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Abstract Handedness is likely to be controlled by many
genetic variants, some of which are in sex-dependent genes
that also influence body asymmetry. One such asymmetry
may be in foot length. Levy and Levy (Science, 200, 1291—
1292, 1978) reported that right-handed males have longer
right feet than left and left-handed males have longer left feet
than right, while this trend was found to be reversed in
females. Subsequent studies, however, were unable to repli-
cate this effect. Here, we consider the relationship between
foot asymmetry and asymmetry of hand performance in a
sample of 251 children from the Jamaican rural countryside.
Foot length was measured and asymmetry was calculated (L—
R). An Annett peg test was used to measure speed of hand
performance for right and left hands. Lateralised hand perfor-
mance (LHP) was calculated by dividing the right-hand time
by the left-hand time (i.e. LHP <I=faster right hands). For
boys, L-R foot length asymmetry was positively correlated to
right-hand times and to LHP, and the relationships were
independent of age. It is notable that the larger the relative
size of the right foot, the faster the speed of the right hand, but
so also the smaller the relative size of the right foot, the slower
the speed of the right hand—the distribution is continuous and
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significant. In girls, foot length asymmetry did not correlate
with hand speed. Thus, we have replicated the Levy and Levy
effect in boys, but not girls. We discuss these results in
relationship to the influence of sex-dependent genes and foetal
sex steroids on brain and body lateralisation.
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Introduction

Right-handedness is an ancient human trait that is found
across all societies (Ludwig 1932; Marchant and McGrew
1998; Raymond and Pontier 2004). It develops early in on-
togeny, tends to be sex-dependent with females being more
likely right-handed than males (Papadatou-Pastou et al. 2008)
and is highly heritable (Annett 1964, 2002; Llaurens and
Faurie 2009) with the possible involvement of at least 40 loci
(McManus et al. 2013). Recent genome-wide association
studies, with handedness measured from a pegboard task,
revealed strongest association with a variant located in the
PCSK6 gene—an enzyme that cleaves nodal into an active
form. Nodal triggers the development of left/right asymmetry
in bilaterally symmetrical invertebrates and vertebrates
(Grande and Patel 2009; Mercola and Levin 2001; Scerri
etal. 2011). This link has led Brandler et al. (2013) to propose
that handedness is a polygenic trait, controlled in part by the
molecular mechanisms that establish body asymmetry (for a
review of possible genetic and environmental influences on
handedness see McManus et al. 2013).

Associations between handedness and brain and visceral
asymmetries have been documented (for review see Brandler
et al. 2013). However, little is known about the relationship
between handedness and morphological asymmetry. One, not
unexpected, association is between hand size and handedness.
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Right-handed individuals have larger right hands than left
hands, but the hands of left-handers are close to being sym-
metric in size (Purves et al. 1994). This hand asymmetry may
arise as the result of differential use of the hands. More
surprisingly, there may also be a sex-dependent correlation
between handedness and foot length asymmetry. Levy and
Levy (1978) examined this in a study of 98 females and 52
males (including children <6 years) from the USA. Foot
asymmetry was rated on a scale ranging from +3 to —3 (for
right-left differences), and handedness was assessed through
interviews by asking people on their hand preference in
unimodal activity. It was found that right-handed males had
longer right feet and left-handed males had longer left feet. In
females, these relationships were reversed. The results in
children resembled those observed in adults, leading the au-
thors to conclude that pubertal hormones could not have
affected the findings. Levy and Levy further concluded that
the asymmetric development of foot size is governed by the
same genetic mechanisms that determine handedness. Since
then, there have been many attempts to replicate these find-
ings, but Levy and Levy’s findings on the association between
handedness and foot asymmetry could not be confirmed
(Mascie-Taylor et al. 1981; Yanowitz et al. 1981; Peters
et al. 1981; Orsini and Satz 1985).

Means and Walters (1982) considered both foot and hand
size in a sample of 77 male and 79 female children (49 years)
in the USA and replicated the Levy and Levy effect, but this
time, in the hands and not in the feet. These authors asked
children their preferred hand for activities such as writing,
drawing or cutting. Foot size was measured using a custom-
made measuring device, resembling those used in shoe stores,
and hand size was measured with a ruler from the crease
proximal to the palm to the tip of the longest finger. It was
found that right-handed boys had longer right hands than left
and left-handed boys had longer left hands than right. In
addition to the non-significant result from foot length mea-
surement, there was also no association of size and asymmetry
detected in children’s footprints at birth, possibly because of
the use of only two asymmetry categories (right-greater-than-
left and right-not-greater-than-left). Means and Walters con-
cluded that the detected sex-dependent relationship on hand
size and handedness is consistent with the finding of Levy and
Levy (1978) on foot size, while the failure to replicate this
finding with foot size is not. The authors suggest that one
reason for this inconsistency may be found in the different
levels of maturation between the children in their study (4—
9 years) and those in the Levy and Levy study (<6 years) and
related sample sizes. Moreover, it was concluded that the sex-
and handedness-related asymmetry in foot size may be either
small or developed later in ontogeny.

This present paper reports an attempt to replicate the find-
ings of Levy and Levy (1978) on relationships of sex-related
foot size asymmetry and handedness in a sample of children
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from a long-term study (the Jamaican Symmetry Project
(JSP)) from a rural Jamaican population (Trivers et al.
1999). The JSP consists of a cohort of children that were first
measured in 1996 when participants were 5-11 years.
Previous studies that have failed to replicate the Levy and
Levy results considered handedness as a discrete discontinu-
ous variable. Thus, non-right-handed participants were typi-
cally present in small numbers. We assessed relative hand
performance using an Annett peg-moving task (Annett
2002), thus considering it as a continuous measure of hand
preference.

Method

The Jamaican study population is described in detail in Trivers
et al. (1999). It comprises 288 children (155 boys, 131 girls
and 2 of unknown gender) drawn from Southfield in the parish
of St. Elizabeth. The children were recruited from three
schools in the area (Top Hill Primary, Mayfield All/Age and
Epping Forest All/Age), and the sample had an age range of
5-11 years (mean age=8.18+1.73).

Foot length was measured twice to the nearest millimetre
using a tape measure. The measurement landmarks were the
anterior tip of the first toe to the posterior tip of the heel, and
all measurements were taken by the same experienced
measurer.

We assessed relative hand performance by the Annett
peg-moving task (Annett 1970, 2002). Trials were car-
ried out in January 1996. A pegboard with two rows of
ten holes was used. Participants moved, with one hand,
ten pegs from a row or holes to an empty row of holes
situated about 5 in. in front. Each trial was timed from
the moment the hand touched the first peg until the last
peg was placed in its hole. There were ten trials in all,
five for each hand. Mean left- and right-hand times were
then calculated. Lateralised hand performance (LHP) was
calculated by dividing the mean right-hand time by the
mean left-hand time, i.e. the greater the LHP, the greater
the tendency to perform faster with the left hand relative
to the right hand. The subjects who had a faster time
with the right hand compared to the left hand had an
LHP <1.

Results

Foot Asymmetry

The asymmetry of foot length was calculated by subtracting
right foot length from left foot length (foot asymmetry=L-R).

With regard to the first and second measurements of foot
length, we calculated repeatabilities (r;) in the form of intra-
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class correlation coefficients using model II single factor
ANOVA tests (Zar 1999) and used repeated measures
ANOVA tests to calculate the ratio (F) between group mean
squares (i.e. the real differences between individuals) and the
error mean squares (i.e. the error in our repeated measures).
The repeatability of the signed foot asymmetries was signifi-
cant with 7;=0.67, F=5.07, p<0.0001. This showed that the
difference in foot asymmetry between participants was signif-
icantly greater than the measurement error for individual
asymmetry. Therefore, we calculated an average signed foot
asymmetry per individual and used this in all subsequent
analyses.

The mean unsigned foot asymmetry deviated slightly from
zero (i.e. there was a weak tendency for left feet to be longer
than right), but this trend towards directional asymmetry was
not significant (n=272, one-sample ¢ test with mean set at
zero: mean asymmetry=0.06 mm, r=0.96, p=0.34). There
was non-significant skew (v=—0.26, p=0.08) in the signed
asymmetries and highly significant leptokurtosis (v=>5.04,
p<0.0001; Trivers et al. 1999). There were no significant
differences between boys and girls in their mean asymmetry
(boys, n=148: mean asymmetry=0.08+0.98 mm; girls, n=
123: mean asymmetry=0.04+1.02 mm; /=0.33; p=0.74).

Hand Performance Asymmetry

Right- and left-hand speeds were both recorded for 251 chil-
dren (135 boys, 116 girls). There were no significant sex
differences in the mean right-hand speed (boys, 12.20+
1.95 s; girls, 12.06+1.84 s; =0.57; p=0.57) or left-hand
speed (boys, 13.78+2.22 s; girls, 14.05+2.29 s; t=0.97; p=
0.33). However, boys had significantly faster left hand relative
to right-hand speed than did girls (boys: LHP=0.89+0.70,
girls: LHP=0.86+0.80, t=2.67, p<0.01).

Correlations Between Foot Asymmetry and Hand
Performance Asymmetry

We were expecting sex differences in the direction of slope in
the relationships between signed foot asymmetry and LHP
(i.e. a positive slope for boys and a negative slope for girls).
Therefore, we considered boys and girls separately. For boys,
as expected, foot asymmetry was positively related to hand
speed and LHP, and the relationship was significant for foot
asymmetry and right hand (»=0.23, p<0.01, Fig. 1) but not
left hand (»=0.12, p=0.16), and significant for LHP (»=0.21,
p<0.05, Fig. 2). These correlations remained significant after
the removal of the effect of age (multiple regression,
standardised coefficients, right hand, 5=0.13; p<0.05 and
LHP, 5=0.18; p<0.05). For girls, there were no relationships
between foot asymmetry and hand performance (right hand,
r=0.01; p=0.89 and left hand, »=0.02; p=0.85 and LHP, r=
—0.003; p=0.98).
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Fig. 1 The relationship in boys between the mean time for the right hand
in the peg test and the asymmetry of foot length (L—R)

Discussion

This study aimed to replicate findings of Levy and Levy
(1978) on relationships of sex-related foot size asymmetry
and handedness in a sample of children from a rural
Jamaican population. We found that boys with longer right
feet than left tended to have fast right hands in a peg-moving
task, and their right-hand speed tended to be faster than their
left-hand speed (i.e. LHP <1). This pattern was reversed in
boys whose left foot length was greater than their right. There
were no significant effects in girls. Thus, the present results
replicate those of Levy and Levy (1978) in a sample of boys
and men, but do not support their findings for girls and
women.

Our study had fewer limitations than previous reports. Our
two variables (handedness and foot asymmetry) were mea-
sured on a continuous scale rather than the less precise dis-
continuous scale for handedness (Levy and Levy 1978;
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Fig. 2 The relationship in boys between lateralised hand preference
(LHP: mean time for the right hand/mean time for the left hand) and the
asymmetry of foot length (L-R)
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Mascie-Taylor et al. 1981; Peters et al. 1981; Yanowitz et al.
1981; Means and Walters 1982; Orsini and Satz 1985) or foot
length (Levy and Levy 1978; Orsini and Satz 1985). There
may be geographical and ethnic variation in handedness
(Leask and Beaton 2007; Raymond and Pontier 2004). Our
sample was ethnically homogenous (all Afro-Caribbean chil-
dren), whereas it is unclear whether the earlier samples
consisted of one or a mix of ethnicities. However, it remains
to be demonstrated whether the present findings can be ex-
tended to adults and to other ethnicities.

The sex difference in the links between foot asymmetry and
hand performance asymmetry suggests an influence of early
sex steroids and more specifically prenatal hormones. With
regard to hand performance, Manning et al. (2000) investigat-
ed the relationship between LHP and digit ratio (2D:4D)—a
biomarker for prenatal testosterone—in rural Jamaican chil-
dren (the JSP; Trivers et al. 1999). It was found that right hand
2D:4D correlated negatively with leftward performance asym-
metry in the Annett pegboard task, and this was especially true
for boys. This relationship between low right 2D:4D (or low
right 2D:4D relative to left 2D:4D) and left-handedness was
found in adults by Nicholls et al. (2008), Manning and Peters
(2009) and Beaton et al. (2011). Also, Fink et al. (2004)
reported that in a sample of 38 boys and 41 girls aged 6—
11 years 2D:4D correlated negatively with left-hand perfor-
mance. All these studies concluded that prenatal testoster-
one affects brain lateralization such that high levels of
prenatal testosterone results in faster left-hand performance
relative to right. Our present data expand those reported by
Manning et al. (2000) by linking foot asymmetry to hand
performance, thus suggesting that the relationship between
these two measures could be moderated by prenatal tes-
tosterone. Levy and Levy already suggested that foetal sex
steroids may play an important role in determining both
the relative maturational rates of the right and left sides of
the brain and feet. As expected and consistent with this
model, a sex difference in LHP was found in this present
study such that boys tended to show higher LHP than
girls. However, the lack of a significant sex difference in
the directional asymmetry of foot length was unexpected
and requires further investigation.

The findings of Levy and Levy linking foot asym-
metry and handedness have been perceived as puzzling
and inexplicable in the scientific literature. This is es-
pecially so in the light of the non-replication of their
findings. However, we feel that the recent links between
genes that influence both L-R body asymmetries and
handedness have placed the Levy and Levy report in a
different light. In this context, our findings lend some
support to the hypothesis of Brandler et al. (2013) that
handedness is under the control of genes that also
contribute to the development of left/right body
asymmetry.
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