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Across time and place, right hand preference has been the norm, but what is the precise prevalence of left-
and right-handedness? Frequency of left-handedness has shaped and underpinned different fields of
research, from cognitive neuroscience to human evolution, but reliable distributional estimates are still
lacking. While hundreds of empirical studies have assessed handedness, a large-scale, comprehensive
review of the prevalence of handedness and the factors that moderate it, is currently missing. Here, we
report 5 meta-analyses on hand preference for different manual tasks and show that left-handedness
prevalence lies between 9.3% (using the most stringent criterion of left-handedness) to 18.1% (using the
most lenient criterion of nonright-handedness), with the best overall estimate being 10.6% (10.4% when
excluding studies assessing elite athletes’ handedness). Handedness variability depends on (a) study
characteristics, namely year of publication and ways to measure and classify handedness, and (b)
participant characteristics, namely sex and ancestry. Our analysis identifies the role of moderators that
require taking into account in future studies on handedness and hemispheric asymmetries. We argue that
the same evolutionary mechanisms should apply across geographical regions to maintain the roughly
1:10 ratio, while cultural factors, such as pressure against left-hand use, moderate the magnitude of the
prevalence of left-handedness. Although handedness appears as a straightforward trait, there is no
universal agreement on how to assess it. Therefore, we urge researchers to fully report study and
participant characteristics as well as the detailed procedure by which handedness was assessed and make

raw data publicly available.

Public Significance Statement

To date, this meta-analysis is the largest reported study to estimate the prevalence of left hand
preference for different manual tasks across geographical areas (n = 2,396,170 individuals). It shows
that the best estimate for the prevalence of left-handedness is 10.6%. However, this value varies
between 9.3% and 18.1%, depending on how handedness is measured. The same evolutionary
mechanisms should apply to participants of different geographical ancestries to maintain the roughly
1:10 ratio of left- versus right-handers found worldwide. The exact prevalence of left hand preference
is moderated by cultural factors, primarily pressure to change writing hand, possibly because of direct
instructions by parents and teachers and also through nonexplicit model learning. More data is needed
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for individuals with less represented ancestries. When 3 handedness categories are given (left-
handed, mixed-handed, and right-handed), the best estimate for the prevalence of mixed-handedness
is 9.33%, a number almost as large as the prevalence of left-handedness. This highlights the
importance of taking this group into account in future handedness studies. Hand preference mea-
surement moderates the estimated prevalences of left- and right-handedness. We urge researchers to
define universal criteria for measuring hand preference (short questionnaires, reporting both writing
hand and Edinburgh Handedness Inventory [EHI] scores, and reporting at least 2 classifications, e.g.,
R-L and R-M-L), as measurement imprecision and/or heterogeneity affects the estimated prevalence.
Moreover, studies need to fully report study characteristics, such as instrument used to measure
handedness (including questionnaire length and individual item content), response format, classifi-
cation scheme, country in which the study took place, as well as population characteristics, such as
sex, age, ancestry, and educational and sporting level of the participants, ideally by uploading raw
data in open-access repositories. Detailed reporting is essential to compare effectively between

different studies as well as to encourage good study design.

Keywords: handedness, meta-analysis, laterality, hand preference, cerebral asymmetries
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Laterality is a general principle of functional organization in
vertebrates (e.g., Bisazza, Rogers, & Vallortigara, 1998;
Giintiirkiin & Ocklenburg, 2017; Ocklenburg, Isparta, Peterburs, &
Papadatou-Pastou, 2019; Rogers, 2008; Vallortigara & Rogers,
2005). Homo sapiens have evolved laterality in a unique form
within our primate lineage (Uomini & Ruck, 2018). The
population-level preferential use of the right hand has been the
case at least since the days of Homo habilis, the precursor of
modern Homo sapiens, two million years ago (Frayer et al., 2016;
McManus, 2002). Recent estimations place the emergence of the
right-hand bias in the course of the last seven million years
(Uomini & Ruck, 2018).

Despite the fact that population-level right-hand preference is
well established, the precise magnitude of the percentages of right-
and left-handedness still remains to be elucidated. Handedness
prevalence is indeed a point of dispute among different studies.
Some of these differences might be explained by small sample
sizes in individual studies, a problem that has been identified as
one of the reasons for the current replication crisis in psychology.
In addition to small sample sizes, inconsistent results are likely to
be driven by publication bias, p-hacking, and heterogeneity in how
handedness is measured. It has been suggested that one important
methodological tool to avoid this problem and to identify true
effects in psychological research are large-scale meta-analyses
(Maxwell, Lau, & Howard, 2015). A large-scale, comprehensive
review of the prevalence of handedness and its moderators is
currently lacking, despite the wealth of studies investigating hand-
edness.

Solving the riddle of the prevalence of handedness is not an easy
task, because of the large number of published studies on hand-
edness. For example, entering the key word ‘“handedness” in
PubMed in December 2019 resulted in 60,868 hits. A meta-
analysis lends itself to producing an overview of all the primary
studies using transparent methodology. By summarizing a research
domain in such a quantitative manner, meta-analyses protect
against overinterpreting differences across studies, while allowing
for even small studies to contribute to the results of the overall
analysis, thereby providing a safety net against wasting data.

Meta-analyses further allow for moderators to be identified and
small study bias to be detected. Small study bias may be caused by
publication bias (also termed ascertainment bias), but could also be
caused by other factors such as systematic differences in study
quality between small and large studies. Large-scale, highly pow-
ered meta-analyses can help address the reproducibility issues that
are at the forefront of scientific discussion within psychological
research (e.g., Open Science Collaboration, 2015). Indeed, a
number of publications have recently used meta-analysis to
summarize the field of handedness (e.g., Markou, Ahtam, &
Papadatou-Pastou, 2017; Ntolka & Papadatou-Pastou, 2018; see
also Papadatou-Pastou, 2018).

Here we present five meta-analyses of studies that have mea-
sured hand preference to provide a reliable estimate of the preva-
lence of hand preference, disentangle the effects of the variables
that are likely to moderate its magnitude, and to further estimate
the possible presence of small study bias.

Why Handedness Matters

Understanding handedness and the prevalence of its different
manifestations (i.e., left-, nonright-, mixed-, and right-handedness,
as well as ambidexterity) can be very informative in a range of
research fields, such as neuroscience, genetics, psychiatry, cogni-
tive psychology, psychoneuroendocrinology, as well as evolution-
ary biology.

Handedness is a biological index—albeit indirect—of cerebral
language lateralization. Knecht et al. (2000) in their seminal paper
showed, using functional transcranial Doppler ultrasonography in
a sample of 326 healthy participants, that the prevalence of right
hemisphere language dominance increases linearly with the degree
of left-handedness. More recent evidence reveals that most of the
association between dominant hemispheres for language and hand
use can be explained by the fact that strongly atypical individuals
in terms of hemispheric lateralization are left-handers, although
left-handedness can also found in participants with typical and
ambilateral dominance (Mazoyer et al., 2014). Somers, Aukes, et
al. (2015) further showed that degree of hand preference and
degree of language lateralization fit a cubic regression model with
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stronger left-hand preference linked to a higher chance of atypical
language lateralization.

Research on the genetics of handedness has recently made great
strides forward. The heritability of handedness is estimated to be
around 24% (Medland et al., 2009; Somers, Ophoff, et al., 2015).
This is a relatively modest value suggesting that nongenetic factors
may also contribute to handedness. Indeed, a recent analysis of the
U.K. Biobank data showed a number of significant environmental
influences on handedness, for example birth year, birth weight,
being part of a multiple birth, and season of birth (de Kovel,
Carrién-Castillo, & Francks, 2019). However, it has to be pointed
out that while significant, these factors only had minimal predic-
tive value for individual hand preference. Moreover, random mea-
surement error could explain some of the variance.

In general, both genetic and nongenetic factors are being proposed
for the emergence of human handedness (e.g., Giintiirkiin & Ocklen-
burg, 2017; Ocklenburg et al., 2017; Ratnu, Emami, & Bredy, 2017;
Schaafsma, Riedstra, Pfannkuche, Bouma, & Groothuis, 2009;
Schmitz, Kumsta, Moser, Giintiirkiin, & Ocklenburg, 2018;
Schmitz, Metz, Giintiirkiin, & Ocklenburg, 2017; Sparrow et al.,
2016). Individual factors are expected to contribute very small
effects explaining why extremely large samples are required to
identify genetic variants associated with handedness. McManus,
Davison, and Armour (2013) estimated that at least 40 loci are
involved in determining handedness, based on the ENGAGE meta-
analysis of genome-wide association analysis (GWAS). More re-
cently, GWAS in ~400,000 samples of the U.K. Biobank led to
the identification of just a handful of significant associations (de
Kovel & Francks, 2019; Wiberg et al., 2019). Different classifi-
cations did not impact on the overall results ((a) left-handers [n =
38,332] versus right-handers [z = 356,567]; (b) nonright handers
[n = 44,631] versus right-handers [n = 356,567]; and (c) left-
handers [n = 38,332] versus nonleft-handers [n = 362,866]). The
most recent GWAS was conducted in an impressive sample of
1,534,836 right-handed, 194,198 (11.0%) left-handed, and 37,637
(2.1%) ambidextrous individuals and identified 48 variants reach-
ing statistical significance (Cuellar Partida et al., 2019, preprint).
The associations identified in these studies are enriched for genes
that play a role in cellular pathways involved in neurodevelop-
ment, such as neurogenesis, axonogenesis, and in microtubule
organization. Similar pathways were also identified in a much
smaller GWAS conducted for a relative hand skill measure (Bran-
dler et al., 2013).

As it is the case for most genetic studies, sampling is biased
toward an overrepresentation of samples with European ancestries.
Genetic data from different populations might help to address the
question of the effects of ethnicity in influencing left-handedness
prevalence. Answering this question will require setting very spe-
cific criteria for assessing and defining handedness. Beyond the
specific marker-trait associations, all the GWAS studies reported
so far show an overlap between the genetic variation contributing
to handedness and pathways implicated in neurodevelopmental
and psychiatric disorders, such as schizophrenia and dyslexia. It
has been suggested that this overlap might be mediated by biolog-
ical factors involved in setting up left or right brain asymmetries
(Brandler & Paracchini, 2014).

The links between handedness and psychiatric disorders have
been investigated for decades well before these GWASs. A large
body of literature has shown a higher prevalence of nonright-

handedness in a number of psychiatric disorders, such as schizo-
phrenia, as mentioned above (Deep-Soboslay et al., 2010; Dra-
govic & Hammond, 2005; Hirnstein & Hugdahl, 2014;
Ravichandran, Shinn, Ongﬁr, Perlis, & Cohen, 2017; Sommer,
Aleman, Ramsey, Bouma, & Kahn, 2001; Tsuang, Chen, Kuo, &
Hsiao, 2016), but also depression (Denny, 2009), bipolar disorder
(Ravichandran et al., 2017; van Dyck, Pittman, & Blumberg,
2012), anxiety (Lyle, Chapman, & Hatton, 2013), neurotic distur-
bances (Milenkovié, Brki¢, & Belojevi¢, 2013), autism (Markou et
al., 2017), alcoholism (Domellof, Ronnqvist, Titran, Esseily, &
Fagard, 2009), drug addiction (Preti et al., 2012), deafness
(Papadatou-Pastou &  Safar, 2016), intellectual disability
(Papadatou-Pastou & Tomprou, 2015), and developmental disor-
ders (Asenova, 2018). Therefore, having a robust estimate of the
baseline of left-handedness could be also informative for this line
of clinical handedness research.

Understanding handedness will also contribute to our under-
standing of human evolution. For example, it has been claimed that
“right-handedness, along with the capacity to make and use tools,
to use language, and to show functional and anatomical cerebral
specialization, are characteristics specific to humans, and that they
are intimately tied together in the divergent evolution of man from
the apes” (McManus, 2019). Importantly, left-handers represent a
substantial percentage of the human population (Willems, Van der
Haegen, Fisher, & Francks, 2014). Therefore, when designing
research studies, care should be taken so that left-handers are
included in representative numbers. For example, evidence exists,
albeit conflicting, that there are differences in the levels of testos-
terone between right- and left-handers (Moffat & Hampson, 1996;
Papadatou-Pastou, Martin, & Mohr, 2017), and sample selection
could be one of the factors resulting in these conflicting findings.
Thus, if we are going to understand normal, but also pathological,
functioning in terms of behavior, brain functioning, endocrinology,
and genetics it is important to account for the variation within
handedness (Willems et al., 2014).

Factors That Potentially Moderate
Handedness Prevalence

Suggesting a genetic basis for handedness does not eliminate
possible gene-environment interactions. Indeed, a number of en-
vironmental factors have been proposed and are likely to be
moderating the reported prevalence of handedness both within and
between populations. The most obvious example is cultural pres-
sures, such as forcing left-handers to use their right hand for
everyday activities like eating in some countries (e.g., De Agostini,
Khamis, Ahui, & Dellatolas, 1997; Fagard & Dahmen, 2004;
Shimizu & Endo, 1983) and most typically writing (e.g., Dellatolas
et al., 1988; Siebner et al., 2002; Vuoksimaa, Koskenvuo, Rose, &
Kaprio, 2009). Other environmental factors include nutrition; for
instance, a large-scale review and meta-analysis showed that
breastfeeding before the age of 9 months is associated with a
decreased prevalence of nonright-handedness (Hujoel, 2019).
There is also evidence that handedness may be influenced by
season of birth (see Jones & Martin, 2008; Martin & Jones, 1999),
with the proportion of births of left-handed people being higher
within the spring and ensuing months (March—July in the northern
hemisphere, September—January in the southern hemisphere) than
within the other months.
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Other factors that have been proposed to moderate the preva-
lences of left- and right-handedness can be largely grouped into (a)
population characteristics and (b) study characteristics. Ancestry is
one of the most studied population characteristics, with the prev-
alence of left-handedness found to be lower in Asia than in North
America and Europe (Porac, Rees, & Buller, 1990). This is most
likely to be because of differential cultural pressures against left-
hand use, considering that only 3.5% and 0.7% of schoolchildren
living in China (Teng, Lee, Yang, & Chang, 1976) and Taiwan
(Hung, Tu, Chen, & Chen, 1985), respectively, were found to be
left-handed, but 6.5% of schoolchildren of Asian descent living in
the United States at around the same time were found to use their
left hand for writing (Haryck, Goldman, & Petrinovich, 1975).
Indeed, a low prevalence of left-handedness has been repeatedly
found in societies with high levels of conformity (Brain, 1977;
Jung & Jung, 2009; Komai & Fukuoka, 1934; Kushner, 2013;
Lien, Chen, Hsiao, & Tsuang, 2015; Shimizu & Endo, 1983; Suar,
Mandal, Misra, & Suman, 2013; Tsuang et al., 2016; Xu & Zheng,
2017; Zverev, 2006). For example, Lien et al. (2015) measured
handedness in a sample of 640 college students in Taiwan and their
1,328 first-degree relatives and only 2.89% of these participants
reported to write with their left hand. Jung and Jung’s study (Jung
& Jung, 2009) detected only 141 left-handers (5.8%) among 2,437
randomly selected Koreans. In Suar’s et al. (2013) study, only
3.98% in a total of 3,698 participants in Kharagpur, India, wrote
with their left hand. Zverev (2006) recorded self-reported hand
preference in a sample of 440 participants (141 pupils, 68 teachers,
and 231 guardians) derived from a secondary school in Malawi,
Central Africa, and only 4.3% and 4.7% of the sample self-
reported to be left-handed or mixed-handed, respectively. Family
data show that the effect of cultural pressure on handedness can be
differentiated from genetic effects (McManus, 2009).

Age has also been suggested to moderate the prevalence of
handedness, with evidence of a decrease in left-handedness with
increasing age in cross-sectional studies (e.g., de Kovel et al.,
2019; Jung & Jung, 2009; Milenkovi¢ et al., 2013; Preti et al.,
2011). For example, Lee-Feldstein and Harburg (1982) have found
that the proportion of left-handers is nearly twice as high for
people under 40 years of age than for people that are over the age
of 40 (14.8% vs. 8.4% for men and 13.4% vs. 7% for women).
Kalisch, Wilimzig, Kleibel, Tegenthoff, and Dinse (2006) inves-
tigated hand motor performance in 20 to 90 year-old participants
and found that the clear right-hand advantage seen in younger
participants changed to a more balanced performance in older
cohorts. Yet, older participants still self-identified as right-handers.
These effects, however, do not indicate that handedness changes
when people grow older. Rather this seems to be a generational
effect, for example changes in social norms toward left-
handedness over the decades affect the prevalence of left-
handedness (Dellatolas et al., 1991; Hugdahl, Satz, Mitrushina, &
Miller, 1993).

A higher percentage of left-handers has been found among the
high achievers in sporting populations (Grouios, Tsorbatzoudis,
Alexandris, & Barkoukis, 2000; Holtzen, 2000; Loffing, 2017;
Loffing & Hagemann, 2012; Raymond, Pontier, Dufour, & Mgller,
1996). According to Casey (1996) such advantages are neuroana-
tomically based and facilitate left-handed people in performing
certain neurocognitive tasks, such as visuospatial and whole body
tasks. The left hand and right hemisphere respond faster than the

right hand and left hemisphere; thus, it may be the case that the left
hand is preferred in some sports, even by people otherwise right-
handed (Carson, Chua, Elliott, & Goodman, 1990). Wood and
Aggleton (1989) support the hypothesis that any excess of left-
handers in certain sports is simply because of the nature of the
game. Left-handers merely have a tactical advantage, as they have
more practice against right-handed opponents than right-handers
have against left-handers. More recently, Loffing (2017) suggested
that the left-handers’ advantage is linked to the underlying time
pressure of some interactive sports, such as table tennis and
cricket.

Other population characteristics linked to handedness are ho-
mosexuality (Blanchard & Lippa, 2007; Lalumiere, Blanchard, &
Zucker, 2000; Xu & Zheng, 2017; Yule, Brotto, & Gorzalka,
2014), being a twin (Medland et al., 2009; Sicotte, Woods, &
Mazziotta, 1999; Suzuki & Ando, 2014; Vuoksimaa et al., 2009,
but see Zheng et al., 2019, preprint), being a triplet (Heikkili et al.,
2018) as well as education (Elneel, Carter, Tang, & Cuschieri,
2008; Faurie et al., 2008; Gupta, Sanyal, & Babbar, 2008; Kuderer
& Kirchengast, 2016; Lyle et al., 2013; Noroozian, Lotfi, Gas-
semzadeh, Emami, & Mehrabi, 2002).

The key study characteristic influencing handedness is assess-
ment, shown to contribute to frequency variation by introducing
measurement artifacts (see Bishop, 1990). Assessment methods
mainly include hand preference inventories and proficiency mea-
sures, assessing hand preference for everyday activities and rela-
tive hand skill, respectively. Hand preference measures are the
most widely used instruments, both in experimental and clinical
settings, as they are easier and more convenient to use than relative
hand skill measures (Borod, Caron, & Koff, 1984). However, even
among the different hand preference inventories one can find
differences in patterns of distributions of the prevalence of right-
and left-handedness (Holder, 1992). Provins, Milner, and Kerr
(1982), for example, have reported collecting different percentages
for different inventories resulting in even reclassifying some left-
handers as clear right-handers. Self-classification consists of
merely asking participants “Are you right- or left-handed” (Faurie
et al., 2008). However, using a sample balanced for handedness
and sex, Papadatou-Pastou, Martin, and Munafo (2013) found that
self-classification matched writing hand in every case, while that
the mismatch between self-classification and hand preference in-
ventories was 0.4% for right-handers, but 13.5% for left-handers.

The apparent prevalence of handedness may also vary by virtue
of questionnaire length (Holder, 1992; Peters, 1992). This can vary
from the use of a single item such as writing hand (e.g., Silva &
Satz, 1979) to the utilization of 75 items (e.g., Provins et al., 1982).
Still, when the number of items is kept constant, then the content
of the questionnaire, that is the nature of the items used, could
affect the distribution of the results (Bryden, 1977; Gureje, 1988).
Further, the type of response allowed is important. Papadatou-
Pastou et al. (2013) found that an “either hand” response in a
5-point scale is more likely to be translated into a “right hand”
response when the same item is presented with a forced choice
(“right” vs. “left”) response option, especially for right-handers.
Furthermore, left-handers give more extreme nondominant hand
responses that right-handers in 5-point scales and right-handers
choose fewer either responses.

The handedness classification scheme used by each researcher
also has a substantial impact on the number of individuals allo-
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cated to each group. Handedness may be classified into either
discrete categories (e.g., Chisnall, 2010; Dinsdale, Reddon, &
Hurd, 2011; Hannula, Bloigu, Majamaa, Sorri, & Miki-Torkko,
2012) or by considering handedness a continuous variable (e.g.,
Dane et al., 2009). In the first case, the categories are usually right
and left, with writing hand being the most common criterion for
group assignment. One important factor to consider is whether
there is a “middle category” between left- and right-handedness
and how it is defined. Ambidexterity and mixed-handedness are
the most commonly used terms for this middle category, although
ambidexterity (being equally skilled with both hands for fine
motor tasks) can be differentiated from mixed-handedness (pref-
erentially using different hands for different tasks). However, the
terms are often used interchangeably creating confusion. The al-
location of individuals into different handedness categories de-
pends on classification schemes with varying cut-offs. For exam-
ple, in the Edinburgh Handedness Inventory (EHI; Oldfield, 1971),
the most commonly used handedness questionnaire, participants
answer 10 items about their preferred hand for everyday activities.
Based on the number of left- and right-sided preferences as well as
no preference for either hand, a so-called LQ (laterality quotient)
is calculated. The LQ has a value between —100 (consistent
left-handedness) and 100 (consistent right-handedness) and, based
on their scores, individuals are categorized as having a specific
hand preference. Unfortunately, these cut-off schemes often vary
widely between different studies. For example, Fagard, Chapelain,
and Bonnet (2015) categorized their participants into strong left-
handers (LQ between —100 and —90), mixed left-handers (LQ
between —90 and —30), ambidexter (LQ between —30 and 30),
mixed right-handers (LQ between 30 and 90) and strong right-
handers (LQ between 90 and 100) based on their responses in a
self-developed questionnaire. In contrast, Arning et al. (2015)
grouped their participants into right-handers (LQ between 40 and
100), left-handers (LQ between —100 and —40) and mixed hand-
ers (LQ between —40 and 40). These are only two examples of the
many different classification schemes used that highlight the im-
portance to come to a general consensus on how to use these terms
to ensure comparability between different studies.

Scope of the Present Study

Here we report five large-scale meta-analyses, which integrate
research findings from the broad field of handedness, to produce a
reliable estimate of the prevalence of handedness categories,
namely left-, nonright-, and mixed-handedness versus right-
handedness. We further investigate the effect of factors that have
been suggested to moderate the prevalence of handedness. In
particular, we examine (a) population characteristics, such as lo-
cation of testing (as a proxy of the participants’ ancestry), educa-
tional level, and belonging to a sporting elite and (b) study char-
acteristics, such as the instrument used to measure handedness, the
length of the questionnaire used, the response format, the year of
the publication of the study, whether the measurement of handed-
ness was the main purpose of the study, and whether handedness
information was collected by self-report or not. Finally, the heter-
ogeneity among the included studies and the presence of small
study bias were assessed.

Method

Study Selection

The list of studies that were entered into the meta-analysis from
October 2007 to June 2018 was compiled in five steps: (a) PubMed
was searched using the search terms handedness AND (sex OR
gender) NOT animal® NOT child* NOT adolescent™ NOT infant”
NOT imaging NOT functional NOT structural, (b) PsycINFO was
searched using the terms handedness OR hand, (c) the cited
literature of all articles that were eligible for inclusion was
scanned, (d) the papers where the included studies were referenced
were sought using the online database Google Search, and (e) an
e-mail request (where e-mail addresses could be retrieved) was
sent for missing or unpublished data to the authors of studies that
were of our interest, to ensure that no pertinent study, published or
unpublished, had been overlooked. Our search strategy was based
on the strategy followed by Papadatou-Pastou, Martin, Munafo,
and Jones (2008). All their included studies were entered to rep-
resent the years 1927- (September) 2007, but was expanded to
include steps d and e (described above). Data collection ended in
June 2018 and 200 studies were included in the meta-analysis.
Details about the method of literature search and data extraction
between October 2007 and June 2018 are shown in Figure 1. Data
extraction for the post October 2007 studies was performed by
Marietta Papadatou-Pastou and Eleni Ntolka and disagreements
were resolved by discussion. Intercoder agreement was 95%. The
PRISMA statement (Moher, Liberati, Tetzlaff, Altman, & The
PRISMA Group, 2009) on reporting items for systematic reviews
and meta-analyses was followed.

Inclusion and Exclusion Criteria

The following criteria were set for inclusion of a dataset in the
systematic review:

(a) Participants: Unless stated otherwise, we assumed that par-
ticipants were healthy, heterosexual singletons. Data from
participants acting as controls to twins or pathological pop-
ulations were used (e.g., twin controls: Heikkild et al., 2015;
schizophrenia controls: Dane et al., 2009; Dragovic, Milen-
kovic, & Hammond, 2008; Narr et al., 2007; schizophrenia
and bipolar disorder controls: Ravichandran et al., 2017;
controls to homosexuals: Xu & Zheng, 2017; Yule et al.,
2014).

(b) Age: Participants were over the age of 16 years old. If
aggregate data were presented across ages (e.g., “15-70”
years; Ellis, Ellis, & Marshall, 1988; “9—83” years; Suar et
al., 2013) where the majority of participants were over 16
years., these data were used (Dane & Erzurumluoglu, 2003,
were the mean age was 15.81 was also included).

(c) Publication language: Articles were written in English, as
this is the language used by most scientific literature. An
exception was made for the Azémar and Stein (1994) study,
as the data were reported in Raymond et al. (1996).

(d) Handedness assessment: Handedness was measured in
terms of preference, not hand skill.
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Search features:
* Electronic databases (Pubmed, PsycINFO,
Scopus)
'§ *  Google scholar
5 *  Scanning reference lists
e E-mail request to researchers in the field
—
S
E A 4
E Records after duplicates removed:
o (n=9,897)
@
__J v
¢ Studies measuring handedness in the general, healthy
population.
) ¢ Studies whose participants were not selected on the
basis of their handedness.
~§ ¢ Language of the studies: English
% ¢ Participants were required to be over the age of 16
: years.
2 ¢ Data were required to have been broken down by sex
7=, in a comprehensive way.
= ¢ Handedness was required to have been measured in
terms of preference, not performance.
—
l Abstracts excluded
(n=7570)
M
Abstracts screened
(n=1,250)
.::’ Full-text articles excluded (n =
3 ¢ 623)
= " Reasons:
= Full-text articles 1) Data were not broken down by
assessed for — sex.
eligibility 2) Left-handers were recruited in
—/ (n = 680) order to increase their proportion
¢ in the sample.
3) Handedness was measured in
= Studies terms of hand performance.
= included in the
% meta-analysis
= (n=56)
Figure 1. Flow diagram for the search (October 2007-June 2018) and

inclusion criteria for studies in the systematic review and meta-analysis.
The figure was created according to the guidelines of the PRISMA state-
ment (Moher et al., 2009).

(e) No selection on the basis of handedness: Studies were
excluded if participants were selected on the basis of their
handedness, either to achieve exclusively right-handed sam-
ples or to increase the proportion of left-handed participants
(e.g., Christman, Prichard, & Corser, 2015; Lake & Bryden,
1976; Liederman & Healey, 1986; Tan, 1983).

Different studies classified their participants into different hand-
edness groups. The most used classifications were Right-Mixed-
Left (R-M-L), Right-Left (R-L), and Right-nonRight (R-nonR).
When more complex classifications were used (e.g., right-, right
mixed-, left mixed-, and left-handed or seven-class classifications),
they were converted to R-M-L when an odd number of classifica-
tions was used and R-L when an even number was used. Mixed-
handedness included the middle handedness category, as defined
and operationalized by the different studies included in the meta-

PAPADATOU-PASTOU ET AL.

analysis. For example, some studies named the middle category
“mixed” (e.g., Hatta & Kawakami, 1995), while others named the
participants in the middle category “ambidextrous” (e.g., Chisnall,
2010; Holder, 1992; Jung & Jung, 2009). When two or more
samples from different geographical areas (e.g., de la Fuente,
Casasanto, Roman, & Santiago, 2015) or from different age groups
(Ocklenburg et al., 2016) were reported in the same article, they
were treated as separate data sets. Nevertheless, if a sample was
subdivided into categories not meaningful for this systematic re-
view, then all data were treated as a single dataset. For example, in
the case of Lien et al. (2015) the handedness data from the parents
and the siblings of college students were merged into a single
dataset and in the case of Marmolejo-Ramos et al. (2017) three
different college student samples were merged into one dataset. In
the case of data sets that were published more than once (e.g.,
Annett, 1999; Narr et al., 2007; Tsuang et al., 2016) these were
included only once. Because a robust sex difference has been
shown in a large meta-analysis from our group (Papadatou-Pastou
et al., 2008), studies in which information about the gender of each
handedness group was not provided were not included (e.g., Cor-
ballis, Hattie, & Fletcher, 2008). Data needed to be broken down
by handedness groups and sex in a format that provided arithmetic
data that could be used in the present analysis (i.e., not reporting
only laterality quotients or p values or providing only graphical
representations of data).

Moderator Variables

The variables that were extracted to test for possible moderating
effects on the prevalence of handedness were the following (for a
more detailed description see Papadatou-Pastou et al., 2008).

Instrument. The studies were coded for instrument using six
different groupings, representing the most popular instruments
used to measure handedness in the present dataset. These were: (a)
Annett’s Hand Preference Questionnaire (8-, 10-, 12-, and 23-item
versions), (b) the Edinburgh Handedness Inventory (EHI; 10-item
version), (c) writing hand, (d) self-classification, (e) the Briggs and
Nebes modification of Annett’s Hand Preference Questionnaire,
(f) the four items on handedness from Coren and Porac’s Laterality
Inventory, and (g) observation or information from official re-
cords.

Classification scheme.
R-M-L, R-L, and R-nonR.

Response format. The response formats of the different in-
struments were grouped as follows: (a) binary forced choice for-
mat: this group includes the cases where participants had to make
a forced choice (right or left) as well as the cases where partici-
pants had to tick a box next to a picture showing their hand
posture; (b) 3-point graded response format: this group includes
the cases where the response format was worded as follows: “right,
both, or left,” “right, either, or left,” “right, equally, or left,” “right,
ambidextrous, or left,” “always right, either right or left, or always
left”; (c) 5-point graded response format, such as Likert scales
ranging from “always use the left hand” to “always use the right
hand”; and (d) the graphic graded response format, that is the
response format allowed in the original version of the EHI. The
response format features two columns labeled right and left and
participants are asked to indicate their preferences in the use of
hands for the activities listed in the questionnaire by putting + in

The following schemes were used:
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the appropriate column. For the items for which their preference is
so strong that they would never try to use the other hand unless
absolutely forced to, they are asked to put + +. If it is the case that
participants are really indifferent they are asked to put + in both
columns.

Ancestry. Rarely was information about ancestry reported,
but it was rather inferred from the location in which the testing
took place, resulting in three groupings: sub-Saharan African,
European, and East Asian.

Education. Education was considered to be higher in individ-
uals who had entered college (college students, faculty, and pro-
fessionals) than all the other populations, corresponding to two
groupings of educational status.

Additionally, information on whether the measurement of hand-
edness was the main purpose of the study, whether participants
belonged to a sporting elite (e.g., Loffing, 2017), and whether the
data were collected by self-report were also extracted from the
studies, using a “yes/no” coding. To test for the possible moder-
ating effects of the year of publication of the studies, mean age
of participants, and the length of the questionnaire (i.e., number of
questionnaire items used) numerical values were used. Year of
publication was also used as a categorical variable with the group-
ings (a) <1976, (b) 1976-1985, (c) 1986-1995, (d) 1996-2007,
and (e) 2008-2019. Not all studies reported information for each
of the above moderator variables.

Statistical Analysis

Meta-analysis was carried out in R using the robumeta package
(Fisher & Tipton, 2015). The variation in the classification
schemes used in the original studies did not allow for a single,
overall analysis to take place without losing important information.
Therefore, studies were assigned to at least one of five groups,
according to the classification schemes they used. The groups,
which were analyzed in separate meta-analyses, were as follows:

1. Left-handedness (total): This comparison represents the
overall presence of left-handedness (in the case of R-L
and R-M-L classifications) or nonright-handedness (in
the case of R-nonR classifications). Therefore, informa-
tion was included from all the data sets, regardless of the
classification scheme used.’

2. Nonright-handedness: Nonright-handers correspond to
participants who were classified as nonright-handers in
data sets where an R-nonR classification was used.

3. Left-handedness (forced choice): Left-handers by forced
choice correspond to participants who were classified as
left-handers in data sets where an R-L classification was
used.

4. Left-handedness (stringent): Stringent left-handers corre-
spond to participants who were classified as left-handers
in data sets where an R-M-L classification was used.

5. Mixed-handedness: Mixed-handers correspond to partic-
ipants who were classified as mixed-handers in data sets
where an R-M-L classification was used.

The following steps were followed.

Step 1. Handedness prevalence calculation: The atypical
handedness rate (the number of left-, mixed-, or nonright-handers
in each dataset divided by the total number of participants) was
calculated for each dataset independently (with corresponding
95% confidence intervals [CI]). A value of zero represents the
absence of atypical-handers or a prevalence of 0%.

Step 2. Meta-analysis was carried out in R using the robumeta
package (Fisher & Tipton, 2015) to perform metaregression using
correlated robust variance estimation (RVE) models.

Step 3. The homogeneity assumption within each grouping
was tested using the I index indicating the variance explained by
study heterogeneity, and the 7> index specifying variance between
studies statistics. According to Higgins, Thompson, Deeks, and
Altman (2003), the I° index levels can be described as low,
moderate, and high, when they fall close to 25%, 50%, and 75%,
respectively.

Step 4. The Papadatou-Pastou et al. (2008) meta-analysis
showed in a robust way that men are 23% more likely to be
left-handed than women. Thus, sex was used as a moderator in
each grouping and the handedness prevalence of men and women
was compared using the ¢ statistic (and corresponding p value).

Step 5. To investigate the presence of small study bias we
used the funnel plot graphical test (funnel() function), Egger’s
regression test (regtest() function), and Duval and Tweedie’s
(2000) trim and fill method (trimfill() function) of the R metafor
package (Viechtbauer, 2010). Small study bias may be caused by
factors such as systematic differences between small and large
studies or by publication bias that can exist when studies that do
not produce the expected outcome remain disproportionately un-
published. Therefore, the published data sets present a nonrandom
sampling of the data sets that have investigated a given research
question.

Step 6. Heterogeneity in a dataset may be caused by the
presence of moderator variables. Although all groupings were
found to be heterogeneous, a moderator variables analysis was
conducted only for the left-handedness (total) grouping, as this was
the most inclusive one.

Data Availability

All data sets and code used for this analysis have been uploaded
to the Open Science Framework repository (https://osf.io/wqf7j/)
and as additional online material in this submission.

Results

A total of k, = 200 studies were included in the different
analyses, comprising k, = 262 separate data sets and totaling n, =
2,396,170 individuals (n,, = 1,112,365 male, n, = 1,283,805
female). Details of individual studies are shown in Table 1 and
details of moderator variables in Table 2. The prevalence rates
found for each grouping below are shown in Table 3 and the

! Following Papadatou-Pastou et al. (2008), in the case of three studies
where both the R-L and the R—-M-L classifications were available for the
same measures, information from the latter classification was used (Arning
et al., 2015; Brito, Brito, Paumgartten, & Lins, 1989; Saunders & Camp-
bell, 1985).
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Table 3
Overall Incidence of Left-Handedness in the Data Sets
Number of Number of Number of Number of

Comparison data sets participants men women Overall incidence (%, [95% CIJ)
Left-handedness (stringent) 72 789,090 376,844 412,246 9.34% (95% C1[7.92%, 10.80%])
Left-handedness (forced choice) 173 413,560 213,494 200,066 10.20% (95% CI1 [9.14%, 11.20%])
Nonright-handedness 26 1,203,403 526,622 676,781 18.10% (95% CI [13.90%, 22.30%])
Mixed-handedness 72 789,090 376,844 412,246 9.33% (95% C1 [6.67%, 12.00%])
Left-handedness (total) 262 2,396,170 1,112,365 1,283,805 10.60% (95% CI1[9.71%, 11.50%])

prevalence rates for each level of the moderator variables in
Table 4.

Overall Effect Estimates

Meta-analysis 1: Left-handedness (total). A total of k = 262
data sets (from 200 studies) were included in the analysis, totaling
n = 2,396,170 individuals. Simple meta-analysis using robumeta
gave an estimate of the left-handedness (total) prevalence of
10.60%, with a 95% CI between 9.71 and 11.50% (see online
Supplementary Material Figure 1). Heterogeneity among the data
sets was found to be high (I = 97.42%, 7> = 5.31). For women,
the point estimate was 9.53%, 95% CI [8.75%, 10.30%]. For men,
the point estimate was 11.62%, 95% CI [10.66%, 12.60%]. There
was clear evidence that left-handedness (total) prevalence was
higher in men than in women (2.09%, SE = 0.24%, 95% CI
[1.61%, 2.57%], t(198) = 8.59, p < .001; see Figure 2A).

Egger’s regression test for funnel plot asymmetry revealed clear
evidence for small study bias (z = —4.24, p < .001), as did the visual
inspection of the funnel plot (see Figure 2B). According to the trim
and fill test, 53 studies (SE = 10.60) will need to be imputed to the
right of the mean, corresponding to higher left-handedness (total) rates
for the funnel plot to be symmetrical (the two unpublished data sets by
Dane were not included in this analysis).

Meta-analysis 2: Nonright-handedness. A total of k = 26
data sets (from 24 studies) were included in the analysis, totaling
n = 1,203,403 individuals. Simple meta-analysis using robumeta
gave an estimate of the nonright-handedness prevalence of 18.10%
with a 95% CI [13.90%, 22.30%]. Heterogeneity among the data
sets was found to be high (7 = 99.56%, 7> = 83.29). For women,
the point estimate was 16.20%, 95% CI [12.00%, 20.30%]. For
men, the point estimate was 19.80%, 95% CI [15.10%, 24.60%].
There was evidence that nonright-handedness prevalence was
higher in men than in women (3.66%, SE = 1.46%, 95% CI
[0.63%, 6.69%], 1(22) = 2.50, p < .05; see Figure 2C).

Egger’s regression test for funnel plot asymmetry revealed no
evidence for small study bias (z = —1.15, p = .252), although visual
inspection of the funnel plot indicated asymmetry (see Figure 2D).
According to the trim and fill test, seven studies (SE = 3.37) will need
to be imputed to the left of the mean, corresponding to lower nonright-
handedness rates, for the funnel plot to be symmetrical.

Meta-analysis 3: Left-handedness (forced choice). A total
of k = 173 data sets (from 123 studies) were included in the
analysis, totaling n = 413,560 individuals. Simple meta-analysis
using robumeta gave an estimate of the left-handedness (forced
choice) prevalence of 10.20% with a 95% CI [9.14%, 11.20%].
Heterogeneity among the data sets was found to be high (I =
96.52%, 7> = 16.28). For women, the point estimate was 9.15%,

95% CI [8.16%, 10.10%]. For men, the point estimate was
11.50%, 95% CI[10.24%, 12.80%]. There was clear evidence that
left-handedness (forced choice) prevalence differed between men
and women (2.35%, SE = 0.37%, 95% CI [1.61%, 3.09%],
1(121) = 6.30, p < .001; see Figure 2E).

Egger’s regression test for funnel plot asymmetry revealed clear
evidence for small study bias (z = —2.96, p < .01), as did the
visual inspection of the funnel plot (see Figure 2F). According to
the trim and fill test, 27 studies (SE = 8.59) will need to be
imputed to the right of the mean, corresponding to higher left-
handedness (forced choice) rates for the funnel plot to be symmet-
rical. (The two unpublished data sets by Dane were not included in
this analysis.)

Meta-analysis 4: Left-handedness (stringent). A total of
k = 72 data sets (from 63 studies) were included in the analysis,
totaling n = 789,090 individuals. Simple meta-analysis using
robumeta gave an estimate of the left-handedness (stringent) prev-
alence of 9.34% with a 95% CI [7.92%, 10.80%]. Heterogeneity
among the data sets was found to be high (P = 97.07%, 7> =
5.57). For women, the point estimate was 8.88%, 95% CI [7.43%,
10.30%]. For men, the point estimate was 9.74%, 95% CI [8.45%,
11.00%]. There was evidence that left-handedness (stringent) preva-
lence differed between men and women (0.86%, SE = 0.30%, 95%
CI [0.27%, 1.45%], 1(61) = 2.90, p < .01; see Figure 2G).

Egger’s regression test for funnel plot asymmetry revealed
evidence for small study bias (z = —2.48, p < .05), as did visual
inspection of the funnel plot (see Figure 2H). According to the trim
and fill test, 18 studies (SE = 5.56) will need to be imputed to the
right of the mean, corresponding to higher left-handedness (strin-
gent) rates for the funnel plot to be symmetrical.

Meta-analysis 5: Mixed-handedness. A total of k = 72 data
sets (from 63 studies) were included in the analysis, totaling n =
789,090 individuals. Simple meta-analysis using robumeta gave an
estimate of the mixed-handedness prevalence of 9.33% with a 95%
CI[6.67%, 12.00%]. Heterogeneity among the data sets was found
to be high (7 = 99.32%, 1 = 95.45). For women, the point
estimate was 8.53%, 95% CI [6.01%, 11.00%]. For men, the point
estimate was 10.84%, 95% CI [7.78%, 13.90%]. There was clear
evidence that mixed-handedness prevalence differed between men
and women (2.31%, SE = 0.45%, 95% CI [1.42%, 3.20%],
161) = 5.18, p < .001; see Figure 2I).

Egger’s regression test for funnel plot asymmetry revealed clear
evidence for small study bias (z = —3.56, p < .001), as did visual
inspection of the funnel plot (see Figure 2J). However, according
to the trim and fill test, no studies needed to be “trimmed” or
“filled.”
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Figure 2. Sex differences in point estimates and funnel plots of standard error on log event rate for the
left-handedness (total; A, B), nonright-handedness (C, D), left-handedness (forced choice; E, F), left-handedness
(stringent; G, H), and mixed-handedness (I, J) comparisons. Error bars represent the 95% confidence interval.
LH = left-handedness; NRH = nonright-handedness; MH = mixed-handedness. See the online article for the

color version of this figure.

Moderating Variables Analysis

Because of the heterogeneity detected among studies, the mod-
erating effects of the previously described variables were tested
within the left-handedness (total) comparison, which was the most
inclusive.

Publication year. Metaregression of publication year as a
continuous variable revealed no evidence of a moderating effect on
the prevalence of left-handedness (p = .111). There was also no
indication of a Sex X Year of Publication interaction (p = .860).
When year of publication was used as a categorical variable, the
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prevalence of left-handedness was found to be 7.19% (95% CI
[5.62%, 8.76%]) when studies were published before 1976 (18
data sets), 10.73% (95% CI [8.81%, 12.65%]) when studies were
published between 1976 and 1985 (69 data sets), 10.64% (95% CI
[8.90%, 12.38%]) when studies were published between 1986 and
1995 (70 data sets), 11.70% (95% CI [9.57%, 13.82%]) when
studies were published between 1996 and 2007 (46 data sets) and
10.77% (95% CI [8.62%, 12.92%]) when studies were published
between 2008 and 2019 (57 data sets; see Figure 3). There was
evidence that the prevalence of left-handedness (total) was higher
in 1976-1985 (3.54%, SE = 1.26%, 95% CI [1.06%, 6.02%],

Study

1(194) = 2.82, p < .01), 1986-1995 (3.45%, SE = 1.19%, 95% CI
[1.11%, 5.80%], t«(194) = 2.90, p < .01), 19962007 (4.51%,
SE = 1.34%, 95% CI [1.87%, 7.15%], 1(194) = 3.37, p < .001)
and 2008-2019 (3.58%, SE = 1.35%, 95% CI [0.92%, 6.24%],
1(194) = 2.65, p < .01) compared with the earliest studies pub-
lished before 1976. There was no indication of a Sex X Year of
Publication (categorical) interaction (all p > .315).
Self-reporting. The prevalence of left-handedness was
found to be 10.50% (95% CI [9.58%, 11.40%]) when handed-
ness was self-reported (232 data sets) and 11.90% (95% CI
[8.22%, 15.60%]) when it was not self-reported (28 data sets).

year of publication
—— < 1976

—— 1976-1985
—— 1986-1995
—— 1996-2007
—+— 2008-2019

Event rate in % (95% Confidence Interval)

Figure 3. Forest plot for the left-handedness (total) comparison grouped by year of publication (categorical).
In the plot the 95% confidence interval for each study is represented by a horizontal line and the point estimate
is represented by a dot. The dashed line indicates the overall estimate of left-handedness prevalence. See the

online article for the color version of this figure.
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However, there was no statistical evidence for a difference (p =
.458) dependent upon whether handedness was self-reported or
not. There was also no indication of a Sex X Report interaction
(p = .752).

Classification. There was clear evidence for a moderating effect
of classification. The prevalence of left-handedness was found to be
16.57% (95% CI [12.85%, 20.30%]) when using a nonR-R classifi-
cation (22 data sets), 10.16% (95% CI [9.10%, 11.20%]) when using
a R-L classification (170 data sets) and 9.49% (95% CI [7.93%,
11.00%]) when using a R-M-L classification (70 data sets; see Figure
4). There was clear evidence that the estimated prevalence for the R-L.
classification (—6.41%, SE = 1.97%, 95% CI [—10.30%, —2.53%],

Study

#(197) = —3.26, p < .01) and the estimated prevalence for the R-M-L
classification (—=7.09%, SE = 2.05%, 95% CI [—11.10%, —3.05%],
#(197) = —3.46, p < .001) were lower compared with the nonR-R
classification. Moreover, there was evidence of a Sex X Classification
interaction because of men showing more reduction of left-
handedness prevalence than women when using a R-M-L classifica-
tion (—3.78%, SE = 130%, 95% CI [-6.35%, —1.21%],
#(194) = —2.90, p < .01) as compared with a nonR-R classification.
There was no Sex X Classification interaction for the R-L classifica-
tion (p = .084).

Instrument. The instrument used for handedness assessment
was extracted from 144 studies (183 data sets). The prevalence of

classification
“= nonR-R
- R-L

— R-M-L

30

40 50

Event rate in % (95% Confidence Interval)

Figure 4. Forest plot for the left-handedness (total) comparison grouped by classification. In the plot the 95%
confidence interval for each study is represented by a horizontal line and the point estimate is represented by a
dot. The dashed line indicates the overall estimate of left-handedness prevalence. See the online article for the

color version of this figure.
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left-handedness was found to be 9.29% (95% CI [8.45%, 10.10%])
when assessed as writing hand (71 data sets), 13.51% (95% CI
[10.29%, 16.70%]) when assessed using the EHI (47 data sets),
12.63% (95% CI [4.29%, 21.00%]) when assessed using Annett’s
Handedness Questionnaire (six data sets), 9.24% (95% CI [8.07%,
10.40%]) when assessed as self-classification, 9.73% (95% CI
[8.23%, 11.20%]) when assessed using Briggs and Nebes Ques-
tionnaire (six data sets), 9.75% (95% CI [8.95%, 10.50%]) using
Porac and Coren’s Questionnaire (nine data sets) and 15.11%
(95% CI [9.15%, 21.10%]) when handedness was observed (15
data sets; see Figures 5 and 6). There was no evidence that
prevalence estimates were different from writing hand assessment

Study
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| ﬂ:&f—?‘—,
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20 30
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when handedness was assessed with Annett’s Handedness Ques-
tionnaire, self-classification, Briggs and Nebes Questionnaire, Po-
rac and Coren’s Questionnaire or when handedness was observed
(all p > .057). However, there was evidence that the prevalence of
left-handedness was higher when assessed using the EHI as com-
pared with writing hand assessment (4.22%, SE = 1.69%, 95% CI
[0.89%, 7.55%], t(137) = 2.50, p < .05). When assessed using
Annett’s Hand Preference Questionnaire, the estimated prevalence
of left-handedness was higher compared with writing hand only in
men (3.11%, SE = 1.02%, 95% CI [1.10%, 5.13%], 1(129) = 3.05,
p < .01). There was no evidence for an interaction of other
instruments and sex (all p > .158).

instrument

—+— writing hand

=== ‘EHI

—— Annett

—— self-classification
—— Briggs & Nebes
—+— Coren & Porac

*~ observation

40 50

Event rate in % (95% Confidence Interval)

Figure 5. Forest plot for the left-handedness (total) comparison grouped by instruments used to assess
handedness. In the plot the 95% confidence interval for each study is represented by a horizontal line and the
point estimate is represented by a dot. The dashed line indicates the overall estimate of left-handedness
prevalence. EHI = Edinburgh Handedness Inventory. See the online article for the color version of this figure.
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instrument
*  writing hand
* EHI
®  Annett
¢ self-classification
® Briggs & Nebes

SE of event rate
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* observation
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‘vge
0 10 20 30 40
Event rate in %
Figure 6. Scattergram visualizing the event rates of individual studies
against their respective standard errors. EHI = Edinburgh Handedness
Inventory. See the online article for the color version of this figure.

Writing hand was the most common criterion used to measure
handedness. Therefore, the prevalence of handedness when as-
sessed using writing hand was compared with all other instru-
ments. The prevalence of left-handedness was found to be 11.19%
(95% CI [9.97%, 12.40%]) when assessed using any instrument
other than writing hand (187 data sets) and 9.32% (95% CI
[8.50%, 10.10%]) when assessed as writing hand (71 data sets).
There was evidence for lower prevalence of left-handedness when
assessing handedness as writing hand (—1.88%, SE = 0.74%, 95%
CI [—3.34%, —0.41%], 1(196) = —2.53, p < .05). There was no
evidence for a Sex X Instrument Category interaction (p = .108).

Purpose of study. The prevalence of left-handedness was
found to be 10.10% (95% CI [8.88%, 11.30%]) when the mea-
surement of handedness was the main purpose of the study (161
data sets) and 11.40% (95% CI[10.11%, 12.70%]) when it was not
(100 data sets). There was no evidence of a moderating effect of
main purpose (p = .147). There was also no indication of a Sex X
Main Purpose interaction (p = .053).

Education. Level of education was extracted from 186
studies (243 data sets). The prevalence of left-handedness was
found to be 11.40% (95% CI [9.86%, 12.90%]) when the study
participants were college students, professionals, or university
faculty (101 data sets) and 10.10% (95% CI [8.92%, 11.30%])
in general population samples (142 data sets). There was no
evidence of a difference in prevalence between samples (p =
.195), nor of an indication of a Sex X Education interaction
(p = .051).

Ancestry. Ancestry was extracted from 167 studies (216
data sets). There was clear evidence of a moderating effect of
ancestry. The prevalence of left-handedness was found to be
11.12% (95% CI [10.09%, 12.15%]) when the study partici-
pants were of European ancestry (184 data sets), 7.71% (95%
CI [6.25%, 9.18%]) when the study participants were of sub-
Saharan African ancestry (nine data sets), and 5.69% (95% CI
[3.49%, 7.88%]) when study participants were of East Asian
ancestry (23 data sets; see Figure 7). There was clear evidence

of a moderating effect of ancestry with lower estimated prev-
alence of left-handedness for sub-Saharan African and East
Asian participants (sub-Saharan Africa: —3.40%, SE = 0.91%,
95% CI [—5.19%, —1.61%], t(164) = —3.76, p < .001, East
Asia: —5.43%, SE = 1.23%, 95% CI [—7.85%, —3.01%],
t(164) = —4.43, p < .001) than for European participants.
There was no evidence of a Sex X Geographical Ancestry
interaction (all p > .594).

Questionnaire length. Metaregression of questionnaire length re-
vealed no evidence of a moderating effect on the prevalence of
left-handedness (p = .133). There was also no indication of a
Sex X Questionnaire Length interaction (p = .153).

Response format. Response format was extracted from 133
studies (172 data sets). The prevalence of left-handedness was
found to be 9.74% (95% CI [7.90%, 11.60%]) when participants
had to respond making a forced choice between right and left (43
data sets), 10.34% (95% CI [9.00, 11.70%]) when participants
were given a three-way response format (79 data sets), 11.26%
(95% CI [8.07%, 14.40%]) when participants could respond on
a S5-point scale (40 data sets), and 10.50% (95% CI [5.98%,
15.00%]) when the original response format of the EHI was
given (10 data sets). Compared with a binary format, the
prevalence estimate did not differ when participants were given
a three-way response format, a 5-point scale or when the
original response format of the EHI was given (all p > .410).
There was no evidence of a Sex X Response Format interaction
(all p > .299).

Sporting elite. Left-handedness was higher in the elite sport
group (14.70%, 95% CI [9.72%, 19.80%]) compared with the
general population (10.40%, 95% CI [9.52%, 11.30%]). However,
the former group was based on a much smaller sample (12 data
sets) and presented higher variance probably because of a wide
range of different sports. The comparison between general popu-
lation and sporting elite samples failed to reach significance (p =
.095). There was also no indication of a Sex X Sport interaction
(p = 210).

Mean age. Mean age was extracted from 63 data sets (54
studies). Metaregression of mean age revealed no evidence of a
moderating effect of mean age on the prevalence of left-
handedness (p = .102). There was also no indication of a Sex X
Age interaction (p = .124).

Discussion

The present set of five meta-analyses integrates data on n, =
2,396,170 individuals. Depending on the criterion for the classifi-
cation of study participants, the prevalence of left-handedness was
in the range of 9.34% (using the most stringent criterion of left-
handedness) to 18.10% (using the most lenient criterion of nonright
handedness), with an overall estimate of 10.60% for left-handedness
(total). The estimate dropped to 10.40% when excluding the studies
that assessed the handedness of elite athletes, who can be argued to be
under selection bias according to theories suggesting a left-
handedness advantage in some sports (e.g., Loffing, 2017). A sex
difference was detected regardless of how participants were grouped,
in line with previous findings (Martin, Papadatou-Pastou, Jones, &
Munafo, 2010; Papadatou-Pastou et al., 2008).

The field of handedness is known for the notorious variations in
the methodology that is used to actually measure handedness in
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Figure 7. Forest plot for the left-handedness (total) comparison grouped by geographical ancestry. In the plot
the 95% confidence interval for each study is represented by a horizontal line and the point estimate is
represented by a dot. The dashed line indicates the overall estimate of left-handedness prevalence. See the online

article for the color version of this figure.

different studies. This was reflected in the number of moderators
that were found to effect the estimate of prevalence rates for
left-handedness (total). The instrument used to measure handed-
ness produced different prevalences with self-report of handedness
resulting in the lowest prevalence of left-handedness (9.24%),
closely followed by writing hand (9.29%), with studies using
different questionnaires giving a prevalence of around 10-13%
and observation giving the highest prevalence (15.11%). Indeed,
we have previously shown in a sample of 200 participants bal-
anced for handedness and sex that participants’ responses match
when asked to indicate their handedness as writing hand and when
asked to self-report their handedness and that there is an average

6.9% mismatch between writing hand and hand preference ques-
tionnaires (Papadatou-Pastou et al., 2013). When handedness in-
formation was collected by self-report measures (e.g., question-
naires filled in by the participants), the prevalence was slightly
lower (10.50%) compared with when it was not (e.g., the preva-
lence when measured by filial report was 11.90%), but there was
no clear statistical evidence for this difference. There was also no
clear statistical evidence for the moderating effect of the number of
items used to assess handedness or similarly for the response type
available to participants. Therefore, shorter questionnaires can be
used in place of longer and more time-consuming ones without
affecting the findings.
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Another aspect troubling handedness researchers is that differ-
ent studies classify their participants using different groupings, all
the way from two-way groupings (e.g., R-L or R-nonR) to seven
or more groupings. To account for this variance we performed
different meta-analyses for the different groupings. We also inves-
tigated the possible moderating effect of classification within the
left-handedness (total) grouping, which included all studies. We
found that the prevalence of left-handedness drops as criteria
become stricter. More specifically, the prevalence of left-
handedness was 16.57%, 10.16%, and 9.49% when using a
nonR-R, R-L, and R-M-L classification, respectively, with a clear
moderating effect of classification (p < .001). This finding high-
lights the importance of reaching a consensus among handedness
researchers on what the optimal classification of handedness is.
We suggest that researchers report at least two different classifi-
cations of handedness (R-L and R-M-L) and that they further make
their raw data available in open access repositories, such as the
Open Science Framework (osf.org).

The issue of handedness classification is particularly relevant to
the middle category in handedness studies, usually referred to as
ambidexterity or mixed-handedness. For example, large studies
such as the GWAS by Cuellar Partida et al. (2019, preprint) used
a classification of ambidexterity based on self-reported hand pref-
erence for writing. The ambidexterity category was available for
the U.K. Biobank sample (1.6%) and 23andMe (2.5%). Other
studies, however, used more inclusive criteria for the middle
category, resulting in a higher percentage of individuals in this
group. For example, our data show that LQ measures identify
9.33% mixed-handedness, which is a figure almost as high as
left-handedness. As the exact definition of the ambidextrous/
mixed-handed classification might influence the outcome of stud-
ies, it is key to ensure that future studies capture this dimension
beyond the binary left or right preference. The ability to system-
atically capture mixed-handedness in large studies might improve
the power to address some of the questions around handedness
research. For example, identifying the ~9% of mixed-handed
individuals in the U.K. Biobank might improve the resolution of
genetic mapping.

Year of publication was also found to affect the prevalence of
handedness, although only when measured as a categorical vari-
able. Thus, in more recent publications, the reported prevalence of
left-handedness was higher than in very early studies (published
before 1976). This is consistent with the results of cross-sectional
studies which typically report lower rates of left-handedness
among older compared with younger generations (Lee-Feldstein &
Harburg, 1982) and new large-scale studies that show increased
left-handedness among younger individuals (de Kovel et al.,
2019). Fleminger, Dalton, and Standage (1977) have considered
the age differences in handedness to be a natural tendency toward
dextrality. Lalumiere et al. (2000) argue that this trend reflects
either cohort effects or biased mortality rates associated with
handedness, a rather popular view (Coren, 1989; Coren & Halpern,
1991). Porac and Coren’s (1981) developmental hypothesis, on the
other hand, postulates that this decrease in the prevalence of
left-handedness reflects the pressure of living in a right-handed
world. Another influential theory is that of the gradual easing of
cultural pressures against sinistrality (Schachter, Ransil, & Ge-
schwind, 1987). However, increasing rates of left-handedness have
been found to be coupled with increasing rates of left-arm waving,

a behavior not subject to social pressure, as studied in old films
(McManus & Hartigan, 2007). A variant of this theory is that
because in the earlier years of the last century left-handedness
represented a social stigma, individuals may have concealed their
true handedness in questionnaire surveys (McManus, 1984). Gil-
bert and Wysocki (1992) report data from over 1,100,000 individ-
uals and show that the prevalence of left-handedness was only 3%
for those born in 1900 rising up to almost 12% for those born in
1945 onward. The effect has also been attributed to the underre-
porting of left-handedness in parents by their offspring (Kang &
Harris, 1996). On the other hand, McManus, Moore, Freegard, and
Rawles (2010) claim that left-handers are more likely to respond to
surveys about handedness and that this response bias is growing.
The age effect might also be an artifact because of the fact that
relearning is more likely for older people. The increase in the
estimated left-handedness rate further indicates that active instruc-
tions are likely to be a nongenetic factor that influences handed-
ness, as this increase in left-handedness over time is likely to be
caused by a reduction of forcing left-handers to use the right hand
for writing in schools (de Kovel et al., 2019; Kloppel, Mangin,
Vongerichten, Frackowiak, & Siebner, 2010).

Participants’ characteristics were also found to moderate the
estimate of the prevalence of left-handedness. Ancestry group was
found to moderate the estimates of the prevalence of handedness in
different studies, supporting the idea that cultural effects affect
handedness (Laland, 2008; Laland, Kumm, Van Horn, & Feldman,
1995). Participants of European ancestry had a much higher prev-
alence of left-handedness (11.12%) compared with participants of
sub-Saharan African ancestry (7.71%), or of East Asian ancestry
(5.69%). The moderating effects of ancestry could be either be-
cause of (a) genetics, (b) prenatal testosterone levels and its geo-
graphical variations (Raymond & Pontier, 2004), or (c) cultural
factors. We favor the last explanation, as studies have shown that
participants coming from families with backgrounds with low
percentages of left-handedness, but having been raised in the
western world show similar prevalence of left-handedness as the
population of the country they have been raised in (Laland et al.,
1995). This might happen because of direct instructions by parents
and teachers or also through nonexplicit model learning.

The cultural hypothesis is also supported by a recent study
showing that the rate of nonright-handedness in Hong Kong (about
8%) is higher than in most previous studies in Asian populations
(Zheng et al., 2019, preprint). This could be because of the greater
Westernization in Hong Kong compared with many other Asian
areas. The prevalence of nonright-handedness increased up to 13%
when it was assessed using the preferred hand for drawing, not
writing. This suggests that cultural pressures might be specific for
writing and do not affect other behaviors to the same extent.

Studies that included individuals with higher levels of education
(e.g., college students, professionals, or university faculty) re-
ported elevated levels of left-handedness prevalence (11.40%)
compared with studies that used general population samples
(10.10%), albeit there was no statistical evidence for this differ-
ence. Similarly, members of sporting elites were found to have a
14.70% prevalence of left-handedness as opposed to 10.40% for
the general population. The trend toward higher left-handedness
prevalence in sporting elites is possibly because of the nature of
interactive sports giving left-handers an advantage as right-handers
have less practice with left-handed opponents (Loffing, 2017;
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Loffing & Hagemann, 2012, 2016; Wood & Aggleton, 1989).
Even though the present systematic review did not locate enough
data sets to test this hypothesis, the two studies that did make this
comparison showed that it is interactive sports that are associated
with elevated levels of left-handedness (Grouios et al., 2000;
Loffing, 2017). However, Loffing, Solter, and Hagemann (2014)
showed that left-preference for sport does not always translate into
left-handedness for the everyday tasks typically assessed in later-
ality studies.

Findings also show an effect of sex, suggesting a lower preva-
lence of left-handedness (total) in women (9.53%) than in men
(11.62%). This supports the hypothesis that sex hormones might
be one of the nongenetic factors that influence the ontogenesis of
handedness and hemispheric asymmetries in general (Geschwind
& Galaburda, 1987; Hausmann, 2017). Note that a similar sex
effect (women = 8.6%, men = 10.6%) was also observed in a
recent analysis of nongenetic influences on handedness in the U.K.
Biobank Cohort (de Kovel et al., 2019). Such an independent
replication of an effect in both a large-scale individual study and a
large-scale meta-analysis indicates that this effect is unlikely to be
caused by spurious findings. The most obvious genetic effect on
sex-bias would implicate the sex chromosomes. It has been argued
that left-handedness could be associated recessively, and with low
penetrance, with a genetic variation located on the X chromosome
(Jones & Martin, 2000; but also see McManus, 2010). Priddle and
Crow (2013) have suggested that the X chromosome and specifi-
cally the protocadherin 11X/Y (PCDHI1IX/Y) gene pair has a
central role for handedness, but adequate empirical support has not
yet been amassed. Moreover, Arning et al. (2015) reported a role
for the androgen receptor CAG-repeat length, located on the X
chromosome for handedness, which partly replicated the work of
Medland et al. (2005). Of note, a model for the genetics of sex
differences in handedness has been suggested by McManus and
Bryden (1992), implying that an X-chromosomal modifier gene
might be responsible for sex differences in handedness. However,
the most recent GWAS did not detect any associations on the X
chromosome (Cuellar Partida et al., 2019).

In the current study, only studies measuring hand preference and
not hand skill were included. Preference and skill represent two
rather distinct concepts which have been suggested to be indepen-
dently lateralized (Triggs, Calvanio, Levine, Heaton, & Heilman,
2000), with preference being considered as primary (McManus,
Murray, Doyle, & Baron-Cohen, 1992). Nevertheless, preference
is correlated with measures of relative hand skill with an estimated
correlation of magnitude of .62 to .73 (Todor & Doane, 1977) or
more recent estimates of .50 to .57 (Triggs et al., 2000), while
Corey, Hurley, and Foundas (2001) found that in more than 90%
of cases preference-based groups corresponded to groups based on
relative hand skill. A recent study also showed that the correlation
between hand preference and relative hand skill highly depends
on which test is used to assess relative hand skill (Buenaventura
Castillo, Lynch, & Paracchini, 2019, preprint). The authors as-
sessed the relationship of hand preference with measures of rela-
tive hand skill (pegboard task, marking squares, and sorting
matches) and relative hand strength (grip strength). The tests
showed low correlations with each other (r = .08 to 0.3) and also
differential correlations with hand preferences, indicating that dif-
ferent measures of relative hand skill cannot be used interchange-
ably. Andersen and Siebner (2018) suggest that right-left asym-

metries in dexterity need to be taken into account when testing for
structural correlates of preferred hand use. This relationship allows
for the results of the present systematic review and meta-analysis
on hand preference to provide some insight with regards to the
prevalence of hand skill.

Moreover, only direction (e.g., right- vs. left-handedness) and
not degree of hand preference (e.g., weak vs. strong handedness)
was taken into account in the present meta-analyses. This distinc-
tion is an important one, as variations in the degree of hand
preference, measured using a five-item hand preference inventory,
have been shown to be associated with differences in structural
lateralization in somatomotor regions of the brain as well as in
areas underlying high level cognitive control of action (McDowell,
Felton, Vazquez, & Chiarello, 2016). Moreover, some specific
genetic polymorphisms such as in the PCSK6 gene have been
associated with degree but not direction of hand preference as
assessed by the EHI (Arning et al., 2013). Of note, genetic vari-
ation in PCSK6 has also been related to differences in relative hand
skill (Brandler et al., 2013).

Cognitive differences have further been suggested between in-
dividuals with weak and strong hand preference (e.g., Prichard,
Propper, & Christman, 2013) or inconsistent and consistent hand-
edness (Christman & Prichard, 2016). Yet, most journal articles do
not report a continuous score of handedness for their participants;
thus, not providing the data for such an analysis of degree of
handedness to take place within the present study.

Alongside our main findings concerning the prevalence of hand-
edness, this systematic review revealed that studies are not con-
sistent with regard to the instruments they use to measure hand-
edness or the classification scheme they use. Moreover, there is
often poor reporting of the study details as well as of the popula-
tion characteristics (e.g., age). This posed a problem in the present
meta-analyses, as a large number of data sets had missing infor-
mation, which hindered the power of our moderating variables
analysis. We suggest that study characteristics, such as instrument
used to measure handedness (including questionnaire length and
individual item content), response format, classification scheme,
country in which the study took place, as well as population
characteristics, such as sex, age, ancestry, and educational level of
the participants, are reported in all handedness studies. Moreover,
we urge researchers to report handedness for writing hand for their
participants along with their EHI laterality index. These two in-
struments are the most popular, short, and simple and should
provide a solid base for comparison among studies.

Overall, the present meta-analysis showed that left-handedness
frequency approximates almost exactly to 10%. Our data identify
some geographical variation but we cannot confidently conclude
whether this is the result of culture rather than genetics. Never-
theless, we presented some evidence suggesting that with reduc-
tion of cultural pressure, left-handedness appears to converge on a
figure of 10%. A more accurate picture can only be obtained with
more data from underrepresented ancestries.

Cultural pressures should apply specifically to hand preference
for writing, which is the most universally used handedness mea-
sure. As we illustrated, this is a convenient yet crude measure that
has the potential to lead to some artifacts and fluctuations espe-
cially when external social pressures are in force, for example in
older generations and in specific cultural groups. These observa-
tions reinforce our recommendation of defining universal criteria
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for a measure of handedness. Such criteria are essential for our
ability to compare effectively different studies as well as for
guiding the design of future studies.

The results of our meta-analysis clearly indicate that both as-
sessment instrument and classification scheme for handedness
significantly affect handedness rates. Therefore, our findings re-
veal that it is vital for the progress of clinical genetic studies on
handedness to adopt a universal classification of handedness def-
inition and its assessment so that all future large scale studies will
be comparable with each other. It is recommended that researchers
would not only assess self-reported handedness and writing hand,
but also include a handedness preference measure such as the EHI
with categories for ambidexterity.

The present set of meta-analyses summarizes the vast field of
handedness research in terms of the prevalence of hand prefer-
ence in adult healthy populations. It shows in a robust way that
the prevalence of left-handedness is around 10% regardless of the
special features of each study, with the best overall estimate
stemming from these published studies being 10.60% (10.40%
excluding elite athletes). We claim that the same evolutionary
mechanisms should apply worldwide to maintain the roughly 1:10
ratio of left- versus right-handers found in this meta-analysis. At
the same time, the exact prevalence of left-hand preference appears
to be moderated by cultural factors. The moderators identified
here, make for excellent candidates for future epigenetic studies.
Handedness research is hindered by publication bias, p-hacking,
small samples, and heterogeneity criteria. Our study clearly shows
how handedness frequency is affected by assessment and defini-
tion of handedness. Our data provide a comprehensive reference
for evaluating such handedness differences supporting the design
and interpretation of handedness studies. We further argue that it
is crucial for the field of handedness and laterality for a consensus
to be reached on how handedness should be measured and classi-
fied.
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