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Background We evaluate the relative importance of birth weight and postnatal
growth for cognition and behavioural development in 8389 Chinese
children, 4–7 years of age.

Method Weight was the only size measure available at birth. Weight, height,
head circumference and intelligence quotient (IQ) were measured
between 4 and 7 years of age. Z-scores of birth weight and post-
natal conditional weight gain to 4–7 years, as well as height and
head circumference at 4–7 years of age, were the exposure vari-
ables. Z-scores of weight at 4–7 years were regressed on birth
weight Z-scores, and the residual was used as the measure of post-
natal conditional weight gain. The outcomes were child’s IQ, mea-
sured by the Chinese Wechsler Young Children Scale of Intelligence,
as well as internalizing behavioural problems, externalizing behav-
ioural problems and other behavioural problems, evaluated by the
Child Behaviour Checklist 4–18. Multivariate regressions were con-
ducted to investigate the relationship of birth weight and postnatal
growth variables with the outcomes, separately for preterm children
and term children.

Results Both birth weight and postnatal weight gain were associated with
IQ among term children; 1 unit increment in Z-score of birth
weight (�450 g) was associated with an increase of 1.60
[Confidence interval (CI): 1.18–2.02; P < 0.001] points in IQ, and
1 unit increment in conditional postnatal weight was associated
with an increase of 0.46 (CI: 0.06–0.86; P¼ 0.02) points in IQ,
after adjustment for confounders; similar patterns were observed
when Z-scores of postnatal height and head circumference at age
4–7 years were used as alternative measurements of postnatal
growth. Effect sizes of relationships with IQ were smaller than
0.1 of a standard deviation in all cases. Neither birth weight nor
postnatal growth indicators were associated with behavioural out-
comes among term children. In preterm children, neither birth
weight nor postnatal growth measures were associated with IQ or
behavioural outcomes.
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Conclusions Both birth weight and postnatal growth were associated with IQ
but not behavioural outcomes for Chinese term children aged 4–7
years, but the effect sizes were small. No relation between either
birth weight or postnatal growth and cognition or behavioural out-
comes was observed among preterm children aged 4–7 years.

Keywords Cognition, internalizing behavioural problems, externalizing behav-
ioural problems, birth weight, postnatal weight gain

Introduction
Nutrition is vital to brain development.1 The evidence
suggests that undernutrition during ‘critical’ or ‘sen-
sitive’ periods, predominantly during pregnancy and
the early postnatal period, may have profound effects
on cognition and behaviour throughout life.2,3 For
example, as an indicator of prenatal malnutrition,
low birth weight (birth weight <2500 g) is associated
with lower cognition,4–6 poor school performance,5,7,8

and behavioural disorders.4,8–11 Positive relation of
birth weight with intelligence quotient (IQ) was also
observed across the normal range of birth
weights,12–16 but inconsistently so at very high
values of birth weight.16,17 The relations are shown
to be robust to adjustment for confounders including
family socioeconomic status (SES) and other familial
confounding in sibship studies.14,18,19 Postnatal
growth matters as well. Consistent evidence from
many countries shows that early stunting, defined
as height-for-age below �2 standard deviation (SD)
of reference values, predicts lower cognition and edu-
cational achievement.20,21 Failure to thrive in infancy
and childhood has been reported to be associated
with behavioural abnormalities.22

What remains unclear is the relative importance of
prenatal compared with postnatal growth on cognitive
function and behavioural development, and evidence
from the few relevant studies is inconclusive.22–29

For example, a study in the UK found an association
of cognitive function with both birth weight and
weight gain in infancy, birth weight having a rela-
tively stronger impact.30 Another study in
Guatemala found that early postnatal growth (0–2
years), but not prenatal or late postnatal growth, pre-
dicts women’s later educational achievement.24

Findings from the Newcastle Thousand Families
Study suggested that height at the ages of 9 and 13
years, but not birth weight, predict childhood IQ at
age 11 years.31 The inconsistency may be due to the
use of different indicators of growth and human de-
velopment across the studies, different time points
when postnatal growth was measured, random error
due to small sample size, and lack of control for some
important confounders.24,28 In addition, major flaws
existed in some previous studies. For example, includ-
ing birth weight and postnatal weight directly in the
same regression may confront problems of

multicollinearity because growth is correlated across
time.32,33 Only a few studies have taken into account
the correlation between prenatal and postnatal
growths, using appropriate analytic strategies includ-
ing multi-stage least square estimation,23,24,34 and
structural equation modeling.28

In the present study, we explored the relative
importance of birth weight and postnatal growth in
early childhood for a broad measure of cognitive and
behavioural development, using a large sample
(n¼ 8389) of Chinese children aged 4–7 years. We
employed a two-stage least square estimation to ad-
dress methodological issues caused by correlations
among measures of weight at different ages. We
were also interested in whether the findings were dif-
ferent between preterm children and term children.

Materials and Methods
Study sample
The data were from a China–US collaborative project
designed to prevent neural tube birth defects with
periconceptual folic acid supplementation during the
period 1993–1996, which was approved and con-
ducted by the U.S. Centers for Diseases Control and
Prevention (CDC) and Peking University Health
Science Center (PUHSC).35,36 The program enrolled
more than 247 000 women who were preparing for
marriage from Hebei, Zhejiang and Jiangsu provinces
in China. Upon enrollment, extensive information
from the participants, including basic demographics,
education, occupation, other family, SES and general
health conditions was obtained by well-trained med-
ical staff, and the pregnancy/birth outcomes were
tracked by the maternal and child health hospital-
based monitoring system.35 In 2001, a random
sample of 9100 children aged 4–7 years was selected
from the children born to these women, and extensive
data were collected concerning growth, cognition and
behavioural development.37,38

We limited our sample to 8919 singleton live births,
and we further excluded cases with missing data on
child’s sex, birth order, birth weight, gestational age,
mother’s age at delivery, maternal pre-pregnancy
weight, mother taking folic acid during pregnancy,
maternal height, maternal education, father’s occupa-
tion and mother’s IQ, as well as child’s height,
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weight, head circumference, IQ and behavioural prob-
lems at 4–7 years old. Our final sample included 8389
(94% of the 8919) children aged 4–7 years: 4424 boys
and 3965 girls.

Measurements

Assessment of cognitive ability
The assessments of cognitive ability among the
mothers and children were conducted at county
maternal and children’s hospitals or designated town-
ship hospitals by well-trained neurological pediatri-
cians, and interview appointments were arranged at
the convenience of the mothers to administer the
Chinese Wechsler Young Children Scale of
Intelligence (C-WYCSI) for their children and the
Wechsler Adult Intelligence Scale-Revised in China
for themselves (WAIS-RC).38

Maternal cognitive ability. The children’s biologic
mothers’ IQ was assessed using the WAIS-RC,
which is based on the WAIS with specific questions
adapted to the Chinese setting. The WAIS-RC
exhibited satisfactory reliability and validity similar
to those of the WAIS.39,40

Child cognitive ability. The C-WYCSI was employed
to measure intelligence of the children. C-WYCSI is
based on the Wechsler Preschool and Primary Scale
of Intelligence (WPPSI), but was adapted to the
Chinese setting. Satisfactory validity and reliability
of WPPSI have been confirmed by previous stu-
dies.41,42 The C-WYCSI retains five subsets of the ori-
ginal WPPSI, namely knowledge, arithmetic
comprehension, picture completion mazes, block
design and geometric design. The remaining three
subsets (vocabulary, similarities and animal house)
were substituted with picture vocabulary, picture
summary and animal peg, respectively. C-WYCSI
also includes an additional subset (pattern match).
Like the WPPSI, the C-WYCSI adjusts for age and
sex. Two standardized versions of the C-WYCSI,
slightly differing in the numbers of items for each
subset, were administered to children in rural and
urban areas taking into account the marked cultural,
educational and economic disparities between the
areas.43 Studies show similar psychometric character-
istics for the C-WYCSI in urban children and rural
children, and the C-WYCSI could be validly and
equally applied to the two groups.41 A raw score
was first obtained on each subset and then converted
to an age-scaled score of IQ according to a nationally
standardized norm of China; a detailed description of
the C-WYCSI is given elsewhere.41,44

Child behavioural problems
The assessment was based on the Child Behaviour
Checklist (CBCL) 4–18, a widely used tool designed
to evaluate children’s competencies and problem be-
haviours.45 The CBCL scale scores from societies with

different cultures and languages were very compar-
able.46 CBCL was translated into Chinese in the
1980s and has been widely used since then, and the
construct validity of the CBCL has been estab-
lished.47–51 Comparison of children’s behavioural
and emotional problems reported by parents in
Chinese and American samples suggested that
cross-cultural differences were generally modest in
magnitude.52 In this survey, parents of the children
were invited to administer the CBCL at county mater-
nal and children’s hospitals or designated township
hospitals. Under the instructions of two interviewers,
who were well-trained neurological pediatricians, in-
formants (in most cases, the children’s mothers) rated
the children using a three-point scale (0¼not true;
1¼ somewhat or sometimes true; and 2¼ very true
or often true) for each of 118 problem behaviour
items.37 These items capture several broad scales clas-
sified as internalizing syndromes (withdrawal, som-
atic complaints and anxiety/depression),
externalizing problems (delinquency and aggressive
behaviour) and other problems (social problems,
thought problems and attention problems).45

Birth weight and postnatal growth. Birth weight
was measured within 24 h after delivery. Postnatal
growth, including height, weight and head circumfer-
ence, was measured in 2001, when the children were
4–7 years of age, at the same time as the neurodeve-
lopment assessments, by well-trained medical
professionals.37

Family SES. SES indicators include maternal educa-
tion (high school and above, junior high school, elem-
entary school and less), paternal occupation
(agricultural worker, industrial worker, governmental
employee/office worker and other).

Other variables. Other variables in the analysis were
gestational age, sex and birth order of the child
(firstborn vs higher-order births), mother’s age at
childbirth (years) and pre-pregnancy maternal
weight (kg) and height (cm). We also included
whether the mother took a folic acid supplement
during pregnancy for its observed effect on cognitive
development,53 and urban residence to control for po-
tential effects of urban/rural inequalities in socioeco-
nomic, infrastructural and public health
characteristics.43

Statistical analysis

Two-stage least square (2-SLS) modeling
We applied the 2-SLS approach to address potential
problems that may be caused by the correlation
between birth weight and postnatal weight at later
time points. In the first stage, we created ‘conditional
postnatal weight gain’ to substitute for the measured
postnatal weight gain. This stage involves the predic-
tion of postnatal weight from birth weight and the
calculation of residual as ‘conditional postnatal
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weight gain’. In the second stage, birth weight and
the residual (‘conditional postnatal weight gain’) were
used as independent variables for assessing the rela-
tive importance of prenatal vs postnatal effects in
regression models. The 2-SLS approach removes bias
due to the correlation between growths at different
time points; it also addresses the problem of multi-
collinearity and complicated interpretation of regres-
sion coefficients when compared with results from
models in which initial size and subsequent size are
simultaneously entered.32,33 We used Z-scores rather
than raw scores in the weight variables, as weight-
for-age Z-scores capture how far a weight deviates
from the mean weight of children of the same age
and sex, according to the World Health
Organization’s 2006 standard.54 Z-scores are more ap-
propriate than raw score in this analysis because the
postnatal measures of weight were obtained from
children at different ages, ranging from 4 to 7 years.

Preterm children and term children may follow dif-
ferent growth patterns in the early years of life,55 and
they may also differ in cognitive and behavioural
development. For example, preterm births may have
higher risks for cognitive and behavioural problems as
a result of the reduction in gestational duration or
obstetric complications.56 We therefore analysed the
data separately for preterm children and term chil-
dren. For each sample, we tested the crude associ-
ations of birth weight (Z-score) and ‘postnatal
conditional weight gain Z-scores’ with cognitive and
behavioural outcomes: general IQ, internalizing be-
havioural problems, externalizing behavioural prob-
lems and other behavioural problems, with each
outcome in a single model. In these crude analyses,
we controlled for child’s age, in addition to child’s
sex, to adjust for potential residual age effect on the
age-standardized outcomes. We then tested whether
these associations were robust to adjustment for a
broad array of confounders including gestational age
of the child, birth order of the child (firstborn vs
higher-order births), mother’s age at childbirth,
pre-pregnancy maternal weight and height, urban
residence, father’s occupation (agricultural worker, in-
dustrial worker, government employee/office worker
and other), mother’s education (high school and
above, junior high school, and elementary school
and below), whether mother took folic acid supple-
ment during pregnancy and mother’s IQ. In all the
models, we estimated cluster-robust standard error
because the samples are clustered by residential areas.

We also conducted similar analysis with postnatal
height and head circumference as alternative indica-
tors of postnatal growth. We chose not to include
postnatal weight and postnatal height simultaneously
in the models because of their high correlation
(r¼ 0.62), which may cause multicollinearity prob-
lems when including both in the regressions. All ana-
lyses were conducted using the Statistical Analysis
System (SAS version 8.2).

Effect size analysis
To compare the relative magnitude of associations be-
tween growth variables (predictors) and the outcome
variables, we also conducted effect-size analysis on
any association with a P-value less than 0.05. The
effect size is calculated as the absolute change in
SD units in the outcome variable per 1-SD change
in the predictor; effect sizes of magnitude 0.1, 0.3
and 0.5 are considered small, medium and large,
respectively.57

Results
Descriptive information
Table 1 presents descriptive information by term
status and sex of children. Approximately 8.5% of
births were preterm (born before 37 weeks of gesta-
tion), and the average gestational age was 255 days
(range: 175–265 days) for both preterm boys and pre-
term girls. Although the preterm children exhibited
lower birth weight compared with term children
(�0.67 vs 0.10 in Z-score of birth weight for boys;
�0.57 vs 0.10 in Z-score of birth weight for girls),
their postnatal growth, indicated by Z-scores of post-
natal weight and height, was similar to that of term
children. Term children and preterm children
exhibited no difference in IQ or in behavioural prob-
lems. For both preterm children and term children,
boys exhibited higher IQ than girls (Table 1). Boys
performed better than girls on most of the subsets
of the test, except for animal pegs and picture match-
ing (two subsets measuring performance IQ) on
which boys and girls obtained similar scores (results
not shown). Similar boys’ advantages on IQ tests was
found in the samples used for the standardization of
the WISC-R in the US and Scotland, where boys out-
performed girls on full-scale, verbal and performance
IQ, and obtained higher scores on almost all subsets
except for coding and digit span, which are con-
sidered to be tests of short-term memory.58 In add-
ition, compared with girls, boys also had more
externalizing behavioural problems but similar inter-
nalizing behavioural problems and other behavioural
problems, which is similar to the gender patterns
observed among preschool children across societies.59

All these differences were significant at the 0.05 level.

Relationships of birth weight and postnatal
weight gain with cognition and behavioural
problems
Among preterm children (Table 2, top panel), birth
weight was not associated with full-scale IQ, control-
ling for sex; postnatal weight gain was positively
associated with full-scale IQ at 4–7 years of age
(P < 0.01), and a 1-unit increment of Z-score in post-
natal weight gain was associated with a 1.94-point
(95% CI: 0.44–3.44) increase in full-scale IQ, with
an effect size of 0.1. Adjustment for confounders
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including birth order, gestational age, pre-pregnancy
maternal height and weight, mother taking folic acid
supplement, mother’s education, father’s occupation,
urban/rural residence and mother’s IQ substantially
attenuated the association toward the null (0.90;
95% CI: �0.45 to �2.25; P¼ 0.18). In addition, the
R-square values suggested that birth weight, postnatal
weight gain and sex of child explained 12.5% of the
variance in IQ; with the addition of potential con-
founders, a total of 32.0% of variance in IQ was
explained.

Regarding the behavioural outcomes, postnatal
weight gain, rather than birth weight, is negatively
associated with internalizing behavioural problems
when controlling for sex of child, and an increment
of 1 point in postnatal weight gain was associated

with a 0.48-point (95% CI: 0.02–0.94; P¼ 0.04)
decrease in child’s internalizing behavioural problems,
but this association was no longer significant
(P¼ 0.06) after adjusting for confounders. Neither
birth weight nor postnatal weight gain was associated
with externalizing behavioural problems or other be-
havioural problems.

The lower panel (Table 2) presents the results for
term children. Both birth weight and postnatal
weight gain were positively associated with full-scale
IQ of the child when controlling for sex of the child.
A 1-unit increment of Z-score in birth weight was
associated with a 1.91-point (95% CI: 1.48–2.34;
P < 0.001) increase in IQ, with an effect size of 0.09;
and an increment of 1 point in postnatal weight gain
was associated with a 0.87-point (95% CI: 0.43–1.30;

Table 1 Characteristics of Chinese children by sex [mean (standard deviation) or percentage]

Characteristics

Preterm children Term children

Boys (N¼ 388) Girls (N¼ 266) Boys (N¼ 4036) Girls (N¼ 3699)

Birth weight (kg) 3.05 (0.48) 2.99 (0.47) 3.41 (0.39) 3.29 (0.38)

Birth weight<2.5 kg (%) 10.5 11.3 0.7 1.2

Birth weight for age Z-score �0.67 (1.06) �0.57 (1.09) 0.10 (0.78) 0.10 (0.82)

Postnatal weight for age Z-score �1.21 (0.81) �1.20 (0.86) �1.17 (0.85) �1.23 (0.79)

Underweight (%) 16.5 15.4 14.1 15.1

Postnatal height for age Z-score �2.00 (0.93) �1.93 (0.86) �1.95 (0.94) �1.93 (0.91)

Postnatal head circumference 51.1 (1.6) 50.3 (1.6) 50.8 (1.4) 50.1 (1.4)

Taking folic acid during pregnancy (%) 48.7 51.1 51.5 51.1

First born (%) 54.6 56.8 54.3 55.1

Age of child (months) 69.0 (7.4) 69.0 (7.0) 68.4 (7.4) 68.3 (7.4)

Mother’s age at child’s birth (years) 25.8 (3.6) 25.3 (3.3) 25.6 (3.1) 25.6 (3.1)

Gestational age (days) 254.9 (13.1) 254.9 (12.6) 281.4 (8.3) 282.3 (8.4)

Pre-pregnancy maternal weight (kg) 62.3 (7.6) 62.2 (6.6) 64.2 (7.3) 63.8 (7.1)

Maternal height (cm) 159.4 (4.3) 158.9 (4.5) 159.1 (4.5) 159.1 (4.3)

Mother’s education (%)

High school and above 18.6 19.6 20.9 20.9

Junior high school 63.7 63.2 61.4 60.2

Elementary school and below 17.8 17.3 17.8 18.9

Maternal IQ 93.9 (17.0) 94.3 (15.8) 94.8 (16.4) 94.5 (16.5)

Father’s occupation (%)

Agricultural worker 45.1 45.1 48.2 48.0

Industrial worker 39.2 38.7 36.5 36.4

Government employee/office worker 8.5 7.9 8.6 8.5

Other 7.2 8.3 6.6 7.1

Urban residency (%) 41.2 33.1 38.2 38.3

Child’s general IQ 100.1 (15.6) 97.9 (15.6) 100.2 (16.3) 98.2 (16.4)

Externalizing behavioural problems 8.9 (6.1) 7.1 (5.6) 9.0 (6.4) 7.5 (5.7)

Internalizing behavioural problems 5.0 (4.9) 4.9 (4.5) 4.7 (4.8) 5.0 (4.9)

Other behavioural problems 9.2 (7.0) 8.5 (7.0) 8.9 (7.0) 8.6 (6.9)

Source: China-U.S. Collaborative Project for Neural Tube Defect Prevention.
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p < 0.001) increase in IQ, with an effect size of 0.04.
After adjusting for confounders, the magnitude of the
association between birth weight and IQ was reduced
to 1.60 (95% CI: 1.18–2.02; P < 0.001) and that
between postnatal weight gain and IQ to 0.46 (95%
CI: 0.06–0.86; P¼ 0.02).

Regarding the behavioural outcomes, none of inter-
nalizing behavioural problems, externalizing behav-
ioural problems or other behavioural problems was
associated with Z-score of birth weight or conditional
postnatal weight gain among term children.

Relationships of birth weight and alternative
postnatal growth indicators with cognition
and behavioural problems
Table 3 presents the relative importance of birth
weight and postnatal growth to cognition and behav-
ioural problems when the Z-score of height at age 4–7
years was used as an indicator of postnatal growth.

Among preterm children (upper panel, Table 3),
postnatal height, rather than birth weight, was posi-
tively associated with IQ (P¼ 0.03), controlling for
sex; a 1-unit increase in Z-score of postnatal height
was associated with a 1.59-point (95% CI: 0.18–3.01)
increase in child’s IQ, with an effect size of 0.1. After
adjusting for confounders, the magnitude of the asso-
ciation was attenuated by about 60% to 0.68 (95% CI:
�0.59 to 1.94; P¼ 0.29).

The lower panel (Table 3) presents results among
term children. Both birth weight and postnatal
height were positively associated with IQ of child,
controlling for sex (P < 0.001). A 1-unit increment
of Z-score in birth weight was associated with a
1.66-point (95% CI: 1.23–2.09) increase in IQ, with
an effect size of 0.08; and a 1-unit increment of
Z-score in postnatal height was associated with a
1.49-point (95% CI: 1.07–1.92) increase in IQ, with
an effect size of 0.08. After adjusting for confounders,
the association of IQ with postnatal height was
reduced to 0.82 (95% CI: 0.46–1.17; P < 0.001) and
that with birth weight was reduced slightly to 1.49
(95% CI: 1.07–1.92; P < 0.001).

Table 3 also shows that for both preterm children
(upper panel) and term children (lower panel), nei-
ther birth weight nor postnatal height was associated
with any of the behavioural outcomes including inter-
nalizing behavioural problems, externalizing behav-
ioural problems or other behavioural problems.

As shown in Table 4, results using head circumfer-
ence at age 4–7 years as an alternative indicator of
postnatal growth were very similar to those using
height at age 4–7 years as an indicator of postnatal
growth (Table 3).

Results from additional analyses
For easier interpretation of the results, linear regres-
sion models were employed in the main analysis
above, which assume that every 1-unit change in
growth variables results in the same change inT
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outcome variables across the entire distribution of the
exposure variables. The alternative analyses in which
intelligence score is modeled as a nonlinear function
of birth weight Z-score and the square of birth weight
Z-score, plus other variables, showed slightly im-
proved prediction compared with linear regression
without square term of birth weight Z-score. Results
from non-linear regression suggested that the effect
of birth weight on intelligence score is greater when
birth weight is lower than that at higher values of
birth weight, until birth weight reaches approximately
4.1 kg (1.9 SD above the mean of the Z-score of birth
weight in this sample), beyond which point birth
weight starts to be negatively associated with intelli-
gence. The pattern is consistent with the quadratic
shape of the relation between birth weight and IQ
observed in other studies.18,19

To test whether the impacts of birth weight and
postnatal growth on IQ decline with age, further ana-
lyses were also conducted with subsamples divided by
age. As shown in Figure 1, the relation between birth
weight and IQ is consistent across ages, whereas post-
natal weight has greater effect on IQ at younger age
than older age. For children aged 48-60 months, a
1-unit increment in Z-score of postnatal weight is
associated with a 1.57-point (95% CI: 0.11–3.02;
P¼ 0.03) increment in IQ controlling for sex, whereas
the association decreases to 0.94 (95% CI: 0.31–1.57;

P¼ 0.003) for children aged 61–72 months, and
toward the null (0.51; 95 CI: �0.14, 1.16; P¼ 0.12)
for children aged 72 months and above. Similar pat-
terns were observed with other postnatal growth
variables.

In our sample, the distributions of both externaliz-
ing behavioural problems and other behavioural prob-
lems were right skewed, and internalizing behavioural
problems were not normally distributed either. We
also tested whether findings from the main analyses
based on normal distribution assumption were robust.
In alternative analyses with externalizing behavioural
problems and other behavioural problems as outcome
variables, we regressed the natural logarithm of the
value of outcome variables (we added 0.1 to the value
of outcome variables for all the cases to avoid taking
the natural logarithm of zero) on birth weight and
postnatal growth. In the alternative analysis with
internalizing behavioural problems as the outcome
variable, we first classified internalizing behavioural
problems into five ordered categories by degrees of
severity, and then used cumulative logit models to
estimate the relative importance of birth weight and
postnatal growth. These alternative analyses yielded
similar findings regarding the relative importance of
birth weight and postnatal growth on behavioural
outcomes (results available upon request).

(a)

(b)

Figure 1 Estimated changes of children’s IQ for one unit change in Z-score of birth weight and conditional postnatal
weight by age of children (a) controlling for sex; (b) controlling for confounders
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Finally, to test whether these results regarding the
relative importance of birth weight and postnatal
growth (Tables 2–4) were different between urban
children and rural children, we added interaction
terms between the growth indicators and urban/
rural residence. All the P-values for these interactions
were smaller than 0.05, which suggests that the rela-
tionships of prenatal growth and postnatal growth on
cognition and behavioural problems were very similar
for rural children and urban children.

Discussion
We investigated the relative importance of birth
weight and postnatal growth in cognitive and behav-
ioural outcomes in a large longitudinal cohort aged 4–
7 years among both preterm children and term chil-
dren in China.

Among preterm children, we found no association
between birth weight and any outcome variable
including IQ, internalizing behavioural problems,
externalizing behavioural problems and other behav-
ioural problems, whereas postnatal weight gain was
positively associated with IQ and negatively associated
with internalizing behavioural problems. Previous stu-
dies report similar findings and conclude that postna-
tal catch-up growth is crucial for development of
pre-term children, especially for their cognitive func-
tioning and neurodevelopment.60–64 However, this
beneficial effect of catch-up growth was not robust
to adjustment for confounders including family SES
and mother’s IQ in our results, which may suggest an
alternative mechanism underlying this association.
For example, better family SES and higher mother’s
IQ may improve both postnatal catch-up growth and
cognitive development for preterm children. These
findings regarding relative importance of birth
weight and postnatal growth among preterm children
were primarily based on ‘late preterm’ children who
had an average gestational age of 36.4 weeks and
showed successful postnatal catch-up growth in
terms of weight, height and head circumference at
ages 4–7 years; and whether these findings are applic-
able to children born very preterm merits further re-
search. Previous studies found that the smaller the
birth weight, the longer compensatory growth
toward normal continues,55 and lack of ‘catch-up’
growth primarily occurs among small for gestational
age (SGA) preterm children.65

Among term children, neither birth weight nor post-
natal growth predicted any behavioural outcome,
whereas both birth weight and postnatal growth
were associated with child’s IQ at age 4–7 years, in-
dependently of a wide array of potential confounding
variables. It is worth noting that all these associations
were very small in terms of effect sizes. For example,
the effect size for association with IQ is 0.09 for birth
weight and 0.05 for postnatal weight gain, i.e. an in-
crement of one SD in birth weight is associated with

about 1.6 IQ points and an increment of one SD in
postnatal weight is associated with about 0.8 IQ
points. Such small effect sizes were also observed in
other studies.11,13 For example, a study on 11899
Canadian children aged 6.5 years found that 1 SD
in birth weight was associated with 0.82 IQ points
(95% CI: 0.54–1.10) after adjusting for confounders,
with an effect size of 0.05. For postnatal weight gain
trajectories, 1 SD faster weight gain during 0–3
months, 3–12 months and 1–5 years was associated
with an increase of 0.77 (95% CI: 0.42–1.11) IQ points
(effect size¼ 0.05), 0.30 (95% CI: 0.02–0.58) IQ points
(effect size¼ 0.02) and 0.40 (95% CI: 0.04–0.76) IQ
points (effect size¼ 0.03), respectively, controlling
for confounders and earlier growth. Sizes of the ef-
fects observed in studies that relied on neurobeha-
vioural endpoints are often small.66 Such a small
effect may not be clinically important for individual
children, but should not be considered inconsequen-
tial at the population level,14,27 as ‘a large number of
people at a small risk may give rise to more cases of
disease than the small number who are at a high
risk’.67 Therefore, nutritional interventions targeting
underweight children in developing countries such
as India, where 47% of children under 3 years old
were underweight and 18% were severely under-
weight,68 may present a good strategy to avoid the
considerable loss of IQ and developmental potentials
in children in these countries.69

Several mechanisms may explain the significant,
albeit weak, relationships between growth and cogni-
tion. First, proper nutrition during the critical first
1000 days (pregnancy and first 2 years) is vital for
both normal growth and brain development, and nu-
tritional deficits have long-term implications for cog-
nitive function, school success and human
capital.20,70,71 For example, iodine deficiency during
pregnancy is associated with both impaired foetal
growth and delayed brain development.72 A
meta-analysis suggested that iodine deficiency was
associated with a fall of 12 IQ points.73 Malnutrition
during the first 1000 days may also reduce the num-
bers of neurons and synapses, dendritic arborization,
and myelination, and consequently result in decreased
brain size;74 it may cause changes in the structure or
biochemistry of the brain and impair the functioning
of the central nervous system.71

Another potential mechanism for the association be-
tween IQ and body size may be related to insulin-like
growth factor (IGF) and growth hormone (GH).75 IGF
and GH play a critical role in determining somatic
growth and are also located in key regions of the
brain responsible for learning and memory.
Increasing evidence suggests IGF may impact on cog-
nitive brain function.76 In children born small for ges-
tational age, GH therapy led to catch-up growth as
well as improvements in IQ scores.77

In addition, environmental factors, such as diet
and childhood illness, may mediate the association
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between growth and cognitive development. More
subtle mechanisms are also possible. Malnourished
children are stunted and thus appear younger which
may hamper positive interaction with others, particu-
larly adults; stunted children may be less likely to be
challenged to explore and expand their capability by
parents and teachers, which may negatively impact on
cognitive and behavioural development.33 ‘Functional
isolation’ may also contribute, whereby malnourished
infants are less active or attentive and seek less
stimulation from their physical and social
environments.78

Caution should be exercised in interpreting findings
from this study. First, although we adjusted for a rich
set of confounding factors, including maternal IQ, we
cannot exclude the possibility that these observed as-
sociations were due to residual confounding by other
factors. For example, households that provide better
care to pregnant women may also provide more cog-
nitively stimulating growth environments later for the
newborn, which may improve children’s IQ.79

Previous sibling studies and twin studies that rule
out genetic and shared environmental factors/con-
founders suggest that such familial confounding is
less likely to be important.18,19,80 Second, postnatal
growth in our study was measured at a single point
at age 4–7 years, and the results cannot speak as to
whether the earlier postnatal period may have a
greater effect on cognition and behavioural develop-
ment.81 There is evidence that adverse effects of post-
natal growth failure on intellectual development may
decline over time,25 which is consistent with our find-
ing that postnatal growth has a larger association
with IQ among younger children and that the associ-
ation is toward the null among children aged 6 years
and above. Third, because birth length and head cir-
cumference were measured very imprecisely, we used
only birth weight as the proxy for prenatal growth,27

which prevented us from assessing associations with
growth in height/head circumference during child-
hood independently of birth length/head circumfer-
ence at birth. Fourth, the relatively small sample
size of preterm children and the lesser statistical
power may not allow detection of potential associ-
ations between birth weight and IQ and behavioural
outcomes among preterm children, if these associ-
ations are small. Finally, our sample may not neces-
sarily represent other developing countries. Although
underweight and stunting are prevalent among
Chinese children,82 China has a very low prevalence
of low birth weight, lower than most developing
countries and some developed countries,83 which is
possibly due to its cultural practices and universal
access to basic health and education.84

Despite these limitations, our study contributes to a
better understanding of early growth and child devel-
opment with several strengths. First, it benefited from
its longitudinal nature and the large sample with
careful measurements by well-trained professionals

on key variables such as cognitive and behavioural
development of a child. Second, we adjusted for ges-
tational age, which makes birth weight a more accur-
ate proxy of foetal growth. Third, we investigated
both cognitive development and behavioural prob-
lems, whereas most previous studies focused on
either cognition or behavioural dimensions. Finally,
we applied rigorous methods to address methodo-
logical issues caused by the correlation between
birth weight and postnatal weight.

Findings from our study and others confirm links
between child growth and cognitive development, al-
though mechanisms underlying these links remain
unclear and merit further investigation. Future stu-
dies should improve measurements of growth includ-
ing weight, height/length, head circumference at birth
and multiple postnatal time points, and include popu-
lations with more severe malnutrition and prenatal
and postnatal growth failure. When data become
available, a sibling study or twins study design
would be highly desirable.19

Funding
National Institutes of Health (1R03HD072104-01)

Conflict of interest: None declared.

References
1 Georgieff MK. Nutrition and the developing brain: nutri-

ent priorities and measurement. Am J Clin Nutr 2007;
85(Suppl 2):614–20S.

2 Martorell R. Undernutrition during pregnancy and early
childhood and its consequences for cognitive and behav-
ioural development. In: Young ME (ed.). Early Child
Development: Investing in the Future. Amsterdam, The
Netherlands: Elsevier, 1997, pp. 39–83.

3 Walker SP, Wachs TD, Gardner JM et al. Child develop-
ment: risk factors for adverse outcomes in developing
countries. Lancet 2007;369:145–57.

4 Rickards A, Kelly E, Doyle L, Callanan C. Cognition, aca-
demic progress, behavior and self-concept at 14 years of
very low birth weight children. J Dev Behav Pediatr 2001;
22:11–18.

5 Rickards A, Kitchen W, Doyle L, Ford G, Kelly E,
Callanan C. Cognition, school performance, and behavior
in very-low-birth-weight and normal birth-weight chil-
dren at 8 years of age: a longitudinal study. J Dev Behav
Pediatr 1993;14:363–68.

6 Strauss R. Adult functional outcome of those born small
for gestational age: twenty-six-year follow-up of the 1970
British Birth Cohort. JAMA 2000;283:625–32.

7 Klebanov P, Brooksgunn J, Mccormick M. School
achievement and failure in very-low-birth-weight chil-
dren. J Dev Behav Pediatr 1994;15:248–56.

8 McCormick M, Gortmaker S, Sobol A. Very low birth
weight children: behavior problems and school difficulty
in a national sample. J Pediatr 1990;117:687–93.

9 Pharoah PO, Stevenson CJ, Cooke RW, Stevenson RC.
Prevalence of behaviour disorders in low birthweight in-
fants. Arch Dis Child 1994;70:271–74.

BIRTH WEIGHT AND POSTNATAL GROWTH IN COGNITIVE AND BEHAVIOURAL DEVELOPMENT 169

D
ow

nloaded from
 https://academ

ic.oup.com
/ije/article/42/1/160/697047 by guest on 23 April 2024



10 Thapar A, Langley K, Fowler T et al. Catechol
O-methyltransferase gene variant and birth weight pre-
dict early-onset antisocial behavior in children with
attention-deficit/hyperactivity disorder. Arch Gen
Psychiatry 2005;62:1275–78.

11 Keyes KM, Keyes MA, March D, Susser E. Levels of risk:
maternal-, middle childhood-, and neighborhood-level
predictors of adolescent disinhibitory behaviors from a
longitudinal birth cohort in the United States. Ment
Health Subst Use 2011;4:22–37.

12 Jefferis BJ, Power C, Hertzman C. Birth weight, childhood
socioeconomic environment, and cognitive development in
the 1958 British birth cohort study. BMJ 2002;325:305.

13 Lagerstrom M, Bremme K, Eneroth P, Janson CG.
Long-term development for girls and boys at age 16-18
as related to birth weight and gestational age. Int J
Psychophysiol 1994;17:175–80.

14 Matte TD, Bresnahan M, Begg MD, Susser E. Influence of
variation in birth weight within normal range and within
sibships on IQ at age 7 years: cohort study. BMJ 2001;
323:310–14.

15 Richards M, Hardy R, Kuh D, Wadsworth MEJ. Birth
weight and cognitive function in the British 1946 birth
cohort: longitudinal population based study. BMJ 2001;
322:199–203.

16 Shenkin SD, Starr JM, Deary IJ. Birth weight and cogni-
tive ability in childhood: a systematic review. Psycholl Bull
2004;130:989–1013.

17 Richards M, Hardy R, Kuh D, Wadsworth MEJ.
Birthweight, postnatal growth and cognitive function in
a national UK birth cohort. Int J Epidemiol 2002;3:342–48.

18 Eriksen W, Sundet JM, Tambs K. Birth weight standar-
dized to gestational age and intelligence in young adult-
hood: a register-based birth cohort study of male siblings.
Am J Epidemiol 2010;172:530–36.

19 Susser E, Eide MG, Begg M. Invited Commentary: The
Use of Sibship Studies to Detect Familial Confounding.
Am J Epidemiol 2010;172:537–39.

20 Victora CG, Adair L, Fall C et al. Maternal and child
undernutrition: consequences for adult health and
human capital. Lancet 2008;371:340–57.

21 Walker SP, Wachs TD, Grantham-McGregor S et al.
Inequality in early childhood: risk and protective factors
for early child development. Lancet 2011;378:1325–38.

22 Liu JH, Raine A, Venables PH, Mednick SA. Malnutrition at
age 3 years and externalizing behavior problems at ages 8,
11, and 17 years. Am J Psychiatry 2004;161:2005–13.
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