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Length and weight in infancy are associated with neurodevelopment, but less is known about growth
in other anthropometric measures. In this study we analyzed how the development in length, weight,
head circumference, and chest circumference over infancy is associated with motor development in early
childhood, using a twin study design. Information on physical development over infancy and the age at
achievement of eight developmental milestones over early childhood was collected for 370 Japanese twin
pairs. Linear mixed models were used to analyze how physical development is associated with motor de-
velopment between individual twins, as well as within twin pairs, adjusting the results for shared maternal
and postnatal environmental factors. Delayed motor development was associated with smaller body size
over infancy, and we also found some suggestive evidence that it was associated with catch-up growth as
well. When studying the associations within twin pairs discordant for motor development, similar associ-
ations were found. However, chest circumference showed the most robust association within discordant
twin pairs. Smaller body size and rapid catch-up growth are associated with delayed motor development.
When studying these associations within twin pairs and thus adjusting the results for gestational age as
well as many other maternal and postnatal environmental factors, chest circumference showed the most
robust association. Chest circumference, rarely used in developed countries, can offer additional infor-
mation on prenatal conditions relevant for further motor development not achieved by more traditional
anthropometric measures.
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Surveillance of the physical development of the newborn
over infancy and early childhood is important as delays in
physical development can indicate further problems in mo-
tor as well as neurocognitive development. It is well-known
that low birth weight children have high risk for delayed
motor development (de Kieviet et al., 2009), and delays
in brain development, such as the total brain volume and
the size of hippocampus, have been found (de Kieviet et al.,
2012). There is also sound evidence that length or height and
head circumference (HC) at birth and over childhood are
positively associated with IQ (Broekman et al., 2009; Fattal-
Valevski et al., 2009; Heinonen et al., 2008; Lira et al., 2010).
However, less is known of how other anthropometric traits
and different developmental trajectories are associated with
neurodevelopment. Previous studies have shown that early
rapid growth in height and HC is associated with higher
IQ in mid-childhood in children with normal birth weight

(Fattal-Valevski et al., 2009; Heinonen et al., 2008; Lira et al.,
2010). This association can go back to the prenatal life, as a
positive association between HC in early gestation and IQ in
mid-childhood was also found (Walker et al., 2007). On the
other hand, a review of 14 studies did not find evidence that
weight gain during the first 2 years of life is associated with
future IQ in children with normal birth weight (Beyerlein
et al., 2010).

The background mechanisms of these associations are,
however, not clear. It is well-known that multiple maternal
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factors, such as smoking and low social position, can affect
the birth weight and physical development of the newborn,
as well as neurological development (Valero De Bernabe
et al., 2004). Also, gestational age has a longstanding effect
on neurodevelopment and can thus partly explain these
associations (de Kieviet et al., 2009). In this respect twin
studies are important. As the postnatal environment is sim-
ilar for both co-twins and they have the same gestational
age, the association between physical and neurological de-
velopment within twin pairs is likely to be due to intra-pair
differences in prenatal conditions. In a US study, low birth
weight was only weakly associated with cognitive and mo-
tor development within twin pairs (Datar & Jacknowitz,
2009), while in a cohort of twin children in Chile, birth
weight showed a clear association with school performance
in mid-childhood within twin pairs (Torche & Echevarria,
2011). Similar within pair associations between birth weight
and IQ have also been found in the United Kingdom and
New Zealand monozygotic (MZ) twins and United States
twins (Edmonds et al., 2010; Newcombe et al., 2007; Ross
et al. 2012). In a longitudinal study of Dutch twins, there
was an inverse association between catch-up growth during
the first 2 years of life and IQ in late childhood; however,
this result can be partly explained by catch-up growth in
low birth weight children (Estourgie-van Burk et al., 2009).

Most previous studies have used IQ as an indicator of
neurodevelopment. However, delayed motor development
may be an equally good or better indicator of long-term
neurodevelopmental problems (Diamond, 2000). Further,
most of the longitudinal studies have used only one or
two anthropometric indicators. Comparing several indica-
tors gives information on which of them would be the best
predictor of problems in neurocognitive and motor devel-
opment. In this study, we analyze growth in weight, length,
HC, and chest circumference (CC) over infancy in Japanese
twins and how these are associated with different milestones
of motor development until mid-childhood. Studying twins
discordant for motor development allows us to account for
shared maternal and postnatal environmental factors.

Material and Methods
The participants of this study were recruited from the West
Japan Twins and Higher Order Multiple Births Registry
(Yokoyama, 2013). Questionnaires were sent to 803 moth-
ers of twins in the year 2009 (response rate 52%). To make
the data more homogeneous, we removed the children born
before 1989 or after 2002 (N = 9 pairs). Together, we had
information on 740 twin children (370 pairs) in our study
cohort (54% girls, 57% MZ twins). When answering the
questions on the physical and motor development of their
children, the mothers were advised to refer to the Mater-
nal and Child Health Handbook provided to all expect-
ing mothers by the authorities, which includes all mea-
sures done for their children. Anthropometric measures for

newborns are completed first at hospitals and after that
in health check-ups covering virtually all Japanese children.
The measurement protocol until 1 year of age included mea-
sures of length, weight, HC and CC, and was performed by
public health nurses. HC was measured as the largest oc-
cipitofrontal circumference using a plastic tape and CC by
placing the tape under the arm in the axillae when the child
was inhaling normally. Length was rounded to the nearest
centimeter, weight to the nearest gram and CC and HC to
the nearest 0.1 cm. Information on zygosity was based on
validated questions on physical similarity and confusion of
identity by others (Ooki & Asaka, 2004). The twins were
7 years old or older at the time of survey, thus decreasing
the likelihood of misclassification of zygosity, which is a
problem when studying infant twins (Forget-Dubois et al.,
2003). Information on the age at reaching eight motor de-
velopmental milestones (maintain head, roll over, sit alone,
stand holding on, walk holding on, walk independently and
running) was reported in full months.

We tested the associations between the growth trajec-
tories of anthropometric measures and the motor develop-
mental milestones using linear mixed models in the package
lme4 of R 2.15.2 statistical software (www.r-project.org).
We first fitted a model having an anthropometric trait as a
dependent and age as an independent variable. Thus, linear
growth over infancy is seen as a positive effect of age. We then
included age squared into the model to test whether growth
slows down during the infancy, indicated by a negative effect
of age squared. Age at birth was calculated from standard
gestation of 38 weeks. Thus, earlier or later gestational age
was taken into account in the analyses as days before or after
age zero. After that we tested the interaction effects between
age and age squared with the motor developmental mile-
stones. This indicates whether the growth trajectories are
different depending on the motor development. The effect
of sample design, that is, sampling families with twin pairs
rather than independent individuals on the standard errors
and subsequently two-sided p values and 95% confidence
intervals, was taken into account by estimating robust stan-
dard errors in all individual level analyses.

We continued the analyses by studying the associations
within twin pairs. Because the age at achieving the mo-
tor development milestones was reported in full months,
we were able to identify only twin pairs discordant for at
least 1 month difference in the motor development. We
identified twin pairs discordant for one or several mile-
stones (236 pairs, 64% of all twin pairs). As the data was
not large enough to analyze twin pairs discordant for each
milestone separately, we classified the discordance based on
whether a co-twin was ahead in the majority of the mile-
stones. The correlations between the motor development
indicators varied from modest to high (r = .17–.83). How-
ever, within-pair similarity in these different milestones was
higher. Only 31 pairs showed difference in the discordance
status that was dependent on the used milestone; in the
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TABLE 1

Physical and Motor Development By Sex and Zygosity Among Twin Individuals

Boys Girls

MZ twins DZ twins MZ twins DZ twins

N Mean SD Mean SD Mean SD Mean SD

Maintain head (months) 703 3.6 1.11 3.7 1.13 3.6 0.86 3.5 0.88
Roll over (months) 652 5.6 1.42 5.6 1.64 5.7 1.64 5.7 1.28
Crawl (months) 671 8.5 2.06 8.2 2.39 8.3 1.60 8.3 1.51
Sit alone (months) 657 7.4 1.34 7.3 2.23 7.3 1.25 7.1 1.07
Stand holding on (months) 672 9.4 2.18 9.4 3.90 9.3 1.94 9.1 1.77
Walk holding on (months) 646 11.0 2.29 10.9 5.16 10.7 2.26 10.3 1.87
Walk independently (months) 716 14.0 2.59 14.1 6.14 13.5 2.97 12.9 2.16
Running (months) 526 22.2 4.67 21.6 3.60 22.0 4.60 22.2 3.97

Length
Birth (cm) 699 45.9 3.03 46.0 3.39 45.4 2.88 45.7 2.62
Age 1 to 3 months (cm) 620 51.2 3.88 51.7 2.50 50.5 3.25 51.0 2.67
Age 3 to 5 months (cm) 652 60.6 3.26 61.8 2.75 59.3 2.77 59.8 2.81
Age 5 to 7 months (cm) 352 66.1 2.47 66.8 2.34 64.8 2.48 65.4 9.84
Age 7 to 9 months (cm) 259 68.3 2.58 68.7 2.27 66.1 2.03 66.6 2.21
Age 9 to 11 months (cm) 490 70.9 2.69 71.7 2.57 69.5 2.42 69.2 2.69
Age 11 to 13 months (cm) 209 74.0 2.80 74.7 2.71 72.1 2.41 71.7 2.61

Weight
Birth (kg) 740 2.31 0.50 2.47 0.46 2.33 0.43 2.33 0.39
Age 1 to 3 months (kg) 657 3.63 0.87 3.84 0.66 3.52 0.70 3.57 0.64
Age 3 to 5 months (kg) 663 6.16 0.94 6.63 0.76 5.84 0.82 6.01 0.83
Age 5 to 7 months (kg) 370 7.35 1.02 7.83 0.76 7.05 0.86 6.98 0.88
Age 7 to 9 months (kg) 265 7.79 0.86 8.20 0.89 7.33 0.75 7.60 0.82
Age 9 to 11 months (kg) 501 8.56 1.00 8.85 0.94 8.03 0.84 8.00 0.88
Age 11 to 13 months (kg) 207 9.21 1.00 9.37 0.94 8.37 0.67 8.24 0.74

Head circumference
Birth (cm) 685 32.1 1.78 32.6 1.47 32.1 1.55 32.0 1.49
Age 1 to 3 months (cm) 595 36.2 1.69 36.2 1.49 35.7 1.52 35.6 1.33
Age 3 to 5 months (cm) 572 40.7 1.54 41.4 1.39 39.9 1.38 40.0 1.35
Age 5 to 7 months (cm) 330 43.1 1.63 43.7 1.38 42.3 1.40 42.2 1.20
Age 7 to 9 months (cm) 206 44.1 0.98 44.4 1.89 43.0 1.19 43.3 1.31
Age 9 to 11 months (cm) 408 45.4 1.53 45.8 1.46 44.3 1.34 44.4 1.32
Age 11 to 13 months (cm) 152 46.4 1.51 46.5 1.18 45.5 1.12 44.7 1.52

Chest circumference
Birth (cm) 687 28.9 2.43 29.4 2.39 29.1 2.27 28.9 2.21
Age 1 to 3 months (cm) 564 34.1 3.27 35.0 2.55 33.9 2.53 34.0 2.33
Age 3 to 5 months (cm) 455 40.7 2.39 41.7 1.87 39.7 1.82 39.9 2.22
Age 5 to 7 months (cm) 280 42.9 2.80 43.9 1.87 41.9 1.98 42.0 2.11
Age 7 to 9 months (cm) 173 43.1 1.62 44.1 1.93 42.4 1.99 43.3 1.89
Age 9 to 11 months (cm) 353 44.7 2.43 45.2 2.07 43.9 1.79 43.7 1.98
Age 11 to 13 months (cm) 139 45.7 1.99 46.5 1.60 44.5 1.79 44.3 1.83

majority of these cases only one indicator was different. We
then calculated mean values of the anthropometric indi-
cators for the delayed and advanced co-twins and tested
the statistical significance of the difference by using the t
test of paired samples. The Stata/SE 11.2 statistical soft-
ware (StataCorp, College Station, Texas, USA) was used in
these analyses. Finally, we tested the similarity of the tra-
jectories of anthropometric measures within the discordant
twin pairs (R 2.15.2, the package lme4). Differences in the
level of anthropometric measures between discordant co-
twins would be seen as the main effect of age and possible
catch-up growth as the effect of age squared.

Results
Table 1 presents the basic characteristics of twin individuals
by sex and zygosity. No systematic differences in the mo-
tor development milestones or anthropometric measures

were found between MZ and dizygotic (DZ) twins or be-
tween boys and girls, and thus we used the pooled data
in the further analyses. The average ages at achieving the
milestones varied from 3.6 months for maintaining head to
22.2 months for running. Growth was most rapid after
birth and then declined until 1 year of age. From birth to
1–3 months of age, growth in length was 5.3 cm, in weight
1.3 kg, in HC 3.7 cm and in CC 5.1 cm. From 9–11 to 11–13
months of age, the growth was 2.9 cm, 0.5 kg, 0.9 cm and
0.9 cm, respectively.

We then fitted growth models to these data (Table 2).
As expected, a positive effect of age and negative effect of
age squared was found for all anthropometric traits show-
ing curvilinear growth trajectories. We then analyzed how
motor development modified these trajectories. We found
that for all motor developmental milestones and anthropo-
metric traits, the modification effect with the linear effect
of age was negative and with age squared, positive. The
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TABLE 2

Parameters for Infant Growth Per 10 Months and Motor Development Milestone Modifications of These Parameters

Length (cm) Weight (kg) Head circumference (cm) Chest circumference (cm)

� 95% CI � 95% CI � 95% CI � 95% CI

Main effects
Age 34.7 (34.3, 25.1) 9.07 (8.94, 9.21) 19.1 (19.7, 20.2) 26.9 (26.5, 27.4)
Age squared -1.15 (-1.18, -1.11) -0.34 (-0.35, -0.33) -0.82 (-0.84, -0.79) -1.28 (-1.32, -1.24)

Modifications effects
Maintain head
Age -0.72 (-1.20, -0.24) -0.38 (-0.53, -0.23) -0.42 (-0.74, -0.11) -0.23 (-0.77, 0.32)
Age squared 0.09 (-0.05, 0.12) 0.03 (-0.02, 0.04) 0.06 (-0.03, 0.08) 0.04 (0.01, 0.08)

Roll over
Age -0.40 (-0.72, -0.08) -0.13 (-0.23, -0.03) -0.26 (-0.47, -0.05) -0.13 (-0.49, 0.22)
Age squared 0.05 (-0.02, 0.07) 0.01 (-0.01, 0.02) 0.03 (-0.02, 0.05) 0.03 (0.01, 0.06)

Crawl
Age -0.35 (-0.58, -0.12) -0.10 (-0.17, -0.02) -0.13 (-0.28, 0.02) -0.12 (-0.36, 0.13)
Age squared 0.04 (-0.02, 0.06) 0.01 (-0.01, 0.02) 0.02 (-0.01, 0.03) 0.02 (-0.01, 0.04)

Sit alone
Age -0.47 (-0.84, -0.11) -0.27 (-0.38, -0.15) -0.27 (-0.38, -0.15) -0.08 (-0.50, 0.34)
Age squared 0.05 (-0.03, 0.08) 0.02 (-0.01, 0.03) 0.02 (-0.01, 0.03) 0.03 (0.02, 0.04)

Stand holding on
Age -0.15 (-0.35, 0.05) -0.05 (-0.12, 0.01) -0.05 (-0.18, 0.08) -0.07 (-0.29, 0.15)
Age squared 0.02 (-0.01, 0.04) 0.01 (0.00, 0.01) 0.01 (-0.01, 0.03) 0.02 (0.00, 0.03)

Walk holding on
Age -0.15 (-0.37, 0.06) -0.06 (-0.13, 0.01) -0.10 (-0.24, 0.03) -0.14 (-0.37, 0.10)
Age squared 0.03 (-0.01, 0.04) 0.01 (0.00, 0.02) 0.02 (-0.01, 0.03) 0.02 (-0.01, 0.04)

Walk independently
Age -0.12 (-0.29, 0.06) -0.05 (-0.11, 0.00) -0.11 (-0.21, 0.00) -0.11 (-0.29, 0.07)
Age squared 0.02 (-0.01, 0.03) 0.01 (0.00, 0.01) 0.02 (-0.01, 0.03) 0.02 (-0.01 0.03)

Running
Age -0.06 (-0.19, 0.07) -0.05 (-0.09, -0.01) -0.21 (-0.29, -0.13) -0.13 (-0.28, 0.01)
Age squared 0.01 (0.00, 0.02) 0.00 (0.00, 0.01) 0.02 (-0.01, 0.02) 0.01 (0.00, 0.02)

negative linear effect of age indicates that those children
whose motor developmental milestones are delayed are
smaller over infancy. Further, the positive effect of age
squared indicates that these children catch up with other
children over infancy in the growth of anthropometric
traits. However, most of these modification effects with
age squared reflecting catch-up growth were not statisti-
cally significant. Generally, the age interaction effects were
stronger with earlier than later milestones. However, statis-
tically significant associations were found with weight and
HC also with the last milestone — that is, running.

We continued the analyses by studying more detailed
growth in twin pairs discordant for the age at achievement of
motor developmental milestones (Table 3). The most con-
sistent association was found for CC where the co-twin who
was delayed in the motor development had lower CC from
birth until 3–5 months of age compared to the advantaged
co-twin; at 7–9 months of age the difference was marginally
statistically significant. For weight, a difference was found
from birth until 1–3 months of age. For the other anthro-
pometric indicators, the differences were not statistically
significant, but they were generally to the same direction
such that poorer growth was associated with slower motor
development. Finally, we conducted the growth model for
the discordant twin pairs. However, the age (p = .38–.68) or
age-squared effects (p = .47–.57) did not differ statistically

significantly, suggesting that the growth trajectories were
at a similar level and showed the same shape over infancy
within discordant twin pairs.

Discussion
Our results showed that length, weight, HC and CC in in-
fancy are all associated with motor development among
twin individuals; greater size at any time point was associ-
ated with earlier achievement of milestones, that is, faster
development. It is well-known from previous studies that
low birth weight, short birth length and small HC are as-
sociated with delayed cognitive development (Broekman
et al., 2009; de Kieviet et al., 2009; Fattal-Valevski et al.,
2009, Heinonen et al., 2008; Lira et al., 2010; Wheeler et al.,
2004). However, our study differs in two important ways
from these previous studies. First, while in most studies
neurodevelopment was measured using IQ, we found the
corresponding associations for multiple indicators of motor
development as well. In our study the physical development
in infancy was most strongly associated with the earliest mo-
tor development milestone — that is, maintaining head —
and showed mostly weaker association for the later mile-
stones. However, we found clear associations also for the
last milestone (i.e., running). This shows that early physical
development is widely associated with different indicators
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TABLE 3

Physical Development in Twin Pairs Discordant for Motor Development

Advanced co-twin Delayed co-twin

Mean 95% CI SD Mean 95% CI SD p value of mean difference

Length
Birth 45.6 (45.2, 46.1) 3.01 45.4 (45.0, 45.8) 3.10 0.242
Age 1 to 3 months (cm) 50.9 (50.5, 51.4) 2.98 50.8 (50.4, 51.3) 3.03 0.471
Age 3 to 5 months (cm) 60.1 (59.6, 60.5) 2.99 59.9 (59.4, 60.4) 3.18 0.325
Age 5 to 7 months (cm) 65.2 (64.7, 65.7) 2.43 65.1 (64.5, 65.6) 2.70 0.561
Age 7 to 9 months (cm) 67.0 (66.4, 67.5) 2.43 66.9 (66.3, 67.5) 2.58 0.725
Age 9 to 11 months (cm) 69.9 (69.4, 70.3) 2.58 69.8 (69.3, 70.3) 2.84 0.783
Age 11 to 13 months (cm) 73.0 (72.3, 73.8) 3.00 72.8 (72.0, 73.6) 3.11 0.553

Weight
Birth (kg) 2.35 (2.29, 2.41) 0.46 2.28 (2.22, 2.34) 0.44 0.013
Age 1 to 3 months (kg) 3.66 (3.56, 3.77) 0.73 3.57 (3.47, 3.66) 0.67 0.010
Age 3 to 5 months (kg) 6.10 (5.97, 6.22) 0.86 6.03 (5.91, 6.16) 0.84 0.239
Age 5 to 7 months (kg) 7.26 (7.10, 7.42) 0.83 7.16 (6.97, 7.34) 0.94 0.207
Age 7 to 9 months (kg) 7.66 (7.44, 7.88) 0.95 7.62 (7.43, 7.81) 0.82 0.679
Age 9 to 11 months (kg) 8.24 (8.08, 8.39) 0.94 8.15 (7.99, 8.31) 0.95 0.193
Age 11 to 13 months (kg) 8.79 (8.55, 9.04) 1.00 8.74 (8.47, 9.00) 1.09 0.631

Head circumference
Birth 32.2 (32.0, 32.4) 1.57 32.0 (31.8, 32.2) 1.63 0.073
Age 1 to 3 months (cm) 35.8 (35.6, 36.1) 1.46 35.8 (35.6, 36.1) 1.40 1.000
Age 3 to 5 months (cm) 40.4 (40.2, 40.7) 1.50 40.3 (40.0, 40.5) 1.57 0.142
Age 5 to 7 months (cm) 42.8 (42.5, 43.0) 1.33 42.6 (42.3, 42.9) 1.58 0.244
Age 7 to 9 months (cm) 43.6 (43.3, 44.0) 1.32 43.5 (43.2, 43.9) 1.53 0.767
Age 9 to 11 months (cm) 44.8 (44.5, 45.1) 1.60 44.7 (44.4, 45.0) 1.52 0.462
Age 11 to 13 months (cm) 45.7 (45.3, 46.1) 1.39 45.8 (45.3, 46.3) 1.88 0.667

Chest circumference
Birth 29.1 (28.8, 29.4) 2.26 28.8 (28.4, 29.1) 2.44 0.013
Age 1 to 3 months (cm) 34.5 (34.1, 34.9) 2.51 33.9 (33.5, 34.3) 2.62 0.0001
Age 3 to 5 months (cm) 40.6 (40.2, 41.0) 2.31 40.1 (39.7, 40.6) 2.26 0.004
Age 5 to 7 months (cm) 42.5 (42.0, 43.0) 2.19 42.3 (41.8, 42.8) 2.35 0.273
Age 7 to 9 months (cm) 43.3 (42.7, 43.9) 2.02 42.9 (42.4, 43.4) 1.85 0.051
Age 9 to 11 months (cm) 44.3 (43.9, 44.7) 2.14 44.0 (43.6, 44.4) 2.28 0.114
Age 11 to 13 months (cm) 45.6 (45.0, 46.1) 1.98 45.2 (44.5, 45.9) 2.37 0.208

of motor development. Second, while most of the previ-
ous studies have been conducted in Caucasian populations,
we demonstrated this association in an Asian population.
Thus, even though height and weight are generally lower
in Asian populations compared to Caucasian populations
from birth until adulthood (Eveleth & Tanner, 2003), corre-
sponding associations between anthropometric indicators
and motor development can still be seen, suggesting a uni-
versal nature of this effect independent of ancestry group.

By including twins our study design gave us an opportu-
nity to obtain more information on the background of these
associations. Studying co-twin differences within twin pairs
allows one to adjust for gestational age as well as many ma-
ternal and postnatal environmental factors and is thus more
informative than the population level associations alone.
When studying twins discordant for motor development,
CC showed the strongest association. Thus, CC seems to be
more strongly associated with motor development than the
other anthropometric indicators, independently of family
and other factors shared by the twins. CC is used in devel-
oping countries as an indicator of nutritional status of the
newborn (Goto, 2011), but it is not widely used in devel-
oped countries. In our previous study, we found that birth
weight was correlated with CC from birth until 1 year of
age and these correlations were explained by environmental

rather than genetic factors (Silventoinen et al., 2012). Thus,
birth weight and development of CC seem to capture the
same intrauterine environmental variation, which is also
relevant for further motor development.

When studying developmental trajectories, we found ev-
idence that delayed motor development was associated with
catch-up growth of all anthropometric indicators over in-
fancy. Many of these effects were not statistically significant,
but they were all in the same direction in providing more
evidence that these effects are not merely due to sampling
error. This is in contrast to previous studies which have re-
ported that higher IQ in mid-childhood is associated with
rapid growth in height and HC and is not associated with
weight gain (Beyerlein et al., 2010; Fattal-Valevski et al.,
2009; Heinonen et al., 2008; Lira et al., 2010). A likely rea-
son for this is that in these previous studies the children
had normal birth weight whereas our study included twins
who have generally lower birth weight than singletons. Sim-
ilar results to our study have been found in a Dutch twin
study suggesting that catch up-growth in length is associ-
ated with lower IQ (Estourgie-van Burk et al., 2009). On
the other hand, we did not find evidence that growth tra-
jectories differed within twin pairs. This is partly because
of lack of power in these analyses, but can also indicate that
gestational age and other birth-related factors shared by
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co-twins explain the association between physical develop-
ment trajectories in infancy and motor development over
early childhood.

Our data have strengths but also limitations. The strength
of our data is that we have longitudinal measures of an-
thropometric indicators, including HC and CC, and in-
formation on the age of achievement of several key motor
developmental milestones. Especially CC is rarely available
in studies on cognitive and motor development. Further,
because our participants are twins, we were able to opti-
mally take into account gestational age and many maternal
and postnatal environmental factors. Even when technically
reported by mothers, the measurements of weight, length,
HC and CC were performed by trained public health nurses
using the standardized measurement protocol, and thus the
reliability of the measures is expected to be good. How-
ever, measurement error, especially for length, HC and CC
in infancy, cannot be avoided and may have weakened the
found associations. A limitation of our data is that as our
sample size was only moderate, we did not have power to
analyze whether the associations were similar in MZ and
DZ twin pairs. This would have given more information on
the role of genetic factors behind of these associations. Also
probably because of lack of power, the catching-up effects,
even when systematically found, were mostly statistically
non-significant. Further, age at the achievement of the mo-
tor development milestones was reported in full months,
and thus we were able to identify only the most discor-
dant pairs. Differences of less than 1 month are unlikely to
be clinically relevant. On the other hand, larger difference
may reflect pathological cases not in the main focus of this
study. Reporting motor development in full months also
made it impossible to estimate the role of genetic and envi-
ronmental factors behind of these associations. Finally, the
response rate was only moderate (53%). However, this was
partly compensated by our sample design where mothers
reported retrospectively information for both of the co-
twins. Thus, we did not have incomplete twin pairs or attri-
tion over the follow-up in our data, which may have biased
the results. It is also noteworthy that the mothers reported
the achievements of the milestones retrospectively based
on the information recorded in Maternal and Child Health
Handbook when the children were 7 years old or older.
Thus, responses are not likely to be related to early growth
or milestone achievement as it happened some years after
the achievement of the last milestone. Also, the MZ/DZ ra-
tio in our data (1.33) was similar to this ratio in the general
Japanese population in largely overlapping birth cohorts
(1.18) suggesting that our data is representative (Imaizumi,
2003).

In conclusion, length, weight, HC and CC from birth
until 1 year of age are associated with motor development
until mid-childhood. When studying discordant twin pairs
and thus taking into account gestational age and many ma-
ternal and post-natal environmental factors, CC showed the

most robust association with motor development. CC may
offer additional benefits for surveillance of childhood de-
velopment as compared to other anthropometric measures.
CC should be evaluated further to see whether it might be
of value in the healthcare of infants also in developed coun-
tries.
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