
Roughly 10% of humans prefer to use their 
left hand for manual actions such as writ-
ing, brushing teeth and using scissors. The 
minority status of left-handers, combined 
with abundant left–right symbolism across 
cultures, has intrigued people in different 
civilizations, from ancient times until the 
present day1,2. This has resulted not only in 
stigma3 but also in equally unfounded claims 
concerning left-handers’ exceptional abilities 
as reported by the popular media every year 
around 13 August (International Left-Handers 
Day). Rather than focusing on the mysterious 
nature of this trait, this Opinion article argues 
that left-handers are a compelling and widely 
available but largely untapped resource for 
neuroscience and neurogenetics studies.

In this article, we first summarize how 
left-handedness is defined, noting some key 
points regarding its evolution and develop-
ment. We then explain why left-handers are 
often barred from being experimental sub-
jects and argue that this exclusion is mostly 
unnecessary. We show how several recent 
studies of embodied cognition, cerebral lat-
eralization and behavioural genetics have in 
fact benefited from the inclusion or targeting 
of left-handed participants. Last, we propose 
some ways in which left-handedness can be 
studied to address additional questions in 
cognitive neuroscience and neurogenetics.

Defining left-handedness
On the face of it, categorizing people as 
left-handed or right-handed seems sim-
ple enough. For example, the widely used 

Edinburgh Handedness Inventory, which 
is often administered as a self-report 
questionnaire, assesses hand preference 
for a range of common manual tasks4. 
The inventory includes an indication of 
the strength of hand preference for each 
task and can be updated to include only 
items that are culturally relevant to a par-
ticular target population5,6. In the general 
population, the resulting laterality index — a 
measure of the direction and strength of 
preference across all items — is bimodal4; 
in other words, the majority of subjects 
score towards one or the other extreme of 
the distribution for left- or right-handed-
ness. There are of course people who do 
not demonstrate a clear-cut overall hand 
preference, and they can variously be cat-
egorized as right-handed, ambidextrous or 
left-handed according to their score on 
the laterality index. Although the imposi-
tion of a small number of categories on 
the continuous laterality index necessarily 
involves arbitrary cut-off points, this does 
not invalidate the dichotomous interpreta-
tion of hand preference for the majority of 
people that is apparent in the population 
distribution from this kind of inventory. 
Many additional ways of measuring and 
scoring hand preference — too numer-
ous to review here — have been devised 
and debated. A general consensus is that 
because hand preference can vary by task, 
assessments based on multiple tasks are 
preferable to those based on a single task 
(for example, just asking about a subject’s 

writing hand) and to assessments that are 
made without reference to any specific task 
(for example, simply asking ‘are you left- or 
right-handed?’).

Motor performance tests, such as peg-
moving or finger-tapping tasks, provide 
quantitative measures related to handed-
ness7–10. Many interesting associations 
between handedness and diverse aspects of 
cognition, behaviour and even personality 
have been revealed through the use of such 
quantitative indices or through categoriz-
ing mixed-handers as an intermediate, 
third group11–15. In addition, some recent 
molecular genetics studies have provided 
insights into handedness that was assessed 
using quantitative performance indices (see 
below). However, the exclusion criterion 
of left-handedness that is so often applied 
in neuroscience studies is usually based 
on questionnaire-defined hand preference 
rather than on performance-based indices.

Hand preference is strongly — although 
not perfectly — correlated with foot pref-
erence, which is also strongly lateralized 
towards the right in humans at a population 
level16,17. Although left-footedness may be 
more closely linked to a reorganization of 
certain cortical functions than left-handed-
ness18, it is not used as an exclusion criterion 
in neuroscience studies and has not been as 
extensively studied.

Origins of handedness
A strong population-level bias towards 
the right hand has probably existed in the 
human lineage as far back in time as it is 
possible to infer, including from the orienta-
tion of marks or strokes left by the manufac-
turers of stone tools and cave paintings19,20. 
This bias is present in all world populations 
that have been studied19, although the rate 
of left-handedness may vary within a range 
of 4–16%, possibly for biological, cultural 
or assessment reasons21. Remarkably, 
the population-level bias towards right-
handedness is already apparent very early in 
human development. Ultrasound scanning 
has shown that at 10 weeks of gestation, 85% 
of human foetuses move their right arms 
more than their left arms22 and that early 
fetal motor asymmetry is a stable predictor 
of handedness later in life23. Together, these 
observations suggest that the predominance 
of right-handedness in our species has a 
genetic basis and is likely to be just one man-
ifestation of a broadly lateralized programme 
of motor and cognitive development24. Left–
right differences in brain morphology can be 
detected by ultrasound scanning as early as 
20 weeks of gestation in the human foetus25. 
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In fact, lateralization of CNS structure and 
function is found across vertebrates26 and 
probably reflects the general, dual advantages 
of efficiency of function within each of the 
two sides and division of labour between 
them. This suggests that some developmental 
mechanisms underlying human handedness 
and CNS asymmetry are likely to be very 
ancient, even if other aspects of the elabo-
ration of asymmetry in the human brain, 
such as its lateralization for language, are 
evolutionarily modern.

Our closest living non-human relatives, 
the chimpanzees, also show a population-
level bias towards right-handedness, although 
it is not nearly as marked as the roughly 
9-to-1 ratio in humans27. Moreover, chimpan-
zees exhibit population-level asymmetries of 
some brain structures that are homologous to 
human brain structures that show asymme-
try, including the planum temporale (a part 
of the temporal cerebral cortex that overlaps 
with Wernicke’s classically defined language 
region)28–30. The marked population-level bias 
in human handedness compared with that 
in chimpanzee handedness together with a 
modest association between left-handedness 
and atypical language dominance in humans 
(see below) have contributed to the hypoth-
esis that language had its evolutionary origins 
in manual gesture31,32. However, language is 
only one of many cognitive processes that 
show a degree of lateralization of function in 
the human brain.

To exclude, include or target?
Within cognitive neuroscience, left-handers 
have a bad reputation: they are said to 
introduce unwanted noise in group-based 

studies. For example, language researchers 
commonly exclude left-handed participants 
in order to make their sample more homo-
geneous and to avoid including individuals 
with potentially reversed language lateraliza-
tion (see below). Similarly, in neuroimaging 
studies, group analyses typically involve 
averaging neural measures (for example, 
blood-oxygen-level dependent (BOLD) 
responses from functional MRI (fMRI)) 
across participants. The reasoning is that 
if the sample includes participants with 
reversed lateralization, this will increase 
variance between subjects and hence reduce 
statistical sensitivity. Other fields of cogni-
tive neuroscience may not exclude left-
handers a priori but may nevertheless do so 
a posteriori — for example, when a reversed 
laterality is observed in a participant.

In the field of human neurogenetics, 
a brief (non-systematic) search through 
literature published between January 2012 
and May 2013 identified 13 studies in which 
left-handedness was applied as an exclusion 
criterion33–43. Some of these studies focused 
on questions in cognitive neuroscience but 
included genetic variation as one variable of 
interest — an increasingly popular approach 
in human neuroscience research. We sug-
gest that such studies have two potentially 
conflicting elements: they use left-handed-
ness as an exclusion criterion to improve 
homogeneity in the study sample for group-
based analysis but at the same time aim to 
assess whether individual differences are 
due to genetic variation. The best way to 
assess the latter is to use a study sample that 
has a representative range of natural vari-
ability rather than a sample from which 10% 

of the population is excluded — particularly 
as left-handedness is a partly heritable trait 
(see below). 

Our plea against the exclusion of left-
handed participants can be implemented 
in two, complementary ways. First, one 
could include left-handers in all studies in a 
proportion that corresponds to their popula-
tion frequency (that is, roughly 10%) — this 
is much like the balancing of participants’ 
gender at 50/50, corresponding to the 
population level. We acknowledge that, for 
example, when testing 20 participants in an 
fMRI study, it will decrease the sensitivity of 
statistical group analysis to include 2 partici-
pants with potentially reversed lateralization 
of the function under study. However, we 
argue that this reflects a more general prob-
lem in group analyses of neuroimaging data 
— namely, the assumption that activation 
in response to a particular stimulus or dur-
ing a particular task will occur in the same 
area in all participants. This assumption 
overlooks possible interesting differences 
in the localization of activity between par-
ticipants (including between right-handed 
participants). To overcome this problem, it 
is important to develop and adopt methods 
of analysis at the level of the individual sub-
ject44 rather than the group level; this would 
then allow left-handers to be included in the 
study without negatively affecting statistical 
outcomes.

We suggest that the inclusion of left-
handed participants in neuroimaging 
experiments is most urgently required in 
studies that contribute to the establishment 
of large databases, including databases of 
structural and functional neuroimaging, and 

Glossary

Ambidextrous
The ability to use both hands equally well. People of 
mixed handedness often do have hand preferences in 
individual tasks but no strong, overall bias across tasks.

Gene expression profiling
The measurement of mRNA expression of thousands of 
genes simultaneously using a quantitative technique.

Imprinted
An imprinted gene is a gene for which the copies that are 
inherited from father and mother are active to different 
degrees.

Laterality index
A quantitative index of left–right asymmetry. For 
handedness, this is typically based on questionnaires or 
tasks that assess degrees of hand preference or relative 
hand motor skill.

Lexical decision task
A task in which participants have to decide whether a 

string of letters forms an existing word or not. The speed 
with which participants make their decision is used as a 
measure for semantic memory of a word or of the strength 
of association between words.

Pleiotropic
Genetic effects that influence the development of multiple, 
distinct traits.

Praxis
The ability to perform purposeful movements. These 
movements can be learned gestures or a pantomime of 
tool use.

Situs inversus
A condition in which the position of visceral organs is 
reversed compared with that in the majority of the 
population.

Split-brain patients
In split-brain patients, the corpus callosum (fibre bundles 
connecting the two hemispheres of the brain) is severely 

damaged or completely lesioned. This condition provides 
the possibility to study each hemisphere in isolation, 
providing insights into functional specialization of the 
hemispheres.

Tool-use pantomime task
A task in which participants are asked to mimic the hand 
movements that are related to tools presented on a screen. 
They execute the actions while holding an imaginary tool 
(for example, opening a bottle with a bottle opener).

Verb-generation task
A task in which participants are presented with a noun and 
have to generate verbs that go together with that noun (for 
example, for ‘bread’, responses could be ‘eat’ and ‘slice’).

Word-generation task
A task that is often used to study neural correlates of 
language production. In one form of this task, a letter is 
presented on the screen and the participant is asked to 
produce as many words starting with this letter as he or 
she can in a certain amount of time.
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cognitive and behavioural measures — espe-
cially if genetic information is also included 
in those databases. Below, we describe how 
studies that did include left-handers have 
provided new insights into the genetic basis 
of handedness and lateralization of the nerv-
ous system. We are aware of databases that 
contain anatomical and fMRI data in which 
the percentage of left-handed participants 
is lower than the proportion of left-handers 
in the population (for example, see the 
Cognomics website). A related recommen-
dation for large-scale databases is to addi-
tionally record familial sinistrality, which 
is usually defined as having at least one 
left-handed parent or sibling. Studies have 
shown associations between familial sinis-
trality and both anatomical and functional 
brain asymmetries45–48. Familial sinistrality 
is attractive as a research tool for the study 
of brain asymmetries: there are many more 
individuals with familial sinistrality than 
there are left-handers.

Second, one could specifically target left-
handed participants, treating them as a dis-
tinct research sample and comparing them 
with a sample of right-handers. Below, we 
show that specifically recruiting left-handers 
as a target population is an informative 
strategy in cognitive neuroscience studies. 
Although this approach is not widely used, 
it enables researchers to investigate ques-
tions that cannot be addressed by studying 
right-handers alone. We review how targeted 
studies of left-handers can help to provide 
new insights into normal brain function-
ing, particularly in relation to embodied 
cognition, language processing and cerebral 
lateralization.

Embodied cognition
Embodied cognition posits that our body, 
including our motor behaviour, influences 
our cognition. One active area of research 
investigates how the sensorimotor cortex 
contributes to language understanding49. 
For example, when we read about someone 
running after a ball, does the motor cortex 
play a part in understanding this sentence? 
Generally speaking, research findings con-
firm that parts of the sensory or motor cortex 
show higher activation when people read 
vision- or action-related text compared with 
when they read language that is not related to 
action or to the senses. The interpretation of 
these findings is a topic of debate50–52, but this 
discussion is beyond the scope of this paper. 
Here, we focus on how findings from left-
handed participants have helped to increase 
our understanding of the nature of embodied 
semantic representations at the neural level.

Left-handers provide an excellent group 
of participants for testing how a person’s 
motor expertise influences their representa-
tions of conceptual knowledge. Studies have 
shown activation of the left motor cortex 
when participants read about action verbs 
(for example, ‘to throw’ or ‘to write’)53,54. 
However, as all participants in those stud-
ies were right-handed, the left-lateralization 
could be due to motor expertise (participants 
prefer to perform hand actions with the right 
hand), to language lateralization or to their 
observation of others (of which the large 
majority were right-handers). Measuring 
brain activity in left-handers has made it pos-
sible to disentangle the influence of motor 
expertise from other factors55. For example, 
in an fMRI study, left- and right-handed 
participants performed a speeded lexical 
decision task on verbs related to hand actions 
(‘manual’; to throw or to write) or non-hand-
related actions (‘non-manual’; to kneel or to 
laugh). Activation in the premotor cortex 
(Brodmann area 6) was differentially lateral-
ized in the two groups of participants (FIG. 1). 
For right-handers, the difference in activa-
tion level in response to manual versus non-
manual action verbs was more pronounced 
in the left premotor cortex than in the right 
premotor cortex. The opposite was observed 
in left-handers55–57.

Another study investigated how hand 
preference influences the processing of tool 
sounds58. Left- and right-handers have an 
opposite hand preference for tool use (for 
example, hammering and sawing); accord-
ing to the theory of embodied cognition, the 
neural correlates of the representation for 
tools should follow this preference. Indeed, 
when brain responses to tool sounds were 
contrasted with responses to animal sounds, 
there was a leftward lateralization in motor 
cortex activity in right-handers and a right-
ward lateralization of motor cortex activity 
in left-handers. Importantly, participants 
were not performing the actions implied by 
the tool sounds; they were simply listening 
to them.

Another example of the utility of investi-
gating left-handed participants in studies of 
embodied cognition is provided by the find-
ing that seeing single printed letters activates 
the motor system in a way that is compatible 
with writing preference59–61. Specifically, when 
left-handers passively viewed single letters 
(compared with pseudo-letters), the right 
ventral premotor cortex became activated, 
whereas the left ventral premotor cortex was 
activated in right-handed participants59–61. 
The authors suggested that reading simple 
letters involves an implicit mental simulation 

of actually writing those letters. Crucially, by 
comparing left- with right-handers, it was 
possible to show that the hypothesized motor 
simulation is sensitive to the personal writing 
preference of the reader.

Activation of left- and right-handers’ 
motor cortex during action observation is 
the same as that observed during action 
execution of simple hand movements (open-
ing and closing of the hands)62. This finding 
suggests that observation of simple hand 
movements occurs through an implicit 
simulation. Although this claim had been 
made previously on the basis of research in 
right-handed participants alone (for exam-
ple, see REF. 63), the study that included left-
handers provided further evidence for it by 
showing that the motor simulation during 
simple action observation is specific to the 
observer’s own motor repertoire62.

In another study of embodied cogni-
tion, left- and right-handers were asked to 
assign positive or negative characteristics 
to nonsense figures presented on the left 
or right side of a page. Left-handers attrib-
uted positive characteristics (for example, 

Figure 1 | Hemispheric activation differences 
in left- and right-handers during action verb 
reading. Participants were asked to read action 
verbs involving hand actions (for example, ‘to 
throw’) or non-hand actions (for example, ‘to 
laugh’). The graph shows the differences in acti-
vation in the premotor cortex (Brodmann area 6) 
between the two conditions. In right-handed 
participants, the difference in activation between 
hand-related and non-hand-related action con-
ditions was most pronounced in the left hemi-
sphere, which conforms to their hand preference 
(that is, right-handers preferentially use their 
right hand for performing manual actions, and 
motor control of the right hand is mainly gov-
erned by the left motor cortex). In left-handers, 
the pattern was reversed. Error bars represent 
SEM. There was a statistically significant three-
way interaction effect between hemisphere (left 
versus right), group (left-handers versus right-
handers) and action verb (manual versus non-
manual). Figure is reproduced, with permission, 
from REF. 55 © (2010) SAGE Publications.
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intelligence, happiness and honesty) more 
often to the figures presented on the left side 
of the page than to the figures on the right 
side. The response pattern was opposite for 
right-handers64,65. Again, this tells us how 
motor preference shapes our thinking, and 
comparing left- with right-handers can pro-
vide information that studying right-handers 
alone cannot. Together, these findings show 
that left-handers are useful subjects in studies 
of embodied cognition (for another example, 
see REF. 66).

Cerebral lateralization
Lateralization of language and motor func-
tions. When, in the mid-1800s, Broca and 
Dax showed that speech production may 
be localized to a specific portion of the left 
hemisphere of the brain, scholars were quick 
to postulate a link between this finding and 
the lateralization of motor behaviour (with 
most people showing a right-hand prefer-
ence). Researchers then argued that if speech 
is lateralized to the left hemisphere in right-
handers, then it must be lateralized to the 
right hemisphere in left-handers. The idea 
that language is lateralized to the hemisphere 
opposite to the preferred hand was errone-
ously67 dubbed ‘Broca’s rule’, and pioneering 
work in neuropsychology has robustly refuted 
it. Indeed, left-handed people suffered from 
problems with spoken language (aphasia) 
mostly after lesions or shot wounds to the 
left hemisphere rather than the right, in the 
same way as right-handers (for example, see 
REFS 68–70). 

Modern research methods have largely 
confirmed the observation that language 
functions are left-lateralized in most peo-
ple regardless of whether they are left- or 
right-handed. For example, one study used 
Doppler sonography to measure blood flow 
in left- and right-handed participants dur-
ing performance of a word-generation task71. 
They reported that 96% of right-handed 
and 73% of left-handed participants showed 
stronger involvement of the left hemisphere 
than the right hemisphere. Thus, in the large 
majority of left-handers, language functions 
are left-lateralized, just as they are in right-
handers. Nevertheless, left-handers show a 
greater diversity in language lateralization 
than right-handers: more left-handers show 
bilateral language function or have reversed 
lateralization72–74.

In the majority of language-lateralization 
studies, ‘language’ is treated as a unitary 
cognitive function, and most investigations 
used speech-production tasks (such as a 
verb-generation task) to quantify levels of 
‘language’-related activation in frontal parts 

of the two hemispheres. However, besides 
the obvious distinction between production 
(speaking) and comprehension (listening), 
linguistic functions involve multiple sub-
processes (such as word- or sentence-level 
comprehension) that recruit distinct neural 
systems with different localizations75–77. This 
raises the questions of whether there are 
varying degrees of lateralization for differ-
ent linguistic functions and whether distinct 
sub-processes co-lateralize within an indi-
vidual. Studies of right-handed split-brain 
patients have indicated that speech produc-
tion is more strongly lateralized to the left 
hemisphere than reading; patients could 
read words presented in the left visual field 
(projecting to the right hemisphere) but 
were unable to name them78. Researchers 
have only recently started to address these 
intriguing questions further using healthy 
left-handed participants.

One important study compared the direc-
tion and degree of speech and reading lateral-
ization in a cohort of 57 left-handers79. First, 
a lateralization index for speech production 
was calculated on the basis of activity in the 
left and right inferior frontal gyrus (that is, 
pars opercularis and triangularis) during a 
word-generation task. Thirty participants 
showed clear left-lateralization, twenty were 
clearly right-lateralized and seven showed 
bilateral activation in the regions of inter-
est. The prior assessment of each subject’s 
lateralization index for speech production 
ensured that the research sample included a 
considerable spread with respect to at least 
one sub- process of language.

The same 57 individuals then performed 
a lexical decision task in order to obtain lat-
eralization indices for reading by comparing 
activation in the left and right ventral occipi-
totemporal cortex (sometimes referred to 
as the left and right ‘visual word form area’). 
Most participants showed strong activation 
in the hemisphere that was their dominant 
hemisphere for speech production. However, 
31 participants showed bilateral patterns for 
word reading — that is, there was no clear 
activation dominance of the ventral occipito-
temporal cortex when reading words — and 
strongly lateralized activation for speech 
production. Moreover, three participants 
processed speech and reading predominantly 
in opposite hemispheres79. These findings 
suggest that cerebral lateralization can differ 
for distinct sub-processes of a given cognitive 
function, at least in the case of the language 
system. Thus, the degree and/or direction 
of language lateralization depends on which 
aspect of the system is under investiga-
tion (see also REFS 80,81). Including only 

right-handers in a research sample will limit 
both the degree and direction of lateralization 
indices and thereby mask possible variability 
in lateralization patterns.

Another study investigated the relation-
ship between lateralization of different cog-
nitive systems — namely, those for speech 
production and spatial attention — within 
the same individuals82. The study involved 
left-handed participants with previously 
established differences in lateralization 
during speech production. Participants 
performed a word-generation task and 
the so-called ‘landmark’ task, in which 
they had to decide whether a horizontal 
line was bisected exactly in the middle by 
another line — this task was used to map 
regions involved in visuospatial atten-
tion. A comparison of lateralization in the 
inferior frontal cortex (which is involved 
in speech production) with that in parietal 
areas (involved in spatial attention), which 
tend to be right-lateralized, revealed that 
lateralization in one domain was associated 
with lateralization of the other function 
in the other hemisphere (FIG. 2). Fifteen 
out of sixteen left-handers who were left-
lateralized for speech were right-lateralized 
for spatial attention, whereas all thirteen 
left-handers who were right-lateralized for 
speech showed left-hemispheric dominance 
for spatial attention.

There is an apparent contradiction 
between this complementary lateralization 
and the independence of lateralization of 
speech and spatial attention suggested by 
findings from other studies83–85. An impor-
tant difference between the two sets of stud-
ies is that in the recent studies discussed 
above, left-handers were pre-screened and 
subsequently selected on the basis of their 
speech lateralization to ensure sufficient 
variability in the lateralization indices of the 
study sample86. As the variability of speech 
lateralization in left-handers is much greater 
than that in right-handers, left-handers are 
an obvious target population for these stud-
ies. However, pre-selection of a study sample 
raises the question of whether the findings 
will generalize to the whole population, 
including both left- and right-handers.

It was long assumed that lateralization 
of tool-use actions is related to hand prefer-
ence, because right-handed patients with 
apraxia (who are unable to perform learned 
gestures) all seemed to have left-hemispheric 
lesions. However, subsequent publication of 
cases of right-handed patients with right-
hemispheric lesions87 and left-handers with 
left-hemispheric lesions88 contradicted this 
assumption. Recent studies in left- and 

P E R S P E C T I V E S

196 | MARCH 2014 | VOLUME 15  www.nature.com/reviews/neuro

© 2014 Macmillan Publishers Limited. All rights reserved



Nature Reviews | Neuroscience

a

b

Typical lateralization

Atypical lateralization

Left hemisphere

Left hemisphere

Right hemisphere

Right hemisphere

Language production Visuospatial attention

right-handed healthy subjects reported that 
the lateralization of complex movements 
may be linked to language dominance rather 
than handedness86,89. The degree and direc-
tion of lateralization of praxis (as measured 
in a tool-use pantomime task) correlated with 
the degree and direction of lateralization of 
speech production (as measured in a word-
generation task)89. This co-lateralization 
occurred in all individuals with typical 
left-lateralized dominance for speech (in 
this study these individuals consisted of one 
right-hander, one ambidextrous person and 
eight left-handers) and in an atypical sample 
of individuals with right-lateralization for 
speech who were matched for handedness. 
In other words, although there was no effect 
of handedness in this study, the inclusion of 
left-handers with different directions and 
degrees of speech lateralization meant that 
the study sample had sufficient variability to 
test whether the lateralization of language 
and the lateralization of praxis are linked.

The most obvious neural system in 
which to compare left- and right-handers 
is the motor system. After all, by definition 
left- and right-handers differ in their motor 
repertoire and preferences, and this should 
be reflected in some way at the neural level. 
Left- and right-handers show similar activa-
tion patterns in the cortical motor network 
during the execution of simple hand actions, 
with left-handers showing a less strong 
and more variable lateralization90–93. One 
study showed that there was a difference in 
lateralization in ipsilateral premotor cortex 
activation between left- and right-handers94. 
Left dorsal premotor cortex activation during 
movement with the left hand was stronger 
than right dorsal premotor cortex activation 
during movement of the right hand — this 
was the case for both left- and right-handers, 
but the difference was smaller in left-handed 
participants94. A converging but tentative 
picture emerging from these findings is 
that left- and right-handers do not differ 

considerably in brain lateralization during 
simple, unimanual movements but that dif-
ferences emerge for more complex and/or 
bimanual movement patterns.

Taken together, these studies show that 
the inclusion of left-handers in study samples 
can open exciting and new avenues for study-
ing the relationships between apparently 
distinct neural systems; specifically, it can 
reveal which systems co-lateralize and which 
do not, and thereby shed light on functional 
and/or evolutionary links between them.

Lateralization in the visual system. An 
often-cited functional lateralization in the 
brain concerns the processing of faces, which 
activates ventral occipital areas in the right 
hemisphere95. This functional asymmetry is 
heritable96, is stable within individuals97 and is 
also present in macaque monkeys98. As such, 
it can be thought of as a fundamental laterali-
zation of the brain. Intriguingly, left-handers 
show a different lateralization of brain activa-
tion during face processing85,99. In one study, 
fMRI was used to localize areas involved in 
face and body perception in a sample of par-
ticipants, half of whom were left-handers99. 
In the right-handers, there was much larger 
activation in the right fusiform face area and 
extrastriate body area than in their left-hem-
isphere counterparts in response to pictures 
of faces and bodies, respectively. By contrast, 
in the left-handers, activation in these areas 
was similar in the two hemispheres (FIG. 3). 
A related study using a larger sample size 
showed that rather than having a reversed 
lateralization, left-handers had a smaller 
rightward lateralization compared with right-
handers. One tentative explanation for the 
difference between the two studies is that in 
the latter study85, the presented pictures of 
faces expressed emotions, a suggestion that 
requires further research.

The difference in lateralization of face- and 
body-related visual areas between left-hand-
ers and right-handers is intriguing: it means 
that around 10% of the general population 
(that is, left-handers) does not exhibit an 
aspect of lateralization that is assumed to be a 
basic feature of visual processing in humans 
and other primates. It also indicates that, rela-
tively early in the course of visual processing, 
lateralization can be present or absent without 
obvious behavioural consequences.

Genetics of brain lateralization
As noted above, the strong population-level 
bias towards right-handedness is evident 
throughout human history, across conti-
nents and ethnicities, and across the human 
lifespan from early in gestation. This motor 

Figure 2 | Language and visuospatial activations in left-handers with typical and atypical 
language lateralization. Activation in the language network during a word-generation task is 
shown in blue. Left-handed individuals with typical language lateralization (panel a) show more 
activation in left-hemispheric language regions than in right-hemispheric regions, whereas the 
reverse is true for left-handed individuals with atypical, right-lateralized language function (panel 
b). A set of regions activated during a visuospatial attention task (shown in green) was also differ-
entially lateralized in these two groups. In left-handed individuals in whom language is left-lateral-
ized (typical), activation was most pronounced in the right hemisphere (panel a), whereas in 
left-handed individuals in whom language was right-lateralized (atypical), activation was most 
pronounced in the left hemisphere (panel b). This study was conducted in left-handers because of 
the greater variability in language lateralization in left-handers. By actively looking for atypically 
lateralized individuals within the left-handed population, the issue of co-lateralization of linguistic 
and visuospatial functions could be addressed. Figure is reproduced from REF. 82.
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asymmetry is therefore likely to be related 
to left–right asymmetrical development of 
the nervous system that is initiated early in 
human embryogenesis. The genetic basis of 
asymmetrical human brain development is 
unknown, although some potentially relevant 
genes have been identified through gene 
expression profiling from the left and right 
cerebral cortex in post-mortem human foe-
tuses100. Here, we illustrate how the inclusion 

of left-handers in behavioural and neuroge-
netics studies has provided further insights 
into the genetic architecture of this trait. For 
a more detailed review of genetics studies of 
handedness, see REF. 101. 

By comparing thousands of identical 
and non-identical twins, left-handedness 
has been shown to have a highly signifi-
cant heritability of approximately 25%102. 
Genome-wide association studies (GWASs) 

carried out using thousands of subjects have 
not identified any DNA variant that, by itself, 
makes a substantive contribution to left-
handedness103,104. The heritability studies and 
GWASs involved meta-analyses of datasets 
from primary studies that themselves did not 
focus on handedness; rather, in these primary 
studies, handedness was assessed as a sec-
ondary consideration — and fortunately not 
as an exclusion criterion. The GWASs indi-
cate that any genetic effects on handedness 
that arise from common polymorphisms 
in the population are likely to be extremely 
small. However, there may be a heterogene-
ous set of genetic variants that individually 
have substantial effects on handedness but 
that are each relatively rare in the popula-
tion104,105. Such variants would therefore not 
have large effects at the population level but 
may nonetheless be important contributors 
to handedness when they are present104.

One study106 reported the first candidate 
gene that may contribute to human handed-
ness: leucine-rich repeat transmembrane 
neuronal 1 (LRRTM1). Variants of this gene 
were associated with a quantitative measure 
of relative hand skill (a performance-based 
measure), which was assessed using a task 
in which pegs are moved from one side of 
a board to another7. The study used a data-
set of families in which at least one of the 
siblings had dyslexia and in which relative 
hand skill had been assessed. Left-handers 
had not been excluded, so that the dataset 
contained the full range of relative hand skill. 
The associations between LRRTM1 variants 
and handedness seemed to be specific for the 
gene variants that had been inherited from 
the father’s side (that is, genes of paternal 
origin), suggesting that the gene might be 
paternally imprinted. LRRTM1 regulates the 
differentiation of excitatory synapses107–112 
and binds to neurexin proteins across the 
synaptic cleft107–112. Genetic deletion mapping 
strongly implicates neurexins in a range of 
major neuropsychiatric disorders, including 
autism and schizophrenia, both of which 
are associated with increased rates of left-
handedness and alterations of structural and 
functional brain asymmetry113–125 (although 
not in all clinical populations126). However, it 
is not yet known how the LRRTM1–neurexin 
pathway might be involved in asymmetrical 
development or functioning of the brain.

In follow-up genome-wide studies of the 
same dataset of families in which at least 
one of the siblings had dyslexia, research-
ers uncovered a second candidate gene for 
handedness, PCSK6 (proprotein convertase 
subtilisin/kexin type 6)127. This gene was also 
associated with relative hand skill but did not 

Figure 3 | Left- and right-handers show differences in lateralization during face perception. 
Parts of the extrastriate cortex are selectively sensitive to the perception of faces or bodies, and 
these areas are sometimes dubbed the fusiform face area (FFA), and the extrastriate body area 
(EBA) and fusiform body area (FBA), respectively. The FFA in particular is thought to be right-later-
alized, and the figure shows that this may in fact not be the case for left-handers. Left- and right-
handed participants were asked to view pictures of faces, bodies and chairs (control stimuli), and 
the extent of activation was quantified. The graphs show the extent of activation (in number of 
voxels on the y axis) in four extrastriate visual areas when participants viewed faces or bodies 
compared with the extent of activation during the viewing of chairs. a | The typical right-laterali-
zation of the FFA in right-handers is absent in left-handers. b | Right-handers show a similar right-
lateralization in the EBA, and left-handers again show no statistically significant lateralization in 
this area. c | There is no statistically significant lateralization in the FBA in either left-handers or 
right-handers. d | The human motion area MT (hMT), which is a visual area that is sensitive to 
motion, also did not show any lateralization effect of handedness. These findings indicate that 
right-lateralization does not occur in all functional areas in the visual system but is specific for the 
FFA and EBA in right-handers. Statistically significant differences between activity in the left versus 
right hemisphere are indicated by an asterisk. Figure is reproduced, with permission, from REF. 99 
© (2010) Oxford University Press.
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seem to be subject to imprinting and may 
be linked to the degree rather than direction 
of handedness128. PCSK6 encodes a protease 
enzyme that cleaves Nodal, a protein that 
has a role in the regulation of the left–right 
visceral axis (of the heart, lungs, and so on) 
in early embryogenesis127. GWAS analysis of 
this same dataset, in combination with data 
from other cohorts, has provided evidence 
that additional genes involved in left–right 
visceral patterning are associated with relative 
hand skill129. These studies provide a hint that 
human handedness and visceral asymmetries 
may be genetically connected, at least to some 
extent. Previously, it was thought that visceral 
asymmetry and right-handedness were devel-
opmentally disconnected, because people 
with situs inversus due to rare mutations that 
cause randomized asymmetry of the viscera 
have proportions of right-handedness130 and 
lateralized auditory dominance131 similar to 
that of the normal population.

Clearly, the need for further validation of 
genetic associations with handedness, which 
have so far typically arisen from opportun-
istic analysis in datasets that were collected 
for quite other reasons, underscores the need 
not to impose an unnecessary exclusion 
criterion of left-handedness in the next gen-
eration of behavioural, psychiatric and brain 
imaging genetics studies.

Given that left-handedness has a herita-
bility of ~25%, a large non-genetically deter-
mined component must also be involved102. 
As is the case for genetic factors, any relevant 
environmental influences are most prob-
ably heterogeneous in nature. One possible 
contributor is low birth weight, although this 
effect is apparently small102. It is also worth 
noting that an association between handed-
ness and birth weight is not necessarily due 
to purely environmental effects, as pleiotropic 
genetic factors may be involved. Another 
possibility, much discussed in the literature, 
is that maternal levels of androgens influ-
ence in utero the development of handedness 
and brain asymmetry in human embryos 
and foetuses132,133. Finally, as motor and 
brain asymmetries appear early in human 
development, the relatively low heritability 
of left-handedness may reflect developmen-
tal processes that have a substantial random 
component and occur on a small scale in 
the embryo during early differentiation. 
In twin studies, such random effects that 
occur early in development are considered 
to be an ‘environmental’ component of trait 
susceptibility. One of our key reasons for 
advocating genetics studies that include or 
specifically target left-handers is that such 
studies will lead to a greater understanding 

of asymmetrical developmental processes in 
the human nervous system — processes that 
are currently a fundamental mystery in the 
developmental biology of our species.

Conclusions and future directions
We argue that left-handers should not be 
systematically excluded from research pro-
grammes and study collections in cognitive 
neuroscience and neurogenetics. Their 
inclusion will have broad and substantial 
benefits across multiple fields of enquiry.

We have illustrated how left-handers can 
be used to develop and test hypotheses in 
cognitive neuroscience. For example, left-
handers have proven to be valuable in studies 
testing the role of motor expertise on cogni-
tion (embodied cognition). Importantly, 
left-handed participants tend to have more 
atypically lateralized brain functions, which 
makes it possible to study not only basic 
lateralization of brain function (for example, 
of face perception) but also the presence 
or absence of co-lateralization of different 
cognitive functions. Such studies should 
be greatly aided in the future by the avail-
ability of large-scale databases that contain 
fMRI data from many subjects. Crucially, 
left-handed participants should be included 
in such databases, as they will infuse the 
necessary variation needed to test co-later-
alization, both within neural systems and 
between them.

We have described how left-handers can 
also form an important element of genetics 
research into the molecular mechanisms of 
asymmetrical brain development; we propose 
that molecular studies of left-handedness 
hold great potential for identifying genes 
that are important for cerebral lateralization. 
It will be particularly promising to identify 
large extended families with an increased rate 
of left-handedness across various branches 
of the family tree, because such families may 
reveal genetic sub-forms of this trait and 
this may lead to the identification of crucial 
molecular networks and pathways in cerebral 
lateralization. As we enter the era of personal 
genome sequencing, we have an unprec-
edented opportunity to decode the genetic 
underpinnings of traits that are genetically 
heterogeneous at the population level.

Genetic association studies of human 
brain structure and function are just now 
starting to be performed in samples of 
thousands of subjects (for examples, see 
REFS 134,135). Many of the imaging-based 
genetics studies that were published previ-
ously are likely to have been underpowered 
to detect the realistically tiny effects of com-
mon genetic variations, and a lot of statistical 

noise and publication bias is likely to have 
affected the literature136. Again, adequately 
powered imaging-based genetics studies 
are only achievable through the combined 
analysis of smaller contributing datasets, 
which are collected with their own priorities 
and focuses. However, if large-scale genetics 
studies of structure and function are to cap-
ture normal human variation adequately, it 
is important that left-handedness should not 
be applied as an exclusion criterion in the 
individual, smaller studies.
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