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Abstract: The goal of the study was to investigate some of the factors suspected to be related to
children’s handedness: presentation during the last weeks of gestation and at birth (cephalic or
breech), side of presentation (right or left), number of weeks of gestation, season of birth, parents’
handedness and sex. We analyzed the relationships between these factors and the child’s handedness
at five years. Children (n = 1897) from the EDEN cohort participated in the study, among which
1129 were tested for handedness at five. The father’s handedness, but not the mother’s, was
significantly related to the child’s hand preference. The percentage of left-handed children was
significantly larger when the father was non-right-handed compared to right-handed, and tended to
be larger among children in non-left-cephalic presentation compared to left-cephalic presentation.
Girls, but not boys, were significantly less lateralized when they were born before 37 weeks of
pregnancy than after. Finally, children born in winter or spring were slightly but significantly less
lateralized than children born in summer or autumn. All six children who were not lateralized at
5 presented one or several of these factors. These results are discussed in light of the mixed model
of handedness.

Keywords: handedness; prenatal factors; family handedness

1. Early Appearance of Hand Preference

Whereas right-handedness has been predominant over left-handedness from all time
in all societies, the origin of hand preference is still subject to debate. The early manifes-
tation of hand preference argues for a genetic basis of handedness. But at the same time
several biological, environmental and cultural factors were shown to affect the direction
and degree of handedness, so that a mixed model of genetic and non-genetic influences on
handedness is now often proposed [1-3]. Many studies focused on the relationships be-
tween handedness and perinatal factors such as birth stress, hormonal level of the pregnant
mother, presentation of the fetus, season of birth, prematurity, breastfeeding, etc., often
considering only one or two factors independently of the others. The goal of this study
was to evaluate to what extent some perinatal factors, considered simultaneously, relate to
handedness measured at five years of age. The factors considered here are presentation in
utero and at birth, side position in utero, season of birth and number of weeks of gestation
controlled for birthweight. We also included parents” handedness and sex of the child, both
factors known to be related to hand preference.

First signs of preference for one hand, most often the right one, appears very early
in utero, at 15 weeks of gestation in thumb sucking [4,5] and arm movements [6,7], see
however [8,9] for different results. The hand preferred by the fetus for sucking appears
to be predictive of hand preference of the child for writing at 12 years of age [10]. When
infants start grasping objects, a predominance of right-handedness can be observed at the
population level [2,11-18]; for a review, see [19]. However, at six months and for the few
following months, hand preference during grasping tends to fluctuate at the individual
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level [20-22], at least for the majority of infants [12]. This led one of us to propose that
handedness has probably a genetic origin, more or less direct, but that this genetic factor
induces only a slight preference toward the right (for most infants) and is reinforced before
and around birth to become the powerful characteristic observed in most children and
adults [2].

2. Presentation/Side

Presentation of the fetus during the last weeks of pregnancy and at birth is one of the
environmental factors which could reinforce an early tendency toward right-handedness.
More than 95% of fetuses place their head in the mother’s pelvis some time during the
third semester (cephalic) [23], whereas around 3% of infants stay in breech presentation
until birth, and 0.3% lie horizontally in the uterus (transverse). According to one study
including 1102 participants, the majority of cephalic fetuses lie on the left side of the mother
(53.2%) whereas 34.8% lie on the right side and 12% are aligned with the mother’s transver-
sal axis [24]. This majority of left-cephalic is probably due to the mother’s anatomical
asymmetries [25].

There are reasons to think that left-cephalic presentation could reinforce the use of the
right hand, as opposed to right-cephalic or other presentations. When it is in left-cephalic
presentation, the fetus has its right hand near the soft tissues of the mother and it might be
easier to move the right hand than the left hand. If, in addition, the fetus turns its head
to the right more often than to the left, as it has been observed to happen increasingly as
gestation progresses [26], then the right thumb is closer to the mouth than the left thumb,
and more likely to end up in the mouth for thumb sucking. The tendency to turn the
head to the right might even be reinforced by the fact that when lying to the left side and
head down, turning the head to the right results in seeing more light than turning the
head to the left. It is believed that there is enough light in utero for the fetus to see its arm
move [27,28] (see [26] for the difference in head turning to the right between left-cephalic
and right-cephalic fetuses). If the right arm in motion is more likely to be seen by the fetus
that the left arm in motion, and if the right hand touches the mouth more often than the left
hand, this results in the left-cephalic fetus having a combination of proprioceptive, tactile
and visual feedback greater for the right hand-arm system than for the left one. This could
give an advance to the right hand over the left hand for sensori-motor coordination, since,
according to other fetal studies [9,29], the fetus seems able to detect the effect of its own
actions on its body from the age of 2022 weeks.

Interestingly, one study found a significant relationship between side presentation
of cephalic children at birth and hand preference at two years of age [30]. In their cohort
of 1102 children, the authors observed more left-occipital anterior (LOA, one of the three
types of left-cephalic fetal presentations) than right-occipital anterior (ROA) (LOA = 54.4%;
ROA = 45.4%). At two years of age, the percentages of right-handed, left-handed and
non-lateralized children were 75.9%, 8.4% and 15.7%, respectively. Among the left-handed
children, 62.4% were ROA-born, whereas, among the right-handers, only 42.7% were
ROA-born. Among the non-lateralized children, the percentage of LOA- and ROA-born
was approximately equal. However, another study in which 357 infants with cephalic
deliveries were compared for handedness at six years of age, non-right handedness was
no more common in ROA- than in LOA-born children [31]. Still another study also found
no relationship between fetal presentation and handedness at 7 years, but this study only
included three left-handers [32]. Thus, the influence of late fetal position and presentation
at birth is still unclear.

3. Season of Birth

A few studies have shown an effect of season of birth on handedness. In a meta-
analysis including a total of 39,379 participants [33], the authors found a significant ten-
dency for the incidence of left-handers to be higher among persons born in March to July
in the Northern hemisphere, in men but not in women. The anisotropy was reversed in
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the Southern hemisphere. However, this meta-analysis was criticized, in particular for
combining studies using very different methodologies [34]. In fact, other large studies
did not found a significant difference in the relative frequency of left- and right-handers
depending on when they were born during the year [35,36], or they found a different effect.
For instance, in one study it was found that boys born during the autumn and winter
months (September—February) were more often non-right-handed than boys born in the
spring or summer months [37]. Similarly, a recent study including 7658 participants, with
a replication study of 5062 participants [38], observed a surplus of left-handed men born in
the period November—January compared to the rest of the year. But in a study involving
a UK biobank with /500,000 participants, an effect of season of birth was observed in
women but not in men, and this time left-handedness was associated with being born in the
summer [39,40]. What appears from these studies is that the effect of the season, if any, is
weak enough so that only very large cohorts allow it to be observed. It is possible anyhow
that a small percentage of the small percentage of left-handedness or ambidexterity would
be influenced by the season.

Season of birth could influence handedness through the fetal experience during the last
weeks of pregnancy for at least two reasons. First, hormone level varies with the length of
photoperiod, and hormone level has sometimes been shown to influence brain lateralization
for language and handedness [41], with sex differences regarding this effect [38,42]. Second,
a combination of more sun and lighter clothing of the mother during the warm seasons
might induce more reinforcement of a right-hand tendency due to a better sight of their
moving right arm by fetuses born during these seasons. The two explanations are not
exclusive of each other. The effect of the season of birth on handedness as a function of sex
was included in this study.

4. Number of Weeks of Gestation

Several studies on infants and children show that handedness is less well established
in preterm infants that in full-terms [43—47]. Despite the fact that not all studies reported
significant differences between preterm and term infants, most of them indicate less right-
handedness in the former than in the later. Domell6f, Johansson, and Ronnqvist [48] have
reviewed 21 studies published between 1980 and 2010, involving a total of 9560 children
tested for handedness at age 3 to 19 (773 male and 825 female preterm children; 4138 male
and 3824 female control children) and including a meta-analysis from 18 of these studies
(1947 preterm infants, 9170 control infants). They observed that there is an approximate
two-fold increase in left and /or non-right handedness in preterm children compared with
full-term controls.

It is not clear whether it is the low gestational age per se or the low birthweight,
often associated with prematurity, that correlates the most with non-right handedness. A
few studies indicate that very low birthweight is more important than gestational age in
favoring non-right handedness. Two studies found that preterm infants with extremely
low birthweight (ELBW) deviate particularly from typical right-handedness [49,50]. In
another study on 2252 triplets tested at age 3 to 15 [51], a higher frequency of left-handers
was observed in triplets than in singletons even after controlling for gestational age, and
there was an inverse continuous relationship between the frequency of left-handedness and
birthweight, thanks to many triplets weighting less than 1.5 kg at birth [39]. In addition,
one study observed that the difference between singletons and twins —more left-handers
in twins- disappears after controlling for birth-related factors, including birthweight (and
Apgar score and gestational age) [52]. In fact, in Heikkila’s research, birthweight was
significantly associated with an increase of left-handers, not linearly but when contrasting
lower birthweight (<2060 g for boys and <2000 g for girls) and higher birthweight (>2060 g
for boys and >2000 g for girls). The former included more left-handers than the later,
significantly in preterm infants.

Number of weeks of gestation could influence handedness in that children born before
term could lack some of the reinforcement of the right hand-arm system of the last weeks
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of gestation. If this reinforcement is due to the fact that, by the last few weeks, the fetuses
are stuck in a position where they have more reinforcement of their right arm, then having
a very low weight, independently of the age of gestation, may give more possibility to turn
around and to have less asymmetrical experience.

Thus, we investigated: (1) the distribution of cephalic versus breech and transverse
presentations during the last weeks of gestation and at birth, of left and right side position
of the cephalic fetuses seen at the third trimester’s ultrasound recording, of number of
weeks of gestation controlled by birthweight, of season of birth, and (2) whether these
factors were related to the direction and the degree of handedness of the child tested at five
years of age. (The direction of handedness refers to the side of the preferred hand (right
or left), whereas its degree refers to amplitude of the preference for the preferred hand.)
To these four factors, we added parents” handedness and sex, both having been related to
handedness [53-56] (for family handedness); [57-59], (for sex effect).

5. Methods
5.1. Participants

Longitudinal data came from the French EDEN cohort [60]. The EDEN study is a
birth-cohort study that aims to investigate the role of pre- and post-natal determinants on
child growth, development, and health. Between 2003 and 2006, pregnant women were
recruited before 24 weeks of amenorrhea, in 2 French university hospitals in Nancy and
Poitiers. Exclusion criteria were multiple pregnancies, illiteracy, and plans to move outside
the region in the next 3 years. In addition, women whose health condition might impact the
brain development of their fetus were eliminated: this included known diabetes prior to
pregnancy, heart conditions, addictions, hormonal disorders). Among women who fulfilled
these inclusion criteria, 55% agreed to participate (n = 2001). The study was approved
by the ethical research committee (Comité Consultatif de Protection des Personnes dans
la recherche biomédicale) of the Hospital Bicétre, and by the Data Protection Authority
(Commission Nationale de I'Informatique et des Libertés). Informed written consents were
obtained from the parents at enrollment for themselves and for the newborn after delivery.

5.2. Data Collection

We report here the distribution of each factor in the cohort (cephalic or breech pre-
sentation at the third trimester and at birth, side of fetal position at the third trimester, in
particular for cephalic children, number of weeks of gestation and birthweight, season of
birth), in addition to parents” handedness and sex. We also report the children’s handedness
at five years of age.

Children’s handedness was evaluated at 3 and 5 years of age using an 8-item Hand
Preference Test (writing, erasing, cutting with scissors, holding the spoon to eat, cutting
with a knife, holding a hair brush, holding a comb, holding a hammer) [61]. The possible
responses were right hand, left hand or either one. Children’s data for handedness were
collected by trained psychologists in the two study centers (Nancy and Poitiers). In order
to investigate which factors are related to hand preference we used handedness at 5 years
only, when it is more biased toward the right and closer to the adult’s pattern. Parent’s
handedness was evaluated using a questionnaire at the beginning of the study [62].

At birth, there were 1897 children (901 boys, 47.5% and 996 girls, 52.5%). Handedness
of the mother is known for 1851 children, father’s handedness is known for 1616 chil-
dren and both parents’ handedness is known for 1575 children. We have data for side
position (left vs. right) at the third trimester of pregnancy for 1656 children, for side posi-
tion at an additional ultrasound recording for 444 children, for presentation at the third
trimester (cephalic vs. breech vs. transverse) for 1819 children, for presentation at birth for
1893 children, for number of weeks of gestation and season of birth for 1897 children. For
1129 children (603 boys and 526 girls) we have data for handedness at 5 years (see Table 1).
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Table 1. Number of children considered for the analyses.

n for Description of the Distribution

n for Handedness Analysis

Side position at the 3rd trimester of pregnancy

(left/right) 1656

Side position at the 3rd trimester for cephalic only 1475 871
(left/right)

Additional ultrasound recording (side presentation) 444

Presentation at the third trimester of pregnancy 1819

(cephalic/breech)

At birth: season of birth; number of weeks of gestation 1897 1129
Presentation at birth (cephalic/breech) 1893

Presentation at birth when identical to presentation at

the 3rd trimester (cephalic/breech) (out of 1819 minus 1646 975
2 missing)

Side presentation at the 3rd trimester of pregnancy

and presentation at birth (when identical to 1511 895
presentation at the 3rd trimester)

Mother’s handedness (R-handed vs. L-handed vs. 1851 1102
Ambidextrous; or R-handed vs. NR-handed)

Eather s handedness 1616 1001
(idem)

Mother and Father’s handedness 1575 975
(idem)

Child’s handedness at 5 (R-handed vs. L-handed vs. 1129

NL; or R-handed vs. NR-handed)

6. Analysis

Since we did not have data for all 1897 children for all variables, we first analyzed

each variable independently on the maximum number of children. We did that to have the
best possible representation of the frequency of each variable in this large population of
children. Then, we investigated which variables (also referred to as “factor”) were related
to handedness at 5 years, indicating the number of children concerned for each analysis.

For handedness, for the children as for their parents, a handedness index (HI) was
calculated as the following: [(Number of RH (responses) — Number of LH)/(Number
of RH + Number of LH + Number of Either hand)]. We used this continuous index
whenever possible. Otherwise we categorized everyone according to the following criteria:
children or parents with HI > 0.30 were considered as right-handed whereas those with
HI < -0.30 were considered as left-handed. Everyone with HI falling between these two
values were considered as non-lateralized or ambidextrous [45,63]. We refer to this category
as “non-lateralized” when children are considered, since the process of handedness may
not be mature yet, and to “ambidextrous” for parents. For some analyses, we contrasted
right-handers (HI > 0.30) with non-right-handers (HI < 0.30). The absolute handedness
index (absHI) was also calculated as the following: [(abs (Number of RH — Number of
LH))/(Number of RH + Number of LH + Number of Either hand)].

To check the significance of uneven distributions of prenatal variables, we used
binomial tests. For handedness at five, we checked the distribution of children using
geometric data analysis (GDA; [64]). The basic data set is an Individuals x Responses-to-
item table, where each item constitutes a variable composed of three categories, i.e., “right”,
“left”, “either one.”

To evaluate to what extent the different independent variables, or factors (presenta-
tion, side, season of birth, etc.) are related to handedness at 5 years of age, we made a
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multivariate analysis for HI and a univariate analysis for absHI. We did a general model
non-linear analysis on HI (Probit model), with the category of handedness of the child
at 5 as dependent variable and prenatal factors and parent’s handedness as independent
variables. In addition, we crossed the prenatal variables with children’s handedness of the
basic data set, with the GDA method of multiple correspondence analysis (MCA), more
precisely a variant of MCA called specific MCA.

We could not do the same general model non-linear analysis with absHI because
this analysis requires that the dependent variable be categorical (plus at least one linear
independent variable). This is not a problem with HI which can be meaningfully cate-
gorized (right-handers if HI > 0.30 and non-right-handers if HI < 0.30), but for absHI,
the categorization into lateralized and non-lateralized results in too few children being
non-lateralized to be useful: Thus we made univariate analyses on absHI, using U of
Mann-Witney or Kruskal-Wallis tests and Spearman correlations. We also calculated the
effect size using Cohen’s d [65]. We reported the values superior to 0.20, which is the limit
for a small size effect. In addition, we looked at how many of these factors were present in
the non-lateralized children.

7. Results
7.1. Frequency of the Prenatal Variables Studied Here
Presentation at the Third Trimester and at Birth (Cephalic vs. Breech vs. Transverse)

Presentation of the fetus was observed at the third trimester at some point between 28
and 38 weeks (n = 1819), and at birth (n = 1893). At the third trimester most fetuses were in
cephalic presentation (n = 1605; 88.2%), some were in breech presentation (n = 179; 9.8%)
and 35 (1.9%) lied transverse. A binomial test indicated that the 88.3% probability of being
in cephalic presentation with a 95% confidence interval [0.885; 0.914] was significantly
above chance, p = 0.0000045. At birth, out of the 1893 infants, the percentage of cephalic
infants was even larger (n = 1817, 96%) and the percentage of breech infants was lower
(n =71; 3.8%). For five children, data about birth presentation were missing, 4 of them
being born after a caesarian section. A binomial test indicated that the 96% probability
of being in a cephalic presentation at birth with a 95% confidence interval [0.952; 0.970]
is significantly above chance, p = 0.000000. Out of the infants for which we know the
presentation at the third trimester and at birth, 1646 were in the same presentation at both
observations: 123 fetuses were in breech or transverse presentation at the third trimester of
pregnancy and cephalic at birth. Less infants changed from cephalic to breech or transverse
presentation during the last weeks of pregnancy (n = 14). Finally, of the 35 transverse
fetuses at the third trimester, 34 were in cephalic presentation at birth and one was in
breech presentation. Thus, some children turned head-down quite late during pregnancy.
In fact, the presentation of the fetus at the third trimester was related to age at the time of
the observation: the mean age of the breech fetuses (31 weeks, SD = 1.28) was significantly
lower than the mean age of the cephalic fetuses (32 weeks, SD =1.1), F (1, 1784) = 17.6,
p = 0.00002.

Thus, cephalic presentation was the most frequent, both at the third trimester and at
birth, but when children were in breech or transverse presentation at the third trimester
they could still change for a cephalic presentation before birth (the reverse was rarer). We
decided to analyze handedness as a function of presentation at birth only: cephalic children
at birth were opposed to breech at birth. The children who were born in cephalic presenta-
tion but had been in breech or transverse presentation at the third trimester’s ultrasound
recording were excluded from the handedness analysis, as well as the children who were
born in breech presentation after being cephalic at the third trimester. 1646 children were
thus considered, out of which 1590 were in cephalic presentation (96,5%) and 56 were not.

7.2. Side Position at the Third Trimester

Out of 1656 fetuses, 948 (57.2%) lied with their back to the left side of the mother.
When an additional ultrasound recording was made (n = 444), a majority of children were
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lying to the left of the mother (1 = 239; 53.8%). A binomial test indicated that the 53.8%
probability of lying to the left of the mother with a 95% confidence interval [0.522; 0.616]
was significantly above chance, p < 0.05. However, out of the 369 children for whom
we had data both at the ultrasound recording of the third trimester and at an additional
ultrasound recording, only 139 were lying to the left of the mother at both recordings
(37.7%), 72 (19.5%) were lying to the right of the mother at both recordings, 79 children
changed position from right to left (21.4%) and 79 children changed position from left
to right. The group of children lying to the left side of the mother at both recordings
remained higher than the three other groups. A binomial test indicated that, compared to
the theoretical value of 25%, the 37.7% probability of lying to the left of the mother at both
assessments with a 95% confidence interval [0.330; 0.426] was significantly above chance,
p < 0.05. In contrast, a binomial test indicated that the 19.5% probability of lying to the
right of the mother at both assessments was not different from chance, p = 0.45. Thus, even
though lying with its back to the left side of the mother at the third trimester could still
change before birth, more children lied to the left side at both assessments than at the right
side at both assessments.

Considering only the cephalic children, a majority of the 1475 fetuses for whom side
position at the third trimester was known lied with their back to the left side of the mother
at the third trimester (n = 852, 57.8%). 623 cephalic fetuses (42.2%) lied with their back to
the right side of the mother. A binomial test indicated that the 57.8% probability of lying
to the left of the mother with a 95% confidence interval [0.397; 448] is significantly above
chance, p < 0.05.

Out of the 1511 children for whom we had data for side of lying at the third trimester
and presentation at the third trimester and at birth (excluding children whose presentation
differed at both assessments), 843 were lying to the left of the mother’s womb and were in
cephalic presentation (55.8%), 617 were lying to the right of the mother’s womb and were
in cephalic presentation (40.8%), and 51 were in breech presentation (25 to the left, 1.65%
and 26 to the right, 1.7%).

7.3. Number of Weeks of Gestation

The mean number of weeks of gestation at birth of the 1897 children for whom we
have data is 39.2 (SD = 1.7, min = 27, max = 42). 112 children had a mean gestational age at
birth lower than 37 weeks (5.9%), among them 22 children had a mean age at birth lower
than 32 weeks (1.2%). 37 weeks and 32 weeks are the limits fixed by the World Health
Organization for moderate and very preterm birth, respectively.

7.4. Season of Birth

28.5% of the 1897 children were born in spring, 26.3% in summer, 22.8% in autumn,
and 22.4% in winter. A binomial test indicated that the 28.47% probability of being born
in spring with a 95% confidence interval [0.264; 0.305] was significantly above chance,
p = 0.005. The probabilities of being born in autumn or in winter were significantly below
chance (autumn: confidence interval [0.209; 0.247], p = 0.02; winter: confidence interval
[0.206; 0.248], p = 0.009). The probability of being born in summer was at chance level.

7.5. Parents’ Handedness

Out of the 1851 mothers for whom we have handedness data, 89.3% were right-
handed, 9.2% were left-handed, and 1.5% were ambidextrous. Out of the 1616 fathers for
whom we had handedness data, 87.7% were right-handed, 9.6% were left-handed, and
2.7% were ambidextrous. The difference between the mean HI of the mothers (HI = 0.77;
SD = 0.54) and the mean HI of the fathers (HI = 0.73; SD = 0.54) is not significant. We
have andedness data of both parents for 1575 children: 77.6% had two right-handed
parents, 11.1% had a right-handed mother and a non-right-handed father (left-handers and
ambidextrous), 9.9% had a right-handed father and a non-right-handed mother, and 1.3%
had two non-right-handed parents.
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8. Children’s Handedness at 5

The mean handedness index (HI) was 0.72 (SD = 0.61; n = 1129) at age 5 (see Figure 1,
for HI's distribution). When the whole population was categorized as a function of their
HI, 988 children were right-handed (87.5%), 135 were left-handed (11.9%), and 6 were
non-lateralized (0.5%). The mean absHI was 0.93 (SD = 0.13). AbsHI was significantly lower
for left-handers (absHI = 0.89, SD = 0.14) than for right-handers (absHI = 0.94, SD = 0.11),
z=3.2,p=0.00008, Cohen’s d = 0.397.

Distribution of HI

900
800
700
600
500
=z
400
300

200

100

-1 -08 -06 -04 -0.2 0 02 04 0.6 0.8 1

HI

Figure 1. Distribution of HI at 5 years.

Girls” HI was 0.73 (SD = 0.59) whereas boys” HI was 0.71 (SD = 0.61). Girls” absHI was
0.93 and boys “HI was 0.92. There was no significant difference for sex, neither for HI nor
for absHI.

The basic data set of Individuals x Responses-to-item is represented on Figure 2. Axe
1 is the laterality axis, and axis 2 is strength of laterality axis. We see that pencil, rubber
and spoon were the three most strongly lateralized items. The first two dimensions (axes 1
and 2) represent 56% of the total variance and 93% importance.



Int. J. Environ. Res. Public Health 2021, 18, 3529 9 of 24

Puis2(106%-0212)

05
0.4
0.3
0.z
0.1

-0.1
-0.2
-0.3
-0.4
-0.5
0.6
-0.7
-0.8
-0.9

1.1
1.2
1.3
1.4
15
1.8
A7
1.8
18

-2
22
2.3
2.4
2.5
-2.8
27
-28
2.0

Variables - Axes 1 & 2

SCISSORS
" seoon SCISSORS
u
" BRUSH R o=
g —HANNER COMB —8
—KNIFE RUBBER/m
PENCIL'RUBBER KNIFE” /|
PENCIL
HAMMER
275 248 228 2 1.75 15 1.25 1 075 o5 0.25 a -0.25 -0.8

Axis 1 (451% - 0.903)
M right hand either one M left hand|

Figure 2. Distribution of Responses to the 8-item Hand Preference Test as a function of hand at 5.

9. Multivariate Analysis on the Direction of Handedness (HI) at 5 Years of Age

For the following analyses, only the children for whom we had data for handedness
at 5 years of age could be considered. A preliminary analysis showed that sex was never
significantly related to HI, neither as a main effect nor as an interacting factor, and that HI
did not differ with seasons. Therefore, Sex and Season of birth were not included in the
multifactorial analysis of HI.

A general model non-linear analysis was calculated with the child’s category from HI
as dependent variable (R-handed vs. NR-handed), and Presentation (Cephalic vs. Breech),
Side of position (Left vs. Right), Mother’s handedness (R-handed vs. NR-handed), and
Father’s handedness (R-handed vs. NR-handed) as independent categorical variables.
There was one independent continuous variable, Number of weeks of gestation. The
results showed a close to significant effect for only one factor, Father’s category of handed-
ness, p = 0.060. Since there was absolutely no effect for Mother’s category of handedness
(p = 0.85), we did again the same analysis without this factor. The results showed a signifi-
cant effect for Father’s handedness, p = 0.038, and a close to significant interaction between
Presentation, Side of position, and Father’s handedness, p = 0.083. Number of weeks of
gestation was not significant and none of the other interactions were significant.
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HI
=
n

Thus, the percentage of non-right-handed children varied significantly depending on
whether the father was non-right-handed or right-handed: children’s HI at 5 years was
higher when the father was right-handed (HI = 0.76; SD = 0.64; n = 873) than when he was
left-handed (HI = 0.56; SD = 0.80; n = 105) or ambidextrous (HI = 60; SD = 0.74; n = 23) (see
Figure 3). Cohen’s d = 0.28 for the difference between HI of non-right-handed children
having a right-handed versus left-handed father, 0.23 for the difference between HI of
non-right-handed children having a right-handed versus an ambidextrous father.

HI
~
NRH mother RH mother NRH father RH father

Figure 3. Children’s HI at 5 years as a function of their mother’s and father’s handedness (Error bars represent the SE).

* = significant difference (p < 0.05).
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In addition, this effect was larger when the children had been in breech presentation
and lying to the left than in the other conditions of presentation and side of lying (see
Figure 4).

Left cephalic Right cephalic Left breech Right breech

B Non-right-handed father ~ B Right-handed father

Figure 4. Percentage of non-right-handers at 5 as a function of father’s handedness, presentation and side of position.
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10. Univariate Analysis on the Degree of Handedness (absHI) at 5 Years of Age

For sake of clarity, before presenting the results of the univariate analysis on absHI,
we mention the value of HI.

10.1. Presentation at Birth

Among the 5-year-old children for whom we have both handedness and birth pre-
sentation data (1 = 975, keeping only those children whose presentation was the same at
the third trimester and at birth, as already mentioned), 939 were in cephalic presentation
(96.7%) and 36 were in breech presentation (3.7%). As we saw, presentation was not signifi-
cantly related to the child’s category of handedness as a main factor, even though the HI of
the children was higher when children had been in cephalic presentation (0.72, SD = 0.60)
than in breech presentation (0.59, SD = 0.72). There was almost no difference in absHI
between cephalic and non-cephalic (cephalic: absHI = 0.93, SD = 0.13; breech: absHI = 0.91,
SD = 0.14), so that we did not test it statistically.

10.2. Side of Position and Presentation at Birth (Left Cephalic versus Non-Left Cephalic)

As already mentioned in the introduction, lying to the left results in the fetus having
the right arm toward the soft tissues and more light than the right side, but this is true for
children in a cephalic presentation only. As we saw in the previous section, side of position
was not significantly related to the child’s category of handedness as a main factor, but had
an effect in interaction with presentation at birth and father’s handedness. Thus, for this
analysis, we contrasted left-cephalic children with non-left-cephalic children.

Among the 5-year-old children for whom we have data on handedness, presentation
and side of position at the third trimester (1 = 895), 511 were left-cephalic (57.1%, HI = 0.74);
350 were right-cephalic (39.1%, HI = 0.71), 19 were left-breech (2.1%, HI = 0.51), and
15 were right-breech (1.7%, HI = 0.98). There was a slight tendency for the left-cephalic
children to have a higher HI (0.74; SD = 0.58) than non-left-cephalic children (either right-
cephalic or breech, HI = 0.70; SD = 0.64). AbsHI was similar for left-cephalic fetuses and
non-left-cephalic fetuses (0.93) so that we did not test it statistically.

10.3. Number of Weeks of Gestation

As opposed to the absence of effect of the number of weeks of gestation on HI, as we
saw previously, absHI correlated slightly positively, albeit significantly, with the number of
weeks of gestation, r = 0.10, p < 0.05. The higher the number of weeks in utero, the higher
the absHI. The effect was due to girls: the absHI of girls was higher when they were born
after 37 weeks or more (0.94, SD = 0.12), than when they were born after 32 to 37 weeks
(0.87, SD = 0.19), or after less than 32 weeks (0.79, SD = 0.3). The Mann-Whitney test
showed that the difference was significant between girls born after 37 weeks or more and
girls born after less than 37 weeks, z =2.39, p = 0.017. Cohen’s d = 0.44 for the difference
between absHI of girls being born after 37 weeks or more and of girls being born after 32 to
37 weeks; 1.71 for the difference between absHI of girls being born after 37 weeks or more
and of girls being born after less than 32 weeks; 0.59 for the difference between absHI of
girls being born after 32 to 37 weeks, and of girls being born after less than 32 weeks.

To check the possible confounding effect of birthweight, we made a regression analysis
including not only prematurity but also birthweight, with absHI as dependent variable.
The result showed a significant global effect, p = 0.0000, a significant effect for Prematurity,
p = 0.006, beta = —0.08, but no significant effect for Birthweight, p = 0.15, beta = —0.04.
Thus, duration of pregnancy was related to girls’ degree of handedness, an early birth
being significantly associated with less manual lateralization at five years. Birthweight was
not a confounding effect.

10.4. Season of Birth

As we already mentioned, HI did not differ significantly with season of birth. AbsHI
was slightly lower for the children born in winter or in spring than for the children born in
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summer or in autumn. A Mann-Whitney test showed that the difference was significant,
z =4.23, p = 0.0002. (see Table 2). Cohen’s d = 0.39 for the difference between absHI of
children being born in winter and of children being born in autumn; 0.22 for the difference
between absHI of children being born in winter and of children being born in summer;
0.34 for the difference between absHI of children being born in spring and of children being
born in autumn. All other values of Cohen’s d are below 0.20, and thus negligible.

Table 2. HI and absHI as a function of season of birth.

Winter Spring Summer Autumn
HI (SD) 0.67 (0.63) 0.73 (0.57) 0.72 (0.62) 0.74 (0.62)
absHI (SD) 0.91 (0.15) 0.92(0.13) 0.94 (0.12) 0.96 (0.10)
n 256 316 293 264

Thus, season of birth was, to a very small extent, related to the degree of handedness.

10.5. Parents’” Handedness

As already mentioned, children’s direction of handedness at 5 years did not differ
whether the mother was right-handed or non-right-handed, but it was related to the father’s
handedness. AbsHI was not different depending on parent’s handedness, mother’s and
father’s alike, so that we did not test it statistically.

11. Ratio of Right-Handed to Left-Handed Children at Age 5 as a Function of All Factors

In our multivariate analysis on the direction of handedness, we considered the effect
of prenatal factors on being right-handed or not-right-handed, including children who
were not lateralized. But one question behind this study was “how can one explain that
most people are right-handed, and that around 10% become left-handed”. Thus, in the
next two sections, we shall consider separately left-handed and ambidextrous children.

Given the results so far, we cannot expect prenatal factors to account much for the
left-handedness of the child at five: only the father’s handedness was significantly related
to the children’s HI, but even the children of non-right-handed fathers had, on average,
a HI well above 0, and therefore, as a group, used more their right than their left hand.
They were merely less right-handed than the children whose father was right-handed.
However, since the variance was more important among children of a non-right-handed
father than among children of a right-handed father, it is not impossible that a greater
percentage of left-handed children had a left-handed father, compared to the percentage of
right-handed children having a left-handed father. In addition, we looked at the combined
effect of having a non-right-handed father and non-being in left-cephalic presentation since
left-cephalic children tended to have a higher HI than non-left-cephalic children.

11.1. Father’s Handedness

The percentage of left-handers was significantly smaller among children of a right-
handed father (11.5%) than among children of a non-right-handed father (19.1%), X3(1) =5.8,
p = 0.016) (see Figure 5). Said differently, 16.7% of left-handed children had a non-right-
handed father against 9.8% of right-handed children.

11.2. Presentation and Side Position, and Father’s Handedness Combined

The percentage of left-handers was significantly smaller among left-cephalic children
of a right-handed father (10.5%) than among non-left-cephalic children of a non-right-
handed father (25%), X*(1) = 6.7, p = 0.009) (see Figure 5).
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Figure 5. Percentage of left-handed children as a function of father’s handedness (RH = right-handed; NRH = non-right-
handed) and father’s handedness and side of position combined (LC = left cephalic; NLC = non-left-cephalic). * = significant

difference (p < 0.05).

Finally, Figure 6 shows the ratio between right-handers and left-handers children as a

function of the main factors related to handedness at five, to which we added sex.
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Figure 6. Ratio between the number of right-handers and of left-handers at 5 as a function of the main factors studied
(n = 1123 for all data and for sex; 761, 104 and 13 for parents” handedness, 508 and 382 for Left-cephalic and Non left-cephalic,
and 391 and 30 for RH father Left-cephalic and LH father Non left cephalic). The lowest the ratio, the more equal the
number of right-handers and left-handers.

We also used the GDA method of multiple correspondence analysis to represent how
the three groups of right-handed, left-handed and non-lateralized children at 5 differed
with respect to the father’s handedness and presentation and side of presentation at birth
(see Figure 7a,b). One sees that neither of the two factors were sur-represented among

left-handers compared to right-handers.
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of presentation at birth (Y axis).
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We finally looked at the distribution of left-handers as a function of the two factors
cited above, father’s handedness and presentation and side of presentation. We have data
for children’s handedness at 5, as well as for father’s handedness and for side position and
presentation in utero and at birth for 796 children, including 696 right-handers (87.4%),
96 left-handers (12.1%) and 4 non-lateralized children. The 96 left-handed children were
distributed as follows: 9 had a non-right-handed father and were not in left-cephalic
presentation; 9 had a non-right-handed father and were in left-cephalic presentation;
37 had a right-handed father and were not in left-cephalic presentation, and 41 had a
right-handed father and were left-cephalic presentation (see Figure 8). Thus, for almost
half of them (41/96, 42.7% of them), handedness could not be associated to either of these
two factors. 42.7% is not very far from the 50.3% of right-handers that had a right-handed
father and were in left-cephalic presentation. Thus, these factors are neither necessary nor
sufficient to explain left-handedness.

Left cephalic Right cephalic Left breech Right breech

B Non-right-handed father Right-handed father

Figure 8. Distribution of the 12% left-handed children at 5 as a function of fathers” handedness and presentation and side of

presentation (1 = 96).

12. Difference between Lateralized and Non-lateralized Children: Qualitative
Analysis of the 6 Non-Lateralized Children

Finally, to try to understand why some children were still non-lateralized at 5, we
made a qualitative analysis of the results of the six non-lateralized children (see Table 3).
The six non-lateralized children were either born in winter or spring (1 = 5) or born after
less than 32 weeks of gestation (1 = 1), or had a non-right-handed father (n = 2) (we added
on Table 3 that one child had a left-handed mother), or were in breech presentation at
birth (n = 1), or, if cephalic, were right-cephalic (n = 1). Four children had 2 or more of
these factors.
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Table 3. Description of the six non-lateralized children in relation to the prenatal factors.

% of NL Children Showing the Factor
Non-Lateralized Children at 5 Child 1 Child 2 Child 3 Child 4 Child 5 Child 6 (vs. % of RH and LH Children
Showing the Factor)

(Non-RH father)
Father’s handedness RH RH Ambidextrous (0.23)  Left-handed (—0.54) RH unknown 40%
M @ M (11.7%; 19.4%)

(Breech)
Birth presentation Cephalic Cephalic Breech Cephalic Cephalic unknown 20%
(3.4%; 5.2%)

(other than left-cephalic)
Birth presentation and side Cephalic left Cephalic right Breech Cephalic left Cephalic left unknown 40%
(42.1%; 49%)

(Winter or spring)
Saison of birth Spring Winter Spring Winter Winter Summer 83.3%
(50.6%; 49.6%)

(Mean n of weeks)
Number of weeks of gestation 39 39 39 38 38 31 37.3
(39.2; 39.3)

(very premature)
Very premature No No No No No Yes 16.7%
(1%; 1.5%)

RH RH RH RH LH RH (Non-RH mother)
(1) (0.92) 1) 1) (-1 (0.83) 16.7% (9.7%; 9.9%)

(% of boys)
Sex boy boy girl girl boy girl 50%
(530/0,' 560/0)
(Mean HI)
HI 0.13 0.25 0 0.25 0 —0.25 0.06
(0.94; —0.90)

Mother (IL)
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13. Discussion

The goal of the study was to investigate the effect of prenatal factors which have been
shown to be related to children’s handedness; in contrast to most of the previous studies
in which these factors were studied separately, we considered these factors within the
same study. The factors included: (1) presentation at birth (cephalic versus breech and
transverse) if not different from presentation at the third trimester, (2) side of presentation
at the third trimester for the cephalic fetuses (right versus left), (3) number of weeks of
gestation controlled by birthweight and (4) season of birth. To these four factors, we added
sex and parents” handedness, both having been shown to be related to handedness.

Prenatal and postnatal data came from the French EDEN cohort. We report here the
results from children observed at the ultrasound recording of the third trimester (sometimes
twice), at birth for 1897, and at age 5 for 1129 of them for handedness assessment. We first
analyzed each factor individually, to evaluate their frequency in our population, and then
we related these factors to the child’s handedness at 5.

Regarding the presentation of the fetus, cephalic presentation was the most frequent,
both at the third trimester and at birth. When children were in breech presentation (or
transverse) at the third trimester they could still change for a cephalic presentation before
birth. A change from cephalic to breech was very rare. The frequency of 96% of cephalic
children and 3.8% of breech at birth is in accordance with recent data [23].

At the third trimester, significantly more cephalic fetuses lied with their back to the
left side of the mother (57.8%) than with their back to the right side of the mother (42.2%).
Some fetuses changed side during the third trimester and only 37,7% were seen lying to
the left of the mother at both ultrasound recordings when an additional recording was
available. However, lying to the left of the mother at both recordings was the most frequent
of the four possibilities (LL, RL, LR, RR). Thus, even though lying with its back to the
left side of the mother at the third trimester could still change several times before birth,
significantly more children lied to the left at both assessments than to the right at both
assessments. This relatively small but significant majority of cephalic children lying to the
left side of the mother fits with the numbers reported elsewhere [24].

5.9% of the children were born after less than 37 weeks of gestation. This number is
lower than the 10% indicated by the World Health Organization, but relatively close to
the 7.4% given by the French institute of health and medical research (INSERM). Among
the preterm children, 4.7% were born after 32 weeks of pregnancy or more, thus were
moderately preterm, and 1.2% were born after less than 32 weeks, and thus could be
considered as very preterm.

The probability of being born in one of the four seasons was close, with however sig-
nificantly more children born in spring than the chance percentage of 25%, and significantly
less children born in autumn or winter than chance for both seasons. Birth distribution
according to season varies with geography and culture but a higher rate of birth in spring
and a lower rate in winter has been observed several times in France (e.g., [66]).

Regarding parents” handedness, 10.7% of the children had a non-right-handed mother,
12.3% had a non-right-handed father, and 1.3% had two non-right-handed parents. The
lower percentage of non-right-handed mothers, as compared to the percentage of non-
right-handed fathers, fits well with the literature showing that women tend to be more
right-handed than men, albeit non always significantly (see [59] Papadatou-Pastou et al.,
2008, for a review). There were no relationships between the mother’s handedness and the
presentation of the child.

Thus, the majority of the children of the EDEN cohort were cephalic with their back
to the left side of the mother (rather than right-cephalic or breech), born after 37 weeks of
gestation or more, and from two right-handed parents.

Since some studies showed an effect of ultrasound exposure on handedness in males,
we checked whether the additional ultrasound at the third trimester of some of the children
could have had an impact on the handedness index at five and on the number of non-
right-handed children. In our study, there was no significant effect on HI of the additional
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ultrasound recording, neither in males nor in females. However, as was observed in Kieler
et al.’s study [67] or Torloni et al.’s meta-analysis [68], the males whose mother was exposed
to an additional ultrasound recording had a HI slightly inferior to those whose mother was
not exposed to the additional recording. This was not true for females.

Secondly, we evaluated the handedness of the children at 5 years of age. The mean HI
was 0.72, which indicates that, as a mean, the right hand was largely preferred to the left
one. With 87.5% of right-handers and 11.9% of left-handers, the 5-year-olds of the EDEN
cohort have a distribution according to handedness very close to what is observed in the
adult population when there is no pressure against left-handedness (e.g., [63,69]).

Thirdly, we evaluated whether the prenatal factors cited above were related to hand-
edness of the child tested at five years, adding sex as another independent variable. For the
direction of handedness, we used HI or the categories derived from HI, and for the degree
of handedness we used absHI.

The multivariate analysis made on the direction of handedness (HI) showed that
handedness of the father, but not of the mother, was significantly related to the direction of
handedness at 5 years: children are more often right-handed if the father is right-handed
than if the father in non-right-handed. When presentation at birth and side of fetal position
were combined with father’s handedness, the interaction between the three variables and
the child’s handedness was close to significant: children in breech presentation lying to the
left had the largest difference of HI depending on the father’s handedness.

The univariate analysis on the degree of handedness (absHI) showed significant effects
for duration of pregnancy and season of birth. Duration of pregnancy was significantly
related to the degree of handedness: birth after less than 37 weeks of pregnancy was
associated with a lower absHI at five, compared to birth after more than 37 weeks. The low
birthweight which accompanies shorter pregnancies did not account for this reduced later-
alization. However, this effect was observed in girls only. Season of birth was significantly
related to the degree of handedness: children born in winter or in spring had a slightly
lower absHI at five compared to children born in summer or in autumn. The difference
was very small but significant.

How Can One Interpret These Results?

One factor was significantly related to the direction of handedness: father’s handed-
ness. The significant effect of a parent’s handedness on the child’s own hand preference is
well known [53-56] and interpreted in terms of genetic [70,71] or possibly also imitation-
related [72] factor. However, here we found that only the father’s non-right handedness,
and not the mother’s non-right-handedness, was significantly related to the child’s hand
preference at five. In the literature, when a difference between the effect of father’s and the
mother’s handedness was found, it was frequently the mother’s handedness which was
more important [73-76]. However, our results fit with other studies showing that, among
non-right handed children, there are more left-handed fathers, but no more left-handed
mothers, than among right-handed children [44,77], both sets of results concerning ex-
tremely preterm children. If more data confirm the specific effect of the father’s handedness
on the child’s own hand preference, the question will remain to understand the genetic, or
pre or postnatal environmental mechanisms which could explain it.

For presentation at birth and side of cephalic presentation of the fetus, the tendency
we observed in this study for the direction of handedness, bearing on more than 800 fetuses,
goes in the expected direction according to the few existing studies. To our knowledge, only
Smart et al.’s study [31] looked at the influence of birth presentation on handedness a few
years later. Our finding that breech presentation was associated with a tendency toward
less right-handedness at 5 fits with their results, except that their finding is restricted to
boys. Another study [30], observed slightly less non-right-handers in left-cephalic children
than in other presentations, which fits with our own observations. As already mentioned,
left-cephalic fetuses have their right hand toward the soft tissues of the mother during the
last weeks of pregnancy and since the fetal head is more often turned toward the right [26],
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they also have more light and more opportunity to see their right hand and touch their
mouth with their right hand than right cephalic or than breeches fetuses. Visual, tactile, and
proprioceptive feedback from their spontaneous arm movements may give an advance to
their right-arm coordination skill compared to the left one. We cannot dismiss completely
this factor based on the fact that our results do not reach significance. For instance, there is
now a consensus that sex is one factor related to handedness, despite the fact that many
studies did not find a significant effect of sex. The facts that most studies go in the same
direction (a greater percentage of girls being right-handed compared to boys), and that,
understandably, meta-analyses found a significant effect for sex, means that a sex effect is
weak and needs very large cohort to emerge significantly. It could be the same with side of
left-cephalic presentation, but more studies are clearly needed to draw conclusions.

Thus, contrary to our hypothesis, the general model analysis showed little cumulative
effects of the factors. One explanation might be that the factors were cumulated for too few
children, partly due to missing data: for instance, only six children had two left-handed
parents and were born right-cephalic, none of the children had two left-handed parents and
were born before 37 weeks, six children had a left-handed father and a right-handed mother
and were born in breech presentation, 50 had a left-handed father and a right-handed
mother and were born in right-cephalic presentation, etc.

Two factors were significantly related to the degree of handedness (absHI). The first
one, duration of pregnancy, is interesting to relate to the many studies showing that preterm
children tend to be less lateralized than term children (e.g., [43—48]). Even though we did
not find a two-fold increase of the percentage of non-right-handers in preterm compared
to full-term children, as shown in Domell6f et al.’s meta-analysis [48], the significantly
lower absHI in children born after less than 37 weeks as compared to full-term children
goes in that direction. This is in line with a recent study showing a large percentage of
non-right-handers in 4-8 year olds formerly extremely preterm [77]. If one considers
that the last weeks of pregnancy are important for reinforcing a tendency toward right-
handedness [2], then one could expect that lacking the last weeks of pregnancy could result
in a lower absHI. For instance, an untimely exposure to extra-uterine factors may interrupt
the normal process of neural connectivity and the normal process of cross-talk between
hemispheres. Resting-state fMRI fetal studies showed a significant increase in functional
coupling between subcortical nuclei and cortical networks in several areas, including areas
related to sensorimotor processing in the last trimester of pregnancy [78]. Long-range
cortical-cortical connections also have been shown to develop during the third trimester of
pregnancy [79], and modules corresponding to left-lateralized regions appear to develop
during the last trimester [80]. It is known that there is an asynchrony in the maturation
of the two hemispheres (e.g., [81]). Some have proposed the hypothesis of a cognitive
blueprint through which primary features develop before birth, in particular during the
last trimester of pregnancy. This framework could help understand why premature birth is
associated with a deficit in sensorimotor asymmetry, why it is also associated with many
developmental disorders, and why so many developmental disorders are associated with
a deficit in asymmetry. The fact that this effect was observed only in girls is interesting
to compare with Marlow et al.’s findings [82]: in their study, the authors observed that
extremely preterm children evaluated for hand preference between 2 and 11 years of age
had a lower handedness score than their term counterparts, the between-group effects
being consistent through development and with larger differences in females than in males.

Finally, the fact that season was related to the degree of handedness, with more
lateralized children born in summer and autumn than in winter and spring, cannot be in ac-
cordance with all former studies since many of them gave different results: the season effect
was found to vary sometimes between the north and south hemisphere, to differ between
men and women; the months of March to July have been noticed to favor left-handedness,
at least in the north hemisphere in men, fall and winter months to favor non-right handed-
ness in boys, the months of September to January to favor non-right-handedness in men,
summer months to favor left-handedness in women, sometimes no effect was found, etc.
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(see [33], for a meta-analysis). As mentioned in the introduction, season of birth could
influence handedness through fetal experience during the last weeks of pregnancy because
hormone level varies with the length of photoperiod, and hormone level has sometimes
been shown to influence brain lateralization for language and handedness [41]. More
generally, it would have been interesting to know the mother’s hormonal level to interpret
our results [41]. For the season-related findings, a combination of more sun and lighter
clothing of the mother during the warm seasons might also induce more reinforcement of
a right-hand tendency due to a better sight of their moving right arm by fetuses whose last
weeks in utero occur during these seasons. Finding more lateralized children in summer
and autumn fits with both explanations because fetuses born at these seasons had more
light and warmth during the third trimester of their uterine life than fetuses born during
winter or right after.

So why some children become left-handed at five years while the majority become
right-handed? Even though the ratio between right- and left-handers was lesser when the
father was non-right-handed than when he was right-handed and lesser when the father
was non-right-handed and the child was in other presentation than left-cephalic, more than
a third of left-handers did not present these factors, and more than half of right-handers
presented them. Therefore, more work is needed to find the origin of left-handedness. The
hypothesis that we can draw from this study is that with a non-right-handed father and
being born in non-left-cephalic presentation, the bias toward right-handedness is weaker
and less reinforced during development, thus increasing the likelihood of left-handedness.

Finally, we also looked qualitatively at the six non-lateralized children, to check what
could partly explain their absence of lateralization. It seems that all of them had at least one
and up to three of these factors associated, significantly or not, with less right-handedness:
two of the non-lateralized children had a non-right-handed father; two children were not
in left-cephalic presentation, one in breech and the other one in right-cephalic presentation;
three of them were born in winter and two were born in spring, and the child born in
summer, and for whom we have no data for father’s handedness and side of presentation,
was born after only 31 weeks of pregnancy.

These results fit partially with Fagard’s mixed model of handedness [2] which states
that hand preference arises from some genetic, probably indirect, influences resulting in
a slight advantage for the right side in the vast majority of people, but that self-dynamic,
environmental, and cultural factors made this small tendency become a true preference
for the right hand during typical development (see also [1,3]). The hypothesis that genetic
factors are involved in the right-handedness of typical persons has never been proved by
geneticists, despite the fact that many researches were made in that direction (e.g., [83,84].
However, two facts argue for some genetic influence: (1) handedness asymmetries is
observed in utero before an effect of environment could intervene, (2) there is an effect
of family’s (here father’s) handedness (however, this could be partly due to non-genetic
transmission). It has been proposed that postural asymmetry could be the genetic factor
indirectly inducing a bias in hand preference [3]. Postural asymmetry could result in a
weak manual asymmetry: indeed, the asymmetry is weak at the beginning of life and most
children do not have a stable hand preference during the first years [12,13,18,20-22], before
they engage in the repetitive activity of writing. In addition, adults switch easily hand
dominance when they have to, which indicates that hand preference is not as strong as
could be thought [85]. Thus, a genetic tendency to favor the right side, possibly of postural
origin, is probably reinforced as the fetus explores its environment: the more it uses its
right hand and the more it receives feedback and the more it will be likely to use it again,
with some kind of snowball effect.

In conclusion, this study shows that, at least in our cohort, father’s handedness and
presentation and side of position are associated with the direction of handedness of the
child at 5, without explaining fully why about almost 9 out of 10 children become right-
handed whereas 1 becomes left-handed. It also shows that number of weeks of pregnancy
and season of birth are associated with the degree of handedness.



Int. J. Environ. Res. Public Health 2021, 18, 3529 21 of 24

Author Contributions: Conceptualization, M.D.A.; Data curation, B.H.; Formal analysis, V.H. and
L.G.; Investigation, M.D.A. and B.H.; Methodology, M.D.A. and B.H.; Writing—original draft, ].E. All
authors have read and agreed to the published version of the manuscript.

Funding: The EDEN study was supported by Foundation for medical research (FRM), National
Agency for Research (ANR), National Institute for Research in Public health (IRESP: TGIR cohorte
santé 2008 program), French Ministry of Health (DGS), French Ministry of Research, INSERM Bone
and Joint Diseases National Research (PRO-A), and Human Nutrition National Research Programs,
Paris-Sud University, Nestlé, French National Institute for Population Health Surveillance (InVS),
French National Institute for Health Education (INPES), the European Union FP7 programmes
(FP7/2007-2013, HELIX, ESCAPE, ENRIECO, Medall projects), Diabetes National Research Program
(through a collaboration with the French Association of Diabetic Patients (AFD)), French Agency
for Environmental Health Safety (now ANSES), Mutuelle Générale de I’'Education Nationale a
complementary health insurance (MGEN), French national agency for food security, French-speaking
association for the study of diabetes and metabolism (ALFEDIAM).

Institutional Review Board Statement: The study was approved by the ethical research committee
(Comité Consultatif de Protection des Personnes dans la recherche biomédicale) of the Hospital Bicétre
(CCPPRB, N°02-70), and by the Data Protection Authority (Commission Nationale de 1'Informatique
et des Libertés).

Informed Consent Statement: Informed written consents were obtained from the parents at enroll-
ment for themselves and for the newborn after delivery.

Data Availability Statement: The data that support the findings of this study are available upon
request from the EDEN steering committee. Readers may contact etude.eden@inserm.fr to request
the data.

Acknowledgments: We thank Philippe Bonnet for his help in the statistics, and in particular with
the multiple correspondence analysis. The authors thank the EDEN mother-child cohort study
group, whose members are I. Annesi-Maesano, J.Y. Bernard, M. A. Charles, P. Dargent-Molina, B. de
Lauzon-Guillain, P. Ducimetiere, M. de Agostini, B. Foliguet, A. Forhan, X. Fritel, A. Germa, V. Goua,
R. Hankard, B. Heude, M. Kaminski, B. Larroquey, N. Lelong, J. Lepeule, G. Magnin, L. Marchand, C.
Nabet, F Pierre, R. Slama, M.]. Saurel-Cubizolles, M. Schweitzer, and O. Thiebaugeorges.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Laland, K.N. Exploring Gene—culture Interactions: Insights from Handedness, Sexual Selection and Niche-construction Case
Studies. Philos. Trans. R. Soc. B Biol. Sci. 2008, 363, 3577-3589. [CrossRef]

2. Fagard, ]J. The Nature and Nurture of Human Infant Hand Preference. Ann. N. Y. Acad. Sci. 2013, 1288, 114-123. [CrossRef]
[PubMed]

3. Ocklenburg, S.; Beste, C.; Guinttirkiin, O. Handedness: A Neurogenetic Shift of Perspective. Neurosci. Biobehav. Rev. 2013, 37,
2788-2793. [CrossRef] [PubMed]

4. Hepper, P.G,; Shahidullah, S.; White, R. Handedness in the Human Fetus. Neuropsychologia 1991, 29, 1107-1111. [CrossRef]

5. Hepper, P.G.; McCartney, G.R.; Shannon, E. Lateralised Behaviour in First Trimester Human Foetuses. Neuropsychologia 1998, 36,
531-534. [CrossRef]

6. Kurjak, A.; Vecek, N.; Hafner, T.; Bozek, T.; Funduk-Kurjak, B.; Ujevic, B. Prenatal Diagnosis: What Does Four-dimensional
Ultrasound Add? J. Perinat. Med. 2002, 30, 57-62. [CrossRef] [PubMed]

7. McCartney, G.; Hepper, P. Development of Lateralized Behaviour in the Human Fetus from 12 to 27 Weeks’ Gestation. Dev. Med.
Child Neurol. 1999, 41, 83-86. [CrossRef] [PubMed]

8.  De Vries, J.; Wimmers, R.; Ververs, I.; Hopkins, B.; Savelsbergh, G.; Van Geijn, H. Fetal Handedness and Head Position Preference:
A Developmental Study. Dev. Psychobiol. 2001, 39, 171-178. [CrossRef] [PubMed]

9.  Myowa-Yamakoshi, M.; Takeshita, H. Do Human Fetuses Anticipate Self-Oriented Actions? A Study by Four-Dimensional (4D)
Ultrasonography. Infancy 2006, 10, 289-301. [CrossRef]

10. Hepper, P.G.; Wells, D.L.; Lynch, C. Prenatal Thumb Sucking is Related to Postnatal Handedness. Neuropsychologia 2005, 43,
313-315. [CrossRef] [PubMed]

11.  Corbetta, D.; Bojczyk, K.E. Infants Return to Two-Handed Reaching When They Are Learning to Walk. J. Mot. Behav. 2002, 34,
83-95. [CrossRef] [PubMed]

12.  Ferre, C.L.; Babik, L.; Michel, G.F. Development of Infant Prehension Handedness: A Longitudinal Analysis during the 6- to

14-month Age Period. Infant Behav. Dev. 2010, 33, 492-502. [CrossRef] [PubMed]


http://doi.org/10.1098/rstb.2008.0132
http://doi.org/10.1111/nyas.12051
http://www.ncbi.nlm.nih.gov/pubmed/23617617
http://doi.org/10.1016/j.neubiorev.2013.09.014
http://www.ncbi.nlm.nih.gov/pubmed/24091023
http://doi.org/10.1016/0028-3932(91)90080-R
http://doi.org/10.1016/S0028-3932(97)00156-5
http://doi.org/10.1515/JPM.2002.008
http://www.ncbi.nlm.nih.gov/pubmed/11933657
http://doi.org/10.1017/S0012162299000183
http://www.ncbi.nlm.nih.gov/pubmed/10075093
http://doi.org/10.1002/dev.1042
http://www.ncbi.nlm.nih.gov/pubmed/11745310
http://doi.org/10.1207/s15327078in1003_5
http://doi.org/10.1016/j.neuropsychologia.2004.08.009
http://www.ncbi.nlm.nih.gov/pubmed/15707608
http://doi.org/10.1080/00222890209601933
http://www.ncbi.nlm.nih.gov/pubmed/11880252
http://doi.org/10.1016/j.infbeh.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20619463

Int. J. Environ. Res. Public Health 2021, 18, 3529 22 of 24

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.
33.
34.
35.
36.

37.
38.

39.

40.

41.

42.

43.

Michel, G.F,; Babik, I; Sheu, C.-E; Campbell, ].M. Latent Classes in the Developmental Trajectories of Infant Handedness.
Dev. Psychol. 2014, 50, 349-359. [CrossRef] [PubMed]

Michel, G.E; Tyler, A.N.; Ferre, C.; Sheu, C.-F. The Manifestation of Infant Hand-use Preferences When Reaching for Objects
during the Seven- to Thirteen-month Age Period. Dev. Psychobiol. 2006, 48, 436—443. [CrossRef] [PubMed]

Nelson, E.L.; Campbell, ].M.; Michel, G.F. Unimanual to Bimanual: Tracking the Development of Handedness from 6 to 24 Months.
Infant Behav. Dev. 2013, 36, 181-188. [CrossRef] [PubMed]

Campbell, ].M.; Marcinowski, E.C.; Babik, I.; Michel, G.F. The Influence of a Hand Preference for Acquiring Objects on the
Development of a Hand Preference for Unimanual Manipulation from 6 to 14 Months. Infant Behav. Dev. 2015, 39, 107-117.
[CrossRef]

Campbell, ].M.; Marcinowski, E.C.; Latta, J.; Michel, G.F. Different Assessment Tasks Produce Different Estimates of Handedness
Stability during the Eight to 14 Month Age Period. Infant Behav. Dev. 2015, 39, 67-80. [CrossRef] [PubMed]

Campbell, ].M.; Marcinowski, E.C.; Michel, G.F. The Development of Neuromotor Skills and Hand Preference during Infancy.
Deuv. Psychobiol. 2018, 60, 165-175. [CrossRef] [PubMed]

Nelson, E.L.; Gonzalez, S.L. Measuring Infant Handedness Reliably from Reaching: A Systematic Review. Laterality 2020, 25,
430-454. [CrossRef] [PubMed]

Corbetta, D.; Thelen, E. Lateral Biases and Fluctuations in Infants” Spontaneous Arm Movements and Reaching. Dev. Psychobiol.
1999, 34, 237-255. [CrossRef]

Fagard, J. Changes in Grasping Skills and the Emergence of Bimanual Coordination during the First Year of Life. In The
Psychobiology of the Hand; Connolly, K.J., Ed.; Mac Keith Press: London, UK, 1998; Volume Clinics in Developmental Medicine;
pp- 123-143.

Jacobsohn, L.; Rodrigues, P.; Vasconcelos, O.; Corbetta, D.; Barreiros, J. Lateral Manual Asymmetries: A Longitudinal Study from
Birth to 24 Months. Dev. Psychobiol. 2014, 56, 58-72. [CrossRef] [PubMed]

Mattuizzi, A. Présentation du Siége. Recommandations pour la Pratique Clinique du CNGOF—EpidémioIogie, Facteurs de Risque
et Complications. Gynécologie Obs. Fertil. Sénologie 2020, 48, 70-80. [CrossRef] [PubMed]

Ahmad, A.; Webb, S.S.; Early, B.; Sitch, A.; Khan, K.; MacArthur, C. Association between Fetal Position at Onset of Labor and
Mode of Delivery: A Prospective Cohort Study. Ultrasound Obstet. Gynecol. Off. ]. Int. Soc. Ultrasound Obstet. Gynecol. 2014, 43,
176-182. [CrossRef] [PubMed]

Fong, B.F; Buis, A.]; Savelsbergh, G.]J.; De Vries, ].I. Influence of Breech Presentation on the Development of Fetal Arm Posture.
Early Hum. Dev. 2005, 81, 519-527. [CrossRef] [PubMed]

Ververs, I; De Vries, ].I; Van Geijn, H.P,; Hopkins, B. Prenatal Head Position from 12-38 Weeks. II. The Effects of Fetal Orientation
and Placental Localization. Early Hum. Dev. 1994, 39, 93-100. [CrossRef]

Del Giudice, M. Alone in the dark? Modeling the Conditions for Visual Experience in Human Fetuses. Dev. Psychobiol. 2010, 53,
214-219. [CrossRef] [PubMed]

Fulford, J.; Vadeyar, S.H.; Dodampahala, S.H.; Moore, R.J.; Young, P.; Baker, PN.; James, D.K.; Gowland, P.A. Fetal Brain Activity
in Response to a Visual Stimulus. Hum. Brain Mapp. 2003, 20, 239-245. [CrossRef] [PubMed]

Zoia, S.; Blason, L.; D’Ottavio, G.; Bulgheroni, M.; Pezzetta, E.; Scabar, A.; Castiello, U. Evidence of Early Development of Action
Planning in the Human Foetus: A Kinematic Study. Exp. Brain Res. 2007, 176, 217-226. [CrossRef]

Churchill, J.A.; Igna, E.; Senf, R. The Association of Position at Birth and Handedness. Pediatrics 1962, 29, 307-309. [PubMed]
Smart, ].L.; Jeffery, C.; Richards, B. A Retrospective Study of the Relationship between Birth History and Handedness at Six Years.
Early Hum. Dev. 1980, 4, 79-88. [CrossRef]

Vles, J.; Grubben, C.; Hoogland, H. Handedness not Related to Foetal Position. Neuropsychologia 1989, 27, 1017-1018. [CrossRef]
Jones, G.V,; Martin, M. Seasonal Anisotropy in Handedness. Cortex 2008, 44, 8-12. [CrossRef] [PubMed]

Beaton, A.A. Handedness Assessment in Studies of Seasonal Anisotropy. Cortex 2008, 44, 97-98. [CrossRef]

Cosenza, R.M.; Mingoti, S.A. Season of Birth and Handedness Revisited. Percept. Mot. Ski. 1995, 81, 475-480. [CrossRef]
Dellatolas, G.; Curt, E,; Lellouch, J. Birth Order and Month of Birth Are Not Related with Handedness in a Sample of 9370 Young
Men. Cortex 1991, 27, 137-140. [CrossRef]

Badian, N.A. Birth order, maternal age, season of birth, and handedness. Cortex 1983, 19, 451-463. [CrossRef]

Tran, U.S,; Stieger, S.; Voracek, M. Latent Variable Analysis Indicates That Seasonal Anisotropy Accounts for the Higher Prevalence
of Left-handedness in Men. Cortex 2014, 57, 188-197. [CrossRef]

De Kovel, C.G.F; Carrioén-Castillo, A.; Francks, C. A large-scale Population Study of Early Life Factors Influencing Left-
handedness. Sci. Rep. 2019, 9, 1-11. [CrossRef] [PubMed]

Bolinskey, PK.; Iati, C.A.; Hunter, H.K.; Novi, ].H. Season of Birth, Mixed-handedness, and Psychometric Schizotypy: Preliminary
Results from a Prospective Study. Psychiatry Res. 2013, 208, 210-214. [CrossRef]

Lust, J.M.; Geuze, R.H.; Van De Beek, C.; Cohen-Kettenis, P.T.; Bouma, A.; Groothuis, T.G.G. Differential Effects of Prenatal
Testosterone on Lateralization of Handedness and Language. Neuropsychologia 2011, 25, 581-589. [CrossRef] [PubMed]
Grimshaw, G.M.; Bryden, M.P; Finegan, J.-A.K. Relations between Prenatal Testosterone and Cerebral Lateralization in Children.
Neuropsychologia 1995, 9, 68-79. [CrossRef]

Fox, N.; Lewis, M. Motor Asymmetries in Preterm Infants: Effects of Prematurity and Illness. Dev. Psychobiol. 1982, 15, 19-23.
[CrossRef]


http://doi.org/10.1037/a0033312
http://www.ncbi.nlm.nih.gov/pubmed/23772820
http://doi.org/10.1002/dev.20161
http://www.ncbi.nlm.nih.gov/pubmed/16886180
http://doi.org/10.1016/j.infbeh.2013.01.009
http://www.ncbi.nlm.nih.gov/pubmed/23454419
http://doi.org/10.1016/j.infbeh.2015.02.013
http://doi.org/10.1016/j.infbeh.2015.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25769115
http://doi.org/10.1002/dev.21591
http://www.ncbi.nlm.nih.gov/pubmed/29168178
http://doi.org/10.1080/1357650X.2020.1726367
http://www.ncbi.nlm.nih.gov/pubmed/32063179
http://doi.org/10.1002/(SICI)1098-2302(199905)34:2&lt;237::AID-DEV1&gt;3.0.CO;2-
http://doi.org/10.1002/dev.21091
http://www.ncbi.nlm.nih.gov/pubmed/23168649
http://doi.org/10.1016/j.gofs.2019.10.027
http://www.ncbi.nlm.nih.gov/pubmed/31682966
http://doi.org/10.1002/uog.13189
http://www.ncbi.nlm.nih.gov/pubmed/23929533
http://doi.org/10.1016/j.earlhumdev.2004.11.003
http://www.ncbi.nlm.nih.gov/pubmed/15935929
http://doi.org/10.1016/0378-3782(94)90158-9
http://doi.org/10.1002/dev.20506
http://www.ncbi.nlm.nih.gov/pubmed/21298635
http://doi.org/10.1002/hbm.10139
http://www.ncbi.nlm.nih.gov/pubmed/14673807
http://doi.org/10.1007/s00221-006-0607-3
http://www.ncbi.nlm.nih.gov/pubmed/13879426
http://doi.org/10.1016/0378-3782(80)90011-0
http://doi.org/10.1016/0028-3932(89)90077-8
http://doi.org/10.1016/j.cortex.2006.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18387526
http://doi.org/10.1016/j.cortex.2006.06.001
http://doi.org/10.2466/pms.1995.81.2.475
http://doi.org/10.1016/S0010-9452(13)80277-8
http://doi.org/10.1016/S0010-9452(83)80027-6
http://doi.org/10.1016/j.cortex.2014.04.011
http://doi.org/10.1038/s41598-018-37423-8
http://www.ncbi.nlm.nih.gov/pubmed/30679750
http://doi.org/10.1016/j.psychres.2012.12.023
http://doi.org/10.1037/a0023293
http://www.ncbi.nlm.nih.gov/pubmed/21500918
http://doi.org/10.1037/0894-4105.9.1.68
http://doi.org/10.1002/dev.420150105

Int. J. Environ. Res. Public Health 2021, 18, 3529 23 of 24

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

Marlow, N.; Roberts, B.L.; Cooke, R.W. Laterality and Prematurity. Arch. Dis. Child. 1989, 64, 1713-1716. [CrossRef] [PubMed]
Petkovic, M.; Chokron, S.; Fagard, J. Visuo-manual Coordination in Preterm Infants without Neurological Impairments.
Res. Dev. Disabil. 2016, 51, 76-88. [CrossRef] [PubMed]

Schafer, R.J.; Lacadie, C.; Vohr, B. Alterations in Functional Connectivity for Language in Prematurely Born Adolescents. Brain
2009, 132, 661-670. [CrossRef]

Soria-Pastor, S.; Padilla, N.; Zubiaurre-Elorza, L.; Ibarretxe-Bilbao, N.; Botet, F.; Costas-Moragas, C.; Falcon, C.; Bargallo, N.;
Mercader, ].M.; Junqué, C. Decreased Regional Brain Volume and Cognitive Impairment in Preterm Children at Low Risk.
Pediatrics 2009, 124, 1161-1170. [CrossRef]

Domelldf, E.; Johansson, A.-M.; Rénnqvist, L. Handedness in Preterm Born Children: A Systematic Review and a Meta-analysis.
Neuropsychologia 2011, 49, 2299-2310. [CrossRef] [PubMed]

O’Callaghan, M.; Burnt, Y.; Mohay, H.; Rogers, Y.; Tudehope, D. Handedness in Extremely Low Birth Weight Infants: Aetiology
and Relationship to Intellectual Abilities, Motor Performance and Behaviour at Four and Six Years. Cortex 1993, 29, 629-637.
[CrossRef]

Harding, L.; Walker, L.G.; Lloyd, D.; Duffty, P. A Controlled Study of Children Born at Gestation 28 Weeks or Less: Psychological
Characteristics at Seven to Ten Years of Age. Health Bull. 2001, 59, 81-90.

Heikkild, K.; Van Beijsterveldt, C.E.M.; Haukka, J.; livanainen, M.; Saari-Kemppainen, A.; Silventoinen, K.; Boomsma, D.I;
Yokoyama, Y.; Vuoksimaa, E. Triplets, Birthweight, and Handedness. Proc. Natl. Acad. Sci. USA 2018, 115, 6076-6081. [CrossRef]
[PubMed]

Heikkild, K.; Vuoksimaa, E.; Saari-Kemppainen, A.; Kaprio, J.; Rose, R.J.; Haukka, J.; Pitkdniemi, J.; livanainen, M. Higher
Prevalence of Left-Handedness in Twins? Not After Controlling Birth Time Confounders. Twin Res. Hum. Genet. 2015, 18, 526-532.
[CrossRef] [PubMed]

McGee, M.G.; Cozad, T. Population Genetic Analysis of Human Hand Preference: Evidence for Generation Differences, Familial
Resemblance, and Maternal Effects. Behav. Genet. 1980, 10, 263-275. [CrossRef] [PubMed]

Annett, M. Left, Right, Hand and Brain: The Right Shift Theory; Lawrence Erlbaum Associates: London, UK, 1985.

McManus, I.C.; Bryden, M.P. The Genetics of Handedness, Cerebral Dominance, and Lateralization. In Handbook of Neuropsychol-
ogy; Rapin, I, Segalowitz, S.J., Eds.; Elsevier Science: New York, NY, USA, 1992; Volume 6, pp. 115-144.

Perelle, I.B.; Ehrman, L. An International Study of Human Handedness: The Data. Behav. Genet. 1994, 24, 217-227. [CrossRef]
[PubMed]

Annett, M. Left-handedness as a Function of Sex, Maternal versus Paternal Inheritance, and Report Bias. Behav. Genet. 1999, 29,
103-114. [CrossRef] [PubMed]

Shimizu, A.; Endo, M. Handedness and Familial Sinistrality in a Japanese Student Population. Cortex 1983, 19, 265-272. [CrossRef]
Papadatou-Pastou, M.; Martin, M.; Munafo, M.R; Jones, G.V. Sex Differences in Left-handedness: A Meta-analysis of 144 Studies.
Psychol. Bull. 2008, 134, 677-699. [CrossRef] [PubMed]

Heude, B.; Forhan, A.; Slama, R.; Douhaud, L.; Bedel, S.; Saurel-Cubizolles, M.-].; Hankard, R.; Thiebaugeorges, O.; De Agostini, M.;
Annesi-Maesano, I; et al. Cohort Profile: The EDEN Mother-child Cohort on the Prenatal and Early Postnatal Determinants of
Child Health and Development. Int. |. Epidemiol. 2015, 45, 353-363. [CrossRef]

De Agostini, M.; Dellatolas, G. Une Epreuve Simple pour Evaluer La Preference Manuelle chez L'enfant a Partir de 3 Ans. A
Simple Test for Evaluating the Hand Preference in Children over 3 Years Old. Enfance 1988, 41, 139-147. [CrossRef]

Dellatolas, G.; De Agostini, M.; Jallon, P.; Poncet, M. Mesure de la Preference manuelle par Autoquestionnaire dans la Population
Francaise Adulte. Measurement of Manual Preference by Self-administered Questionnaire in the Adult French Population.
Rev. Psychol. Appl. 1988, 38, 117-135.

Fagard, ].; Chapelain, A.; Bonnet, P. How Should “Ambidexterity” be Estimated? Laterality 2015, 20, 543-570. [CrossRef]

Le Roux, B.; Rouanet, H. Geometric Data Analysis: From Correspondence Analysis to Structured Data Analysis; Kluwer Academic:
Dordrecht, The Netherlands, 2004.

Cohen, J. Statistical Power Analysis for the Behavioral Sciences; Lawrence Erlbaum Associates Inc.: Hillsdale, NJ, USA, 1977.
Régnier-Loilier, A. Evolution de la Saisonnalité des Naissances en France de 1975 a Nos Jours. Population 2010, 65, 147-190.
[CrossRef]

Kieler, H.; Cnattingius, S.; Haglund, B.; Palmgren, J.; Axelsson, O. Sinistrality—A Side-effect of Prenatal Sonography: A
Comparative Study of Young Men. Epidemiology 2001, 12, 618-623. [CrossRef] [PubMed]

Torloni, M.R.; Vedmedovska, N.; Merialdi, M.; Betran, A.P.; Allen, T.; Gonzalez, R.; Platt, L.D. Safety of Ultrasonography in
Pregnancy: WHO Systematic Review of the Literature and Meta-analysis. Ultrasound Obstet. Gynecol. Off. ]. Int. Soc. Ultrasound
Obstet. Gynecol. 2009, 33, 599-608. [CrossRef] [PubMed]

McManus, C. Right Hand, Left Hand: The Origins of Asymmetry in Brains, Bodies, Atoms and Cultures; Weindenfeld & Nicolson:
London, UK, 2002.

Annett, M. Tests of the Right Shift Genetic Model for Two New Samples of Family Handedness and for the Data of McKeever
(2000). Laterality 2008, 13, 105-123. [CrossRef] [PubMed]

McManus, I.C.; Davison, A.; Armour, J.A.L. Multilocus Genetic Models of Handedness Closely Resemble Single-locus Models in
Explaining Family Data and are Compatible with Genome-wide Association Studies. Ann. N. Y. Acad. Sci. 2013, 1288, 48-58.
[CrossRef] [PubMed]


http://doi.org/10.1136/adc.64.12.1713
http://www.ncbi.nlm.nih.gov/pubmed/2696435
http://doi.org/10.1016/j.ridd.2016.01.010
http://www.ncbi.nlm.nih.gov/pubmed/26812594
http://doi.org/10.1093/brain/awn353
http://doi.org/10.1542/peds.2009-0244
http://doi.org/10.1016/j.neuropsychologia.2011.04.033
http://www.ncbi.nlm.nih.gov/pubmed/21601584
http://doi.org/10.1016/S0010-9452(13)80286-9
http://doi.org/10.1073/pnas.1719567115
http://www.ncbi.nlm.nih.gov/pubmed/29760105
http://doi.org/10.1017/thg.2015.53
http://www.ncbi.nlm.nih.gov/pubmed/26285831
http://doi.org/10.1007/BF01067772
http://www.ncbi.nlm.nih.gov/pubmed/7213305
http://doi.org/10.1007/BF01067189
http://www.ncbi.nlm.nih.gov/pubmed/7945152
http://doi.org/10.1023/A:1021608522152
http://www.ncbi.nlm.nih.gov/pubmed/10405459
http://doi.org/10.1016/S0010-9452(83)80020-3
http://doi.org/10.1037/a0012814
http://www.ncbi.nlm.nih.gov/pubmed/18729568
http://doi.org/10.1093/ije/dyv151
http://doi.org/10.3406/enfan.1988.2161
http://doi.org/10.1080/1357650X.2015.1009089
http://doi.org/10.3917/popu.1001.0147
http://doi.org/10.1097/00001648-200111000-00007
http://www.ncbi.nlm.nih.gov/pubmed/11679787
http://doi.org/10.1002/uog.6328
http://www.ncbi.nlm.nih.gov/pubmed/19291813
http://doi.org/10.1080/13576500701433522
http://www.ncbi.nlm.nih.gov/pubmed/17852701
http://doi.org/10.1111/nyas.12102
http://www.ncbi.nlm.nih.gov/pubmed/23631511

Int. J. Environ. Res. Public Health 2021, 18, 3529 24 of 24

72.

73.
74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Fagard, J.; Lemoine, C. The Role of Imitation in the Stabilization of Handedness during Infancy. J. Integr. Neurosci. 2006, 5,
519-533. [CrossRef] [PubMed]

Annett, M. Handedness in Families. Ann. Hum. Genet. 1973, 37, 93-105. [CrossRef] [PubMed]

McKeever, WF. A New Family Handedness Sample with Findings Consistent with X-linked Transmission. Br. J. Psychol. 2000, 91,
21-39. [CrossRef] [PubMed]

Risch, N.; Pringle, G. Segregation Analysis of Human Hand Preference. Behav. Genet. 1985, 15, 385—400. [CrossRef] [PubMed]
Spiegler, B.].; Yeni-Komshian, G.H. Incidence of Left-handed Writing in a College Population with Reference to Family Patterns
of Hand Preference. Neuropsychologia 1983, 21, 651-659. [CrossRef]

Van Heerwaarde, A.A.; Van Der Kamp, L.T.; Van Der Aa, N.E.; De Vries, L.S.; Groenendaal, F,; Jongmans, M.J.; Eijsermans, R.J.C.;
Koopman-Esseboom, C.; Van Haastert, I.-L.C.; Benders, M.J.N.L.; et al. Non-right-handedness in Children Born Extremely
Preterm: Relation to Early Neuroimaging and Long-term Neurodevelopment. PLoS ONE 2020, 15, e0235311. [CrossRef]
Canini, M.; Cavoretto, P.; Scifo, P.; Pozzoni, M.; Petrini, A.; ladanza, A.; Pontesilli, S.; Scotti, R.; Candiani, M.; Falini, A.; et al.
Subcortico-Cortical Functional Connectivity in the Fetal Brain: A Cognitive Development Blueprint. Cereb. Cortex Commun. 2020,
1, tgaa008. [CrossRef]

Dubois, J.; Kostovic, I; Judas, M. Development of Structural and Functional Connectivity. Brain Mapping: An Ency-Clopedic
Reference. 2015. Available online: https:/ /hal.archives-ouvertes.fr/hal-02436274 /document (accessed on 10 August 2020).
Thomason, M.E.; Brown, J.A.; Dassanayake, M.T.; Shastri, R.; Marusak, H.A.; Hernandez-Andrade, E.; Yeo, L.; Mody, S.;
Berman, S.; Hassan, S.S.; et al. Intrinsic functional brain architecture derived from graph theoretical analysis in the human fetus.
PLoS ONE 2014, 9, €94423. [CrossRef] [PubMed]

Mento, G.; Suppiej, A.; Altoe, G.; Bisiacchi, P.S. Functional hemispheric asymmetries in humans: Electrophysiological evidence
from preterm infants. Eur. J. Neurosci. 2010, 31, 565-574. [CrossRef] [PubMed]

Marlow, N.; Ni, Y.; Beckmann, J.; O’Reilly, H.; Johnson, S.; Wolke, D.; Morris, ]. K. Hand Preference Develops Across Childhood
and Adolescence in Extremely Preterm Children: The EPICure Study. Pediatr. Neurol. 2019, 99, 40—46. [CrossRef] [PubMed]
Armour, J.A.L,; Davison, A.; McManus, I.C. Genome-wide Association Study of Handedness Excludes Simple Genetic Models.
Hereditary 2013, 112, 221-225. [CrossRef] [PubMed]

Arning, L.; Ocklenburg, S.; Schulz, S.; Ness, V.; Gerding, W.M.; Hengstler, ].G.; Falkenstein, M.; Epplen, J.T.; Guntiirkiin, O.;
Beste, C. PCSK6 VNTR Polymorphism is Associated with Degree of Handedness but not Direction of Handedness. PLoS ONE
2013, 8, e67251. [CrossRef] [PubMed]

Peters, M. La Latéralité Manuelle chez les Adultes. In Droitiers/Gauchers: Des Asymétries dans Tous les Sens; Fagard, J., Ed.; Solal:
Marseille, France, 2004; pp. 97-120.


http://doi.org/10.1142/S0219635206001343
http://www.ncbi.nlm.nih.gov/pubmed/17245820
http://doi.org/10.1111/j.1469-1809.1973.tb01817.x
http://www.ncbi.nlm.nih.gov/pubmed/4759906
http://doi.org/10.1348/000712600161655
http://www.ncbi.nlm.nih.gov/pubmed/10717769
http://doi.org/10.1007/BF01070896
http://www.ncbi.nlm.nih.gov/pubmed/4038240
http://doi.org/10.1016/0028-3932(83)90063-5
http://doi.org/10.1371/journal.pone.0235311
http://doi.org/10.1093/texcom/tgaa008
https://hal.archives-ouvertes.fr/hal-02436274/document
http://doi.org/10.1371/journal.pone.0094423
http://www.ncbi.nlm.nih.gov/pubmed/24788455
http://doi.org/10.1111/j.1460-9568.2010.07076.x
http://www.ncbi.nlm.nih.gov/pubmed/20105238
http://doi.org/10.1016/j.pediatrneurol.2019.04.007
http://www.ncbi.nlm.nih.gov/pubmed/31128891
http://doi.org/10.1038/hdy.2013.93
http://www.ncbi.nlm.nih.gov/pubmed/24065183
http://doi.org/10.1371/journal.pone.0067251
http://www.ncbi.nlm.nih.gov/pubmed/23826248

	Early Appearance of Hand Preference 
	Presentation/Side 
	Season of Birth 
	Number of Weeks of Gestation 
	Methods 
	Participants 
	Data Collection 

	Analysis 
	Results 
	Frequency of the Prenatal Variables Studied Here 
	Side Position at the Third Trimester 
	Number of Weeks of Gestation 
	Season of Birth 
	Parents’ Handedness 

	Children’s Handedness at 5 
	Multivariate Analysis on the Direction of Handedness (HI) at 5 Years of Age 
	Univariate Analysis on the Degree of Handedness (absHI) at 5 Years of Age 
	Presentation at Birth 
	Side of Position and Presentation at Birth (Left Cephalic versus Non-Left Cephalic) 
	Number of Weeks of Gestation 
	Season of Birth 
	Parents’ Handedness 

	Ratio of Right-Handed to Left-Handed Children at Age 5 as a Function of All Factors 
	Father’s Handedness 
	Presentation and Side Position, and Father’s Handedness Combined 

	Difference between Lateralized and Non-lateralized Children: Qualitative Analysis of the 6 Non-Lateralized Children 
	Discussion 
	References

