were not adjusted for.
In order to address missingness in covariate data for the
adjusted analyses, we used multiple imputation by chained
equations (MICE)38 combining estimates using Rubin’s
rules.39 The number of imputations required to achieve
convergence of parameter estimates was determined as
100*fraction missing information (FMI).40 In order to
identify whether bias was introduced by limiting our analysis to those with complete exposure and outcome data,
supplementary analyses comparing maternal and neonatal
data of those included and excluded were performed. All
analyses were conducted using Stata software version 14
(Stata Corp., College Station, TX).
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Table 1. Descriptive statistics for those with both fetal trajectory and education data
Complete fetal HC and KS1 data
(n ¼ 8438)

Total n

Total n

6995
5699

3608 (51.6)

8438
6897

4356 (51.6)

6995
6995

2184 (38.3)
2778 (48.8)
737 (12.9)
3210 (546)
40 (39–41)

8438
8438

2702 (39.2)
3311 (48.0)
884 (12.8)
3228 (538)
40 (39-41)

6995
6995
6995
6995

5519 (78.9)
5720 (81.8)
5456 (78.0)
5140 (73.5)

8438
8438
8438
8438

6841 (81.1)
6990 (82.8)
6750 (80.0)
6398 (75.8)

6995
5695
5695

27.5 (5.6)
3168 (55.6)
1114 (19.6)

8438
6891
6894

27.5 (5.6)
3827 (55.5)
1320 (19.2)

6808
6767
5630
5696
5696

4381 (64.4)
65.0 (56-75)
161.3 (6.4)
979 (17.2)
1632 (28.7)

8112
8151
6817
6892
6893

5098 (62.9)
65.0 (56–75)
161.4 (6.5)
1145 (16.6)
2093 (30.4)

6950
6692
6995

634 (9.1)
187 (2.8)
1551 (22.2)

8385
8096
8438

645 (7.7)
209 (2.6)
1825 (21.6)

Continuous variables are summarized as mean (SD) or median (IQR). GCSE: General Certificate of Secondary Education; Index of Multiple Deprivation
(IMD) is based on seven domains of deprivation (income, employment, education, health, crime, housing, living environment) which are combined to produce
one overall index. Maternal booking weight is weight of mother at approximately 10–14 weeks’ gestation.

trimester, whereas estimates for later-third trimester
tended to the null.
Fetal HC and academic attainment: the best-fitting linear
spline model for fetal HC trajectories had knot points at
25 and 32 weeks for both males and females. The average
patterns of change in fetal weight and predicted by these
linear spline models, for boys and girls in this population
together with 95% reference ranges, are shown in
Supplementary Table 4 (available as Supplementary data
at IJE online).
In all, 8434 children had complete fetal HC and Key
Stage 1 data, of whom 51.6% (n ¼ 4356/8434) were male
and 48.0% (n ¼ 3311/6897) were of Pakistani origin. The
mean birthweight of the sample was 3228 g (SD ¼ 538 g),
with a median gestational age at birth of 40 weeks (IQR:
39-41 weeks). Further sample characteristics are reported
in Table 1. Differences between the sample with complete
exposure and outcome data and those missing either

exposure or outcome are shown in Supplementary Table 5
(available as Supplementary data at IJE online).
Similar to the EFW analyses, small consistent positive
associations were observed between size in early pregnancy
(18 weeks) and all four KS1 outcomes. For example, univariate analyses revealed that a 1-z-score increase in size in
early pregnancy was associated with increased odds ratios
for higher attainment ranging from 1.07 (95% CI: 1.03;
1.12) to 1.12 (95% CI: 1.06; 1.18) (Supplementary Table
6, available as Supplementary data at IJE online).
Adjustment for confounding variables saw these estimates
attenuate only slightly, with ORs ranging from 1.07 (95%
CI: 1.02; 1.11) when reading was the outcome, to 1.10
(95% CI: 1.04; 1.17) for science (Supplementary Table 4;
andand Figure 2). For the composite outcome, a 1-z-score
increase in size in early pregnancy was associated with 9%
greater odds of achieving the expected standard across the
four KS1 outcomes (OR: 1.09, 95% CI: 1.04; 1.14)
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Infant characteristics
Sex [male, n (%)]
Ethnicity
White British [n (%)]
Pakistani [n (%)]
Other [n (%)]
Birthweight (g)
Gestational age at birth (weeks)
Achieving expected KS1 standard [n (%)]
Maths
Science
Reading
Writing
Maternal characteristics
Age at delivery (years)
Education [GCSE, n (%)]
Index of multiple deprivation decile (within
Bradford) [most deprived decile, n (%)]
Multiparity [yes, n (%)]
Maternal booking weight (kg)
Maternal height (cm)
Smoking during pregnancy [yes, n (%)]
Alcohol during pregnancy [yes, n (%)]
Pregnancy characteristics
Gestational diabetes [yes, n (%)]
Preeclampsia [yes, n (%)]
Caesarean section [yes, n (%)]

Complete fetal weight and KS1 data
(n ¼ 6995)
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Figure 2. Adjusteda coefficients (95% CIs) relating a 1-z-score increase in HC size and growth and academic attainment (n ¼ 8438). aAll coefficients adjusted for sex, maternal age, Index of Multiple Deprivation, smoking during pregnancy, alcohol during pregnancy, parity, maternal education and ethnicity. Growth in mid-pregnancy additionally adjusted for size in early pregnancy; growth in early-third trimester adjusted for the above and growth
in mid-pregnancy; growth in later-third trimester gestation adjusted for the above and growth in early-third trimester.

(Supplementary Table 6 and Supplementary Figure 2,
available as Supplementary data at IJE online).
Positive associations were also observed between
growth in mid-pregnancy and all four KS1 outcomes, with

adjusted odds ratios for a 1-z-score increase in fetal growth
ranging from 1.06 for KS1 writing (95% CI: 1.00; 1.13) to
1.14 for KS1 science (95% CI: 1.06; 1.21) (Supplementary
Table 6, available as Supplementary data at IJE online;
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Figure 1. Adjusteda coefficients (95% CIs) relating a 1-z-score increase in EFW size and growth and academic attainment (n ¼ 6995). aAll coefficients
adjusted for sex, maternal age, Index of Multiple Deprivation, smoking during pregnancy, alcohol during pregnancy, parity, maternal education and
ethnicity. Growth in mid-pregnancy additionally adjusted for size in early pregnancy; growth in early-third trimester adjusted for the above and
growth in mid-pregnancy; growth in later-third trimester adjusted for the above and growth in early-third trimester.
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Discussion
This study investigated the association between fetal growth
and academic attainment in childhood (age 6–7 years) in a
largely bi-ethnic population of children participating in the
Born in Bradford cohort. We observed small but positive
associations between size and growth before 27 weeks’ gestation and all educational outcomes, with these associations
remaining after adjustment for confounders and previous
size and/or growth. For example, a 1-z-score increase in
EFW growth rate between 14 and 26 weeks (approximately)
was associated with a 5–7% increase in the odds of achieving a higher level of KS1 attainment. Similarly for HC, we
observed a positive association between: both size in early
pregnancy (18 weeks) and growth between 18 and
25 weeks; and KS1 level of attainment, manifesting in, for
example, a 14% increase in the odds of achieving the
expected standard for KS1 science per z-score increase in
HC growth between 18 and 25 weeks. However, associations between growth in the early-third trimester and academic outcomes were smaller (especially for HC) and no
associations were observed with growth in the later-third
trimester (for either EFW or HC).
Unlike most studies that have utilized standardized intelligence tests to assess cognitive outcomes, we have used
routinely collected measures of curriculum-based
attainment as our outcome. Educational outcome measures
are more important markers of long-term health, wealth
and well-being, as they have been shown to have a direct
impact on future educational,17,41–43 occupational44 and
economic42 outcomes, than intelligence quotient (IQ)
alone.13 For example, it has been shown that pupil scores
in mathematics and reading at age 7 are associated with
adult socioeconomic status (SES) (represented as an index
of occupation, housing tenure and income) and educational attainment in middle age, even after adjustment for
SES at birth.17 Possible explanations linking better academic attainment in childhood to later SES have included a
greater access to higher salary occupations due to an increased educational duration and thus number of qualifications,17 improved financial decision making as a result of
greater numeracy skills45 and a reduced likelihood of ill
health46 which limits SES. In acknowledging these

associations between early educational attainment and
future SES, the positive association observed here between
fetal growth and academic attainment in middle childhood
can be seen as providing a possible mechanism for the observed associations between size at birth (i.e. fetal growth)
and adult occupational and economic outcomes.47–49
Previous studies have reported mixed results regarding
the association between fetal growth and childhood cognitive development.9–12 Harvey et al. (1982) observed that
reduced head growth before 26 weeks predicted poorer
cognitive ability at age 5 years, but a reduced head growth
thereafter was not associated with a poorer outcome.9
Roth et al. (1999) also observed that growth in later gestation was not related to cognitive development at age
1 year, though as abdominal circumference was used as the
indicator of fetal growth, this finding may be unsurprising.50 Similar to our results, Walker et al. (2007) observed
a positive association between HC in early gestation
(14 weeks) and cognitive outcomes, but unlike our study,
did not observe any association with HC growth in any
period thereafter (14–25 weeks, 14–35 weeks).10 These
studies indicate that growth in earlier gestation may be
more important for later cognitive development, although
sample sizes were generally low. More recently however,
Henrichs et al. (2010) investigated the association between
fetal weight and HC growth and infant cognitive development in a large prospective cohort from The Netherlands.12
Unlike the former studies, they observed an association with
growth from ‘mid- to late pregnancy’. However, as
the authors’ definitions of ‘mid’ and ‘late’ pregnancy were
18–25 weeks and 25 weeks, respectively, it is difficult to
determine the exact growth periods. Nonetheless an association with mid to late gestation would appear different from
our study, which split the prenatal period into midpregnancy, early-third and later-third trimester and observed
smaller or null associations in the latter two periods compared with size in early pregnancy or growth in midpregnancy.
Whereas associations with growth in the early- or laterthird trimester tended towards the null, we did observe
consistent positive associations between: HC size in early
pregnancy and growth in mid-pregnancy; and childhood
academic attainment. As head circumference has been
shown to correlate with brain volume, growth in fetal HC
may be cautiously interpreted as an indicator of fetal brain
development.5,6 Early gestation has been shown to be an
important period for brain development, with rapid neuronal multiplication of the forebrain observed at 10–18 weeks,
immediately followed by multiplication of glial cells.51
Furthermore, it is at around 16 weeks of gestation, after
reaching their final destination, that neurons begin branching in order to establish connections.52 It may therefore be
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and Figure 2). A 1-z-score increase in growth during this
period was also associated with 10% greater odds of
achieving the expected standard across all four of the KS1
outcomes (OR: 1.10, 95% CI: 1.04; 1.17) (Supplementary
Figure 2, available as Supplementary data at IJE online).
Much smaller effect estimates were observed for growth in
the early-third trimester, and estimates for the later-third
trimester were around the null.
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However, as analyses were limited to those with complete
exposure and outcome data, the sample size was slightly
reduced. Whereas this will have reduced statistical power,
we do not feel that we have introduced a substantial bias
into the analysis. For example, Supplementary Tables 1
and 2 (available as Supplementary data at IJE online)
show that differences between those with and without
complete exposure and outcome data were, on the whole,
small.
The number of ultrasound measurements per woman
ranged from one to nine, with a higher number of measurements potentially representing increased surveillance due
to adverse clinical indications. This may therefore have
biased associations by selecting a sample potentially demonstrating suboptimal fetal growth. We investigated this
by adjusting fetal trajectories for the number of scans,
which did not result in changes in the fetal growth trajectories. We therefore do not believe there is substantial confounding (by indication). We did not exclude those born
preterm from the analyses. However, growth trajectories
at later gestational ages are more heavily influenced by
those infants who were not born preterm and who were
thus able to contribute data to the model. This may have
introduced a bias into the analysis linking growth in later
gestation to educational outcomes. In sensitivity analyses
excluding preterm births, minor attenuations of estimates
were observed but these did not warrant changes to our
interpretation of results (Supplementary Tables 7 and 8,
available as Supplementary data at IJE online).
We limited our sample to those not diagnosed with a
congenital anomaly. This diagnosis was made either during
pregnancy or in the early postnatal period. It has recently
been shown, however, that a significant number of diagnoses are made after 1 year of life,53 and thus we may have not
completely excluded all infants with congenital anomalies.
A limitation of using linear splines to model fetal growth is
that it imposes a biologically implausible linearity assumption. In addition, there is no consensus on the best method
to choose the number and position of knot points.54 As has
been done in other studies,34,35,55 we initially fitted a fractional polynomial to obtain a smooth curve and used its
parameters to inform the number and placing of knot points
for the spline model. Although fractional polynomials, nonlinear splines and other non-linear models may have resulted
in better-fitting models, the coefficients from these models
would have been harder to interpret. Finally, whereas other
studies have sed KS1 attainment as outcomes,26,27 they have
employed different analysis strategies and it is thus difficult
to compare the sizes of association observed here with these
studies.
We have shown that fetal size and growth in early-mid
gestation are positively associated with academic attainment
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speculated that an improved growth rate during the first
trimester (represented here by an increased size in early
pregnancy) and into the second trimester could represent an
increased neuronal growth rate and thus cerebral development, thus providing a potential mechanism explaining the
association between growth in early pregnancy and later
cognitive outcome. However, it is important to note that
substantial brain development occurs in the postnatal period,51 providing some explanation for the relatively small
effect sizes observed in our study.
A key strength of this study is the use of routinely collected data for both exposure and outcome. Specifically,
we have modelled fetal growth using serial ultrasound
measurements collected at antenatal hospital visits, and
related this to KS1 attainment measured as part of the
English national curriculum providing excellent population
coverage using standardized measures. The KS1 assessment
is statutory, validated and based on both subjective
(teacher observation) and objective (test) components,
together providing a robust measure of a child’s academic
attainment. The ability to combine these resources alongside the rich data collected within BiB provides invaluable
opportunities to conduct highly relevant yet novel research
and to identify associations that would otherwise be difficult to determine. For example, KS1 results, as opposed to
standardized intelligence tests, represent a more relevant
outcome which is clearly pertinent to the longer-term educational attainment, health and well-being of the child.
Another strength is the use of spline models to split gestation into distinct periods and thus provide the opportunity to identify whether growth in certain periods is more
or less strongly associated with educational outcomes.
Furthermore, the use of DAGs to model the underlying network of associations between our exposure and outcome
allowed for the appropriate adjustment for a set of putative
confounders, in order to obtain a less biased estimate of
the association between exposure and outcomes. We are,
however, cautious not to refer to any association as
‘causal’, as we cannot exclude the possibility of the presence of residual confounding nor the extent of any measurement error, especially in light of the study which
observed no association between genetic SNPs for birthweight and educational attainment.20 Nonetheless, appropriate adjustment was only possible due to the extensive
data collection which was performed at recruitment into
the study. In those participants who did have missing
covariate data however, multiple imputation was used to
impute missing values. This meant any differences in the
size or strength of evidence for associations observed in the
adjusted analysis were not a result of differential samples
(compared with the sample in the unadjusted analyses) or
reduced power as a result of a reduced sample size.
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