Triplets, birthweight, and handedness
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The mechanisms behind handedness formation in humans are still
poorly understood. Very low birthweight is associated with higher
odds of left-handedness, but whether this is due to low birthweight
itself or premature birth is unknown. Handedness has also been
linked to development, but the role of birthweight behind this
association is unclear. Knowing that birthweight is lower in multiple
births, triplets being about 1.5 kg lighter in comparison with
singletons, and that multiples have a higher prevalence of lefthandedness than singletons, we studied the association between
birthweight and handedness in two large samples consisting exclusively of triplets from Japan (n = 1,305) and the Netherlands
(n = 947). In both samples, left-handers had significantly lower
birthweight (Japanese mean = 1,599 g [95% confidence interval
(CI): 1,526–1,672 g]; Dutch mean = 1,794 g [95% CI: 1,709–1,879 g])
compared with right-handers (Japanese mean = 1,727 g [95% CI:
1,699–1,755 g]; Dutch mean = 1,903 g [95% CI: 1,867–1,938 g]).
Within-family and between-family analyses both suggested that
left-handedness is associated with lower birthweight, also when
fully controlling for gestational age. Left-handers also had significantly delayed motor development and smaller infant head circumference compared with right-handers, but these associations diluted
and became nonsignificant when controlling for birthweight. Our
study in triplets provides evidence for the link between low birthweight and left-handedness. Our results also suggest that developmental differences between left- and right-handers are due to a
shared etiology associated with low birthweight.
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(16). Gestational age is highly correlated with birthweight and
could be additionally considered as an important covariate (12).
In multiples, birthweight is naturally lower compared with singletons, with twins and triplets being about 1.0 and 1.5 kg lighter
than singletons, respectively (17). Interestingly, previous studies
have indicated a higher prevalence of left-handedness in twins and
triplets compared with singletons (8, 18). However, these differences may be due to perinatal factors that differ between multiples
and singletons (19). In line with this, we previously reported that
the difference in the prevalence of left-handedness between twins and
singletons was not evident when controlling for birth- and pregnancyrelated factors (20). Furthermore, in twins, the prevalence of lefthandedness was significantly higher in those in the lowest decile of
birthweight compared with those of higher birthweight. These results
suggest that multiple birth itself is not associated with handedness, but
the increased odds for left-handedness are rather due to either restricted intrauterine growth or pregnancy/birth-related risks that
are more common in twins than singletons (21). Furthermore, together with studies in singletons, the results of Heikkilä et al. (20)
suggest that the association between birthweight and handedness is
driven by the low end of the birthweight distribution. In line with
this, a study of 9,688 singletons found no association between
handedness and birthweight when using a cutoff of 2.5 kg (22).
With an average birthweight well below 2.0 kg, triplets have a
naturally lower birthweight compared with singletons and twins
Significance

triplets

Low birthweight is a risk factor for developmental delay, and is
also associated with a higher odds of being left-handed. Likewise, compared with singletons, triplet births encompass an
increased probability of left-handedness and developmental
delay. In a large study, including triplets from two countries,
we studied if left-handedness is associated with birthweight
and postnatal development. Triplets have naturally low birthweights, being about 1.5 kg lighter than singletons. In both
samples of triplets, we showed that left-handedness was associated with lower birthweight. Left-handers had also smaller
infant head circumference and delayed motor development
compared with right-handers, but these differences were not
evident when controlling for birthweight.

T

he majority of humans are right-handed, with the prevalence
of left-handedness being about 10% in countries that are
permissive toward the use of the left hand (1–3). Although the
proportion of left-handedness varies between different cultures,
a consistent finding is that left-handedness is more common in
males compared with females with a difference of about 2–4%
points [the male-to-female odds ratio was 1.23 in a metaanalysis
of Papadatou-Pastou et al. (4, 5)].
Ultrasound studies have indicated that handedness formation
takes place prenatally, as early as 10 wk from gestation, as soon as
independent arm movements start to occur (6, 7). Support for the
genetic control (i.e., heritability) of handedness exists, but twin
studies have suggested that only one-quarter of the variance in
handedness is explained by genetic effects (2, 8), thus indicating a
substantial role of environmental influences behind the individual
differences in handedness. Intrauterine growth and hormonal
milieu are prenatal factors that have been studied in relation to
handedness (see refs. 9–11 for hormonal theories of handedness).
In singletons, a metaanalysis provided evidence of a higher
prevalence of left-handedness in children with a history of preterm
birth compared with those born at term (12). Importantly, studies
have indicated that very low birthweight (VLBW, <1.5 kg) and
extremely low birthweight (ELBW, <1.0 kg) are associated with a
greater prevalence of left-handedness (13–15). Besides birthweight,
birth order, maternal age, infertility treatment, maternal stress, and
birth complications are perinatal factors which have, although
inconsistently, been reported to be associated with handedness
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Results
The prevalence of left-handedness was significantly lower in the
Japanese than in the Dutch sample (9.6% vs. 13.9%, χ2 = 10.32,
P = 0.002) (Table 1 and SI Appendix, Table S1 display handedness
classification for self-reported and maternal-reported handedness
separately). The prevalence of left-handedness did not differ
between males (8.3%) and females (10.9%) in the Japanese sample
(P = 0.11), whereas in the Dutch sample significantly more males
(16.7%) than females (11.3%) were left-handed (P = 0.02). The
number of ambidextrous individuals was 42 (3.2%) in Japan and
35 (3.7%) in the Netherlands; these individuals were excluded
from the main analyses.
Males had higher birthweight compared with females (P <
0.001, Table 1) and mean birthweight was smaller in the Japanese compared with the Dutch sample (P < 0.001, Table 1). The
birthweight decreased as a function of within-triplet-birth-order
in both samples (Fig. 1). The proportion of triplets with a
birthweight less than 1,500 g was 30.1% and 21.0% for Japanese
and Dutch triplets, respectively. Gestational age did not differ
between males and females (P = 0.5) or between Japan and The
Netherlands (P = 0.2) (Table 1).
In both samples, left-handers had significantly lower birthweight (Japanese mean = 1,599 g, SD = 411 g; Dutch mean =
1,794 g, SD = 481 g) compared with right-handers (Japanese
mean = 1,727 g, SD = 429 g; Dutch mean = 1,903 g, SD = 476 g)
(Fig. 1 and Table 2). There was no significant birthweight–
country interaction on handedness (P = 0.446), indicating that
the effect of birthweight was similar in both countries (combined
dataset odds ratio (OR) = 0.60 [95% CI: 0.45, 0.81]; SI Appendix,
Table S2). The significant birthweight difference between handedness groups remained when excluding those who were ≤5 y old
(OR = 0.54 [95% CI: 0.31, 0.92], in Japan, and OR = 0.65 [95%
CI: 0.44, 0.98], in the Netherlands, Ps < 0.05). Additional analyses
in the combined dataset indicated that lower birthweight was also
related to a higher odds of being ambidextrous, but this association
was not statistically significant (OR = 0.71 [95% CI: 0.42, 1.20],
P = 0.199). Lower birthweight was also related to a higher odds of
non–right-handedness, i.e., when including ambidextrous in the
group of left-handers (OR = 0.63 [95% CI: 0.48, 0.82], P = 0.001).

Table 1. Basic characteristics of the two triplet datasets
Japanese triplets, n = 1,305
Handedness
Left-handed*
Right-handed
Ambidextrous
Missing
Birthweight, g
Males
Females
Gestational age, wk
Males
Females

Dutch triplets, n = 947

Proportion/mean, SD

N

Proportion/mean, SD

N

9.6%
70.8%
3.2%
16.4%
1,706 (426)
1,734 (435)
1,680 (417)
33.4 (2.62)
33.4 (2.67)
33.5 (2.59)

125
924
42
214
1,293
654
617
1,248
638
588

13.9%
75.9%
3.7%
6.5%
1,888 (476)
1,959 (468)
1,819 (474)
33.8 (2.60)
34.0 (2.45)
33.7 (2.72)

132
719
35
61
921
454
467
822
411
411

*After excluding ambidextrous and missing, the prevalence of left-handedness became 11.9% and 15.5% in the
triplets of Japan and the Netherlands, respectively. Sex was missing for 22 triplet children in Japanese data.
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Fig. 1 also shows the mean birthweight of the right- and lefthanded participants as a function of birth order (see SI Appendix,
Fig. S1 for birthweight distributions of left- and right-handed
participants in the two datasets). Birth order was not significantly associated with handedness (Fig. 1 and Table 2). The
association between birthweight and handedness remained in
both samples after controlling for birth order, sex, maternal age
and infertility treatment status (Japanese sample OR = 0.50
[95% CI: 0.31, 0.81]; Dutch sample OR = 0.55 [95% CI: 0.36,
0.84]). Maternal age and infertility treatment status were not
significantly associated with handedness (Table 2). There was a
significant sex by birthweight interaction on handedness only in
the Japanese data (Table 2).
In the Japanese sample, gestational age did not show a significant association with handedness (see model 1 in SI Appendix,
Table S3). When birthweight was added to the model, birthweight
was a significant (P < 0.01) predictor of handedness, while the
association between gestational age and handedness remained
nonsignificant (P = 0.30). In the Dutch sample, both gestational
age and birthweight, when analyzed separately, were significantly
associated with handedness (P = 0.01 for both), but neither of
these associations remained significant when modeled simultaneously (SI Appendix, Table S3). The correlation of gestational
age and birthweight was 0.79 and 0.74 in the Japanese and Dutch
datasets, respectively (SI Appendix, Figs. S2 and S3). Zygosity was
not associated with handedness (SI Appendix, Table S3).
For within-triplet analyses, the number of handedness-discordant
triplet-member pairs were 102 and 104 in the Japanese and Dutch
samples, respectively. The results turned out to be similar to
those of the between-family analyses: overall OR of handedness
on birthweight was 0.63 (95% CI: 0.32, 1.24); (OR = 0.67 [95%
CI: 0.22, 1.99] and OR = 0.51 [95% CI 0.21, 1.23] in the Japanese
and Dutch samples, respectively; SI Appendix, Table S4). The results,
however, were not statistically significant.
Looking at general motor development, as indicated by the first
unrotated principal component of five motor development items,
left-handers had significantly delayed motor development compared with right-handers in the Japanese triplets (n = 386) (Table 3).
A similar trend was observed in the Dutch triplets, but the difference
was not statistically significant in this smaller sample including
only nine left-handers (n = 65) (Table 3). In the Japanese sample,
turning, sitting and walking alone were achieved significantly later
in left-handers than right-handers (SI Appendix, Table S5). In the
Dutch sample, four out of five individual milestones were achieved
later in left-handers, but none of the differences were statistically
significant (SI Appendix, Table S5). Higher birthweight was associated with earlier motor development in both samples (Table 3
and SI Appendix, Table S5 for individual items). Moreover, no
significant differences in motor development between left- and
right-handers were evident after controlling for birthweight (Table 3
and SI Appendix, Table S5).
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(17, 20) and, unlike what we have seen among twins and singletons
(20), a sizable portion of triplets have a birthweight below the
VLBW threshold. Triplets thus offer a unique setting to test the
association between birthweight and handedness. Here, by using
a continuous measure of birthweight, we showed that lower
birthweight was associated with left-handedness in 2,252 triplets
in two large samples, from Japan (n = 1,305) and the Netherlands (n = 947). We also showed that compared with righthanders, left-handers had smaller infant head circumferences
and more delayed postnatal motor development, but these differences were not evident when controlling for birthweight.
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Fig. 1. Mean birthweight with 95% CI by handedness and birth order in triplets. Right-handers (n = 919) had significantly higher birthweight than lefthanders (n = 124; 11.9%) in Japan (A). Right-handers (n = 707) had significantly higher birthweight than left-handers (n = 126; 15.1%) in the Netherlands (B).
Percentages indicate the prevalence of left-handers within birth order groups, for P values, see Table 2.

Left-handers had significantly smaller infant head circumferences than right-handers (Table 3). Higher birthweight was
positively associated with infant head circumference, but handedness was not related to infant head circumference after controlling for birthweight (Table 3).
Discussion
This is a study to analyze triplet data to explore the effects of
birthweight and other perinatal factors on handedness. We
found that triplets, who naturally have a low birthweight, show an
increased prevalence of left-handedness as a function of lower
birthweight. Furthermore, birthweight was a stronger explanatory variable for left-handedness than birth order or gestational
age. Results were similar in two separate datasets, from Japan
and the Netherlands. Within-triplet results, fully controlling for
gestational age, were also similar to between-family results.
However, within-family analyses remained nonsignificant, likely
due to the low number of triplets discordant for handedness.
Our finding of the association between birthweight and the increased proportion of left-handedness among triplets is in line
with singleton studies of VLBW and ELBW individuals (14, 15), a
metaanalysis of preterm singletons (12), and a large twin–singleton
study which found birthweight to be a significant explanatory

variable of handedness (2). Additionally, in our previous study
(20), we found that differences in handedness between singletons
and twins were not evident after controlling for birthweight.
In the current study, birthweight seemed to dominate over
gestational age and other perinatal covariates which have been
associated with handedness in some but not all studies (16). The
high correlation between birthweight and gestational age (r >
0.7 in our datasets) indicates that these variables cannot be included in regression models simultaneously. If birthweight was the
most important pregnancy/birth-related factor determining handedness, the associations between gestational age and handedness
could also reflect the effects of birthweight on handedness.
Without contrasting with singletons (i.e., our triplets-only sample),
based on the birthweight distribution, an association between
continuous birthweight and an increased proportion of lefthandedness became evident due to the remarkable fraction of triplets
having a birthweight less than 1.5 kg (Japanese: 30.1%; Dutch: 21.0%),
a VLBW threshold in singletons.
We did not have nontriplet participants in our study. However,
a Dutch family study combining 27,071 twins and their nontwin
siblings reported the prevalence of left-handedness (including
ambidextrous persons) to be 17.6% and 15.2% among the male
and female participants, respectively (2). A study of Japanese

Table 2. Logistic regression models reporting OR with 95% CI for left-handedness (left- versus
right-handed) in Japanese (n = 1,043) and Dutch (n = 833) triplets
Japanese triplets
Model
Model 1
Model 2

Model 3
Model 4

Model 5

Dutch triplets

Variable

OR, 95% CIs

P

OR, 95% CIs

P

Birthweight, kg
First born
Second born
Third born
Sex, boys
Sex, girls
Birthweight, kg
Sex, boys
Sex, girls
Birthweight*Sex
Birthweight, kg
First born
Second born
Third born
Sex, boys
Sex, girls
Maternal age, y
Infertility treatment

0.50 (0.31–0.78)
(Reference†)
1.05 (0.67–1.64)
1.10 (0.70–1.74)
(Reference†)
1.36 (0.94–1.97)
0.32 (0.16–0.65)
(Reference†)
0.28 (0.06–1.20)
2.57 (1.06–6.22)
0.50 (0.31–0.81)
(Reference†)
1.0 (0.63–1.59)
0.98 (0.61–1.58)
(Reference†)
1.26 (0.86–1.85)
0.99 (0.92–1.05)
0.92 (0.55–1.55)

<0.01
(Reference†)
0.84
0.68
(Reference†)
0.10
<0.01
(Reference†)
0.09
0.04
<0.01
(Reference†)
1.00
0.94
(Reference†)
0.24
0.65
0.77

0.62 (0.43–0.90)
(Reference†)
0.73 (0.46–1.14)
0.89 (0.57–1.38)
(Reference†)
0.60 (0.42–0.86)
0.67 (0.39–1.15)
(Reference†)
1.13 (0.25–5.16)
0.66 (0.29–1.49)
0.55 (0.36–0.84)
(Reference†)
0.70 (0.42–1.16)
0.85 (0.53–1.36)
(Reference†)
0.59 (0.40–0.87)
0.99 (0.92–1.05)
0.74 (0.47–1.16)

0.01
(Reference†)
0.17
0.59
(Reference†)
0.01
0.15
(Reference†)
0.88
0.32
0.01
(Reference†)
0.17
0.49
(Reference†)
0.01
0.68
0.19

*Interaction term in the logistic regression model.
†
Reference group (OR = 1.0 with missing confidence interval).
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Table 3. Regression analysis of motor development milestones and head circumference by handedness
and birthweight

Left-handers
Sample/measure
Japan
Motor development*
Head circumference
The Netherlands
Motor development*

Right-handers

Model 1

Model 2

Handedness

Birthweight

Model 3
Handedness

Birthweight

M, SD

N

M, SD

N

Beta

P

Beta

P

Beta

P

Beta

P

0.57 (2.02)
29.3 (2.23)

47
60

−0.14 (1.72)
30.13 (2.39)

339
496

0.71
−0.83

0.049
0.012

−2.11
4.57

<0.001
<0.001

0.28
−0.01

0.270
0.978

−2.10
4.54

<0.001
<0.001

0.12 (1.82)

9

0.004 (1.89)

56

0.27

0.715

−1.01

0.032

0.13

0.833

−0.85

0.085

adolescent twins (n > 2,000) reported a prevalence of 8.4% and
7.2% for left-handedness in boys and girls, respectively (23). In
line with our study in triplets, sex differences in these samples
including twins were evident only in the Netherlands (2), but not
Japan (23). However, studies in Japanese singletons have also
indicated a higher prevalence of left-handedness in males (4).
We note that these studies have used different handedness
measures and classifications in different birth cohorts, thus not
allowing for direct comparisons between studies. Nevertheless,
they suggest a somewhat higher prevalence of left-handedness in
the Netherlands than Japan; a similar observation was made in
our study of triplets from these countries. This difference between countries may be due to cultural differences [i.e., European countries being more permissive toward left-handedness
(16)], but genetic, epigenetic, prenatal healthcare, or other reasons cannot be ruled out. The mean age at the time of handedness classification was also higher in the Dutch sample.
Handedness has commonly been linked with cerebral lateralization of language. However, the correspondence between lateralization of language and motor functions is far from unity
(24–26): The proportions of typical left hemispheric language
dominance in right- and non–right-handers are about 90% and
70–80%, respectively (25–27). Our study did not include a
measure of language lateralization, but studies in singletons have
suggested atypical language lateralization to be more common in
prematurely born children (28, 29).
In singletons, a metaanalysis indicated a higher prevalence of
left-handedness in children with a history of preterm birth
compared with those born at term (12). Further, other metaanalyses have shown that lower birthweight is associated with
poorer motor development, coordination disorders (30, 31), and
poorer language development (32) across childhood. Taken together, low birthweight seems to have global effects on cognitive
and motor development, including handedness.
Many previous studies have found neurological deficits to relate
to VLBW, preterm birth, and multiples (21, 33–39). A metaanalysis indicated that non–right-handedness is more common in
those with intellectual disabilities compared with those with no
intellectual disability (40). Similarly, another metaanalysis showed
that low birthweight is a risk factor of intellectual disability (41).
Despite the significant group differences between left- and righthanders in cognitive abilities (42) and despite the higher prevalence of non–right-handedness in some disorders such as schizophrenia (43) and deafness (44), we note that left-handedness itself
is not a deficit. Indeed, a recent systematic review and metaanalysis indicated negligible differences in intelligence between
left-handers and right-handers in the general population (45).
Although both poorer cognitive ability (35, 37, 38) and lefthandedness have been linked to low birthweight, this does not
imply a causal link between cognitive ability and left-handedness.
It has been proposed that left-handedness has a pathological
(46, 47) origin in some individuals, resulting from left hemisphere
damage during the prenatal or perinatal period. Indeed, lower
Heikkilä et al.

birthweight increases the risk of perinatal brain injury (48) and is
known to have extensive effects on brain development (49), including smaller brain size even in the absence of neonatal focal
brain injury (38). The prevalence of left-handedness is elevated in
some neurodevelopmental disorders with notable brain alterations, such as autism (50), Down’s syndrome (51), and schizophrenia (43). According to Satz’s model (46, 47), lower cognitive
abilities and left-handedness result independently from brain
damage. While the shared and independent mechanisms behind
the associations between birthweight, handedness, and postnatal
development are not well known, studies have shown that both
handedness and VLBW are related to alterations in white-matter
tracts including inter- and intrahemispheric connections (37, 52).
Our results are in line with the hypothesis of pathological lefthandedness, but the theory of pathological left-handedness has
met with some criticism (see ref. 53). A difficulty lies in the
original definition, which assumes that brain damage causes a
deviation from “natural handedness.” The mechanism behind
the birthweight–handedness association may also be due to genetic effects. Genes related to growth factors (54, 55) have been
linked with handedness, and birthweight is also influenced by
genetic effects (56) [self-regulation of multiples is an additional
cause of low birthweight (57)]. Our within-family analyses controlled for familial effects and the results were in line with results
from the between-family analyses. Familial effects included parental handedness and genetic effects (controlling fully for maternal and paternal genes and, in part, those of the offspring:
Monozygotic triplet sets are genetically identical, whereas diand trizygotic triplet sets share about half of their segregating
genes). In addition to genetics, epigenetic changes are suggested
to be linked to low birthweight and variation in handedness (16).
Our results showed that there were significant differences in
postnatal motor development and infant head circumference
between left- and right-handers. Left-handers achieved motor
milestones later than right-handers in both samples, but the
differences were nonsignificant in the Dutch sample. We note
that there were only nine left-handers with motor development
data in the Dutch sample, but the magnitude of mean differences
was generally similar in both samples (with the exception of
sitting, which indicated nonsignificantly later development of
right-handers in the Dutch sample; SI Appendix, Table S5).
Higher birthweight was consistently associated with earlier motor
development in both samples. Importantly, the effects of handedness in the Japanese data were not significant when controlling
for birthweight, indicating that handedness itself is not an independent predictor of motor development in early childhood.
We observed a similar pattern of results with regard to infant
head circumference, a proxy measure of brain development
available only in the Japanese sample (i.e., smaller head circumference in left-handers compared with right-handers, but no
difference after controlling for birthweight). Birthweight was an
independent predictor of head circumference. Together, the
analyses on motor development and head circumference suggest
PNAS | June 5, 2018 | vol. 115 | no. 23 | 6079
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*First unrotated component of the five motor development milestones (turning, sitting, crawling, standing alone, walking alone).
Higher values indicate more delayed motor development. All models included sex as a covariate. Models 1 and 2 had only one covariate
of importance, handedness, and birthweight, respectively. Model 3 included both independent variables.

that developmental differences observed between left- and righthanders are at least in part due to a shared etiology associated
with low birthweight. Thus, handedness is associated with birthweight
rather than pathology. In line with this, cognitive deficits of lowbirthweight infants have also been suggested to be due to small
birthweight itself (35, 37, 38).
A limitation of our study was that we investigated the association between birthweight and handedness, while not controlling
for any neurological disorders of focal brain injury in prenatal or
early postnatal development. Further, we did not control for
maternal stress and birth complications. With regard to withinfamily analyses our sample size was limited. Our data included
triplet individuals with different zygosities (monozygotic, dizygotic, and trizygotic). When we analyzed birthweight effects in
within-family analysis, zygosity-specific analyses were not feasible, due to the small number of observations. In between-family
analyses, we did not find any main effect of zygosity on handedness. An earlier twin study compared the intelligence in
handedness-discordant MZ twin pairs with regard to relative
birthweight and found that left-handers had lower intelligence,
but only when a cotwin with lower birthweight was left-handed
(58). In our sample of triplets, the number of handedness-discordant
MZ pairs was too small to conduct similar analyses with regard
to motor development.
We had some limitations with regard to our handedness
classification. First, we included hand preference only, not any
hand skill measures. Secondly, we measured only direction (leftversus right-handed) but not the degree of handedness (consistent versus inconsistent, i.e., how strongly individuals prefer to
use one hand over the other). It has been suggested that the
degree rather than the direction of handedness is more closely
linked to behavioral abnormalities and brain pathology (e.g.,
refs. 59 and 60). Our handedness classification was based on
simply asking if the person was left-handed, right-handed, or
ambidextrous. For younger participants, handedness was based
on maternal report and not on self-report. Some of our participants were younger than 5 y; handedness is more stable after 3–
5 y of age. Together, these factors may have resulted in a misclassification of handedness in some individuals. Despite these
limitations, we showed that the association between birthweight
and handedness was similar in both datasets and even when
restricting analyses to those who were older than 5 y.
Strengths of our study include two large samples of triplets, both
of which had data on birthweight and handedness and important
covariates. Because the participants were all triplets with naturally
small sizes, they probably had a more homogeneous birthweight
distribution than singletons, being naturally near to the singleton
definition of VLBW. In comparison with triplets, singleton VLBW
or ELBW children may have more varied etiologies behind their
smaller birthweights.
In conclusion, studies of singletons and twins suggest that
birthweight within the normal range may not be related to
handedness; however, as our triplet study demonstrates, the
prevalence of left-handedness increases with decreasing birthweights at the lower tail of the distribution, resembling earlier
results with VLBW singletons. Although VLBW is known to be
associated with other adversities during fetal life, we do not yet
confidently know the extent to which an increased prevalence of
left-handedness would be accompanied by adversities. In our
study, low birthweight appeared to be the most important prenatal factor explaining the variation in handedness, and differences in motor and brain development between left- and righthanders were not evident when controlling for birthweight.
Owing to the importance of low birthweight, future studies
should utilize more triplets.
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certified by the US Office of Human Research Protections. In Japan, the study
was approved by the ethical review board of Osaka City University. In both
studies, information about the study was provided and returning the questionnaire was considered as a consent to participate. Data will be available
upon request (Dutch data from D.I.B. and Japanese data from Y.Y.).
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The participants of the current study were from two large triplet datasets from
Japan and the Netherlands with available information on handedness, birthweight, and other perinatal factors. In the Netherlands, the study was approved
by the Central Ethics Committee on Research Involving Human Subjects of the
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Triplets from Japan. The participants of this study were recruited from the West
Japan Twins and Higher Order Multiple Births Registry (61). Mothers and their
triplet children were also enrolled from several other sources, such as various
Japanese Mother’s Organizations for Higher Order Multiple Births and referrals from public health nurses. Data were collected through a mailed questionnaire sent to the mothers asking for information recorded in medical
records (for further details, see SI Appendix, SI Supplementary Methods).
Mothers were asked to indicate if their child was left-handed, right-handed, or
ambidextrous. The birth years of the Japanese triplets ranged from 1978 to
2012. Zygosity was based on a series of survey questions.
Triplets from the Netherlands. The Netherlands Twin Register (NTR) recruits
twins, triplets, and higher-order multiples a few weeks to months after birth
(62). In 2008, a survey combined surveys 1 and 2 (SI Appendix, SI Methods)
and was sent to mothers of all NTR triplets. Mothers were asked to indicate
if their child was left-handed, right-handed, or ambidextrous. If handedness
was not available from maternal reports, handedness was supplemented
with self-reported data obtained at age 14. Participants were asked to indicate if they were left-handed, right-handed, or ambidextrous. The birth
years of the NTR triplets varied from 1970 to 2006. Triplet zygosity was
assessed by DNA markers for 2.6% of the sample, on chorionicity for 9%, on
blood group assessments for 2%, on a series of survey questions for 70.4%,
and on a one-question survey item on zygosity for 14.5%.
Handedness Classification. Our study had three classes of handedness in both
datasets: left-handers, right-handers, and ambidextrous. We used a dichotomous handedness classification of left- versus right-handers. The majority of self-reported ambidextrous individuals do write with their right hand
(3, 26), but many studies consider ambidextrous to be non–right-handed (43,
63–65). To make clear distinctions between left- and right-handedness, we
excluded the small class of ambidextrous individuals (3.2% in Japan and
3.7% in the Netherlands) from the main analyses. In additional analyses, we
did include ambidextrous individuals when using handedness with three
classes (left-handed, right-handed, or ambidextrous) or when contrasting
right-handers and non–right-handers (26). Handedness classification was
based on either maternal report or self-reported handedness in general (i.e.,
not in relation to any specific activity, such as writing).
Motor Milestone Measures and Infant Head Circumference. Age in months of
achieving motor milestones were reported by parents and included five questions that were available in both samples: turning, sitting, crawling, standing
alone, and walking alone. We excluded individuals with ±3 SD separately for
each question in each sample. In addition to the five individual items, a single
latent variable indicating general motor development was used. This variable
was derived using a principal component analysis of the five individual measures (SI Appendix, SI Methods). Infant head circumference (in centimeters) was
available only for Japanese triplets. Values outside ±3 SD were excluded:
556 individuals with head circumference data were included in the analyses.
Statistical Analyses. Birthweight (in kilograms) was continuous in all analyses.
Sex, birth order and gestational age, maternal age, and infertility treatment
were included as covariates. The models were run by the logistic procedure of
Stata (Stata release 13; Stata Corp.), with the cluster option to correct for the
bias in variation caused by the relatedness of triplet members. We used
conditional logistic models in within-triplet analyses to investigate whether
the between-family birthweight–handedness relationship could be confirmed in within-family comparisons. Linear regression was used to investigate the associations of handedness with motor development measures
and head circumference using sex as a covariate. The linear regression
models were repeated adding birthweight as another adjusting covariate.
Clustered family data were also taken into account in these analyses.
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