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Cognitive and Neurophysiological Models of Brain Asymmetry
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Abstract: Asymmetry is an inherent characteristic of brain organization in both humans and other

vertebrate species, and is evident at the behavioral, neurophysiological, and structural levels. Brain

asymmetry underlies the organization of several cognitive systems, such as emotion, communication,

and spatial processing. Despite this ubiquity of asymmetries in the vertebrate brain, we are only

beginning to understand the complex neuronal mechanisms underlying the interaction between

hemispheric asymmetries and cognitive systems. Unfortunately, despite the vast number of empirical

studies on brain asymmetries, theoretical models that aim to provide mechanistic explanations of

hemispheric asymmetries are sparse in the field. Therefore, this Special Issue aims to highlight

empirically based mechanistic models of brain asymmetry. Overall, six theoretical and four empirical

articles were published in the Special Issue, covering a wide range of topics, from human handedness

to auditory laterality in bats. Two key challenges for theoretical models of brain asymmetry are

the integration of increasingly complex molecular data into testable models, and the creation of

theoretical models that are robust and testable across different species.

Keywords: neuroscience; brain; asymmetry; laterality; functional hemispheric asymmetries;

structural hemispheric asymmetries; theoretical models

1. Introduction

Research on symmetry and asymmetry in the nervous system is a central part of neuro-
science [1–4]. Over the last decade, tremendous progress has been made in research on brain
asymmetries, due to large-scale consortium or databank studies [5]. For example, large-
scale databank studies have investigated the genetics of structural brain asymmetries [6]
and handedness [7–10], as well as the influence of early life factors on handedness [11],
and the role of epigenetic processes in handedness ontogenesis [12]. Unfortunately, despite
the vast number of data-driven studies on brain asymmetries, more recent publications
featuring theoretical models that aim to provide mechanistic explanations of hemispheric
asymmetries are sparse in the field. This is in line with the larger development in psychol-
ogy and neuroscience, which has been called the “theory crisis” [13]. Following earlier
works [14], Eronen and Bringmann (2021) argue that the theoretical foundations of psychol-
ogy are shaky, and that, instead of gathering more and more data, the field needs to shift to
developing better theories, which, in turn, inform empirical research.

Research on symmetry and asymmetry in the brain has always been a field driven
by influential theories. A few examples are the McManus dextral/chance (DC) model of
handedness and language dominance [15], the pathological left-handedness model [16],
the right-hemisphere and valence model of emotional lateralization [17], and the
Geschwind–Galaburda–Behan model [18–20]. However, since approximately the year 2000,
the number of new, influential theories about symmetry and asymmetry in the brain has
declined considerably. Moreover, many of the older theories were formulated before the
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widespread use of modern genetic and neuroimaging techniques, and were often not in
line with newer empirical findings obtained with such techniques [21]. Unfortunately,
not all authors updated their theories to reflect newer empirical findings, leading to a
lack of theoretical models that aim to provide mechanistic explanations of hemispheric
asymmetries. Therefore, it was the aim of the present Special Issue to highlight empirically
based mechanistic models of brain asymmetry. To this end, we invited several experts
in the field of hemispheric asymmetries to contribute theoretical or empirical papers on
models of brain asymmetries. Both submissions covering research in humans and research
in non-human model species were welcome. Overall, ten excellent articles were submitted
to the Special Issue, covering a broad range of theoretical models on hemispheric asym-
metries in a wide range of species. Six articles were review papers and four presented
new empirical research. In the following sections, we will shortly discuss each of these
contributions to the Special Issue.

2. Theoretical Articles

As mentioned above, the McManus DC model of handedness and language dom-
inance [15] was one of the most influential models of handedness ontogenesis. In his
contribution to the Special Issue, entitled “Cerebral Polymorphisms for Lateralisation:
Modelling the Genetic and Phenotypic Architectures of Multiple Functional Modules”,
McManus presents an update and extension of this model with two central changes [22].
Building upon the 2014 polygenic revision of the DC model [21], McManus presents an
extended polygenic DC model informed by recent studies on the genetics of handedness
and, in particular, the role of cilia. Moreover, the model is further extended to include
cerebral polymorphisms that are based on a multitude of functional modules for different
lateralized cognitive systems, such as language, praxis, and visuo-spatial functioning. This
idea is in line with recent findings showing that multidimensional phenotypes improve
the genetic analysis of laterality traits [23]. It is very encouraging to observe how a leading
model in the field is adjusted to fit with recent empirical findings, even decades after it was
first published.

Similarly to McManus, Paracchini focusses on human handedness in her contribution,
entitled “Recent Advances in Handedness Genetics” [24]. She highlights several recent
advances in the understanding of the genetics of handedness, based on databank studies
with large sample sizes, but also highlights the importance of phenotyping, i.e., which
handedness measure is used in a study.

The contribution by Guy Vingerhoets, Robin Gerrits, and Helena Verhelst, entitled
“Atypical Brain Asymmetry in Human Situs Inversus: Gut Feeling or Real Evidence?” [25],
is also related to the ontogenesis of handedness and other forms of hemispheric asym-
metries in humans. Whether or not individuals with situs inversus also show inverted
hemispheric asymmetries has been discussed for decades [26,27]. While the data pattern
found in previous studies in humans has been inconclusive, Vingerhoets et al. (2021)
suggest a model that assumes that cilia play a critical role in determining whether someone
with situs inversus shows reversed hemispheric asymmetries or not. They suggest that
greater attention needs to be paid to the subtypes of situs inversus, and that situs inversus
with a ciliary etiology is related to reversed hemispheric asymmetries, while situs inversus
with a non-ciliary etiology is related to typical hemispheric asymmetries.

In addition to these theoretical articles that were mainly focused on research in human
subjects, three theoretical articles integrated findings from human subjects with compara-
tive research. In her contribution, “It Is Not Just in the Genes”, Martina Manns integrates
human and animal research, with a focus on birds, to create a new multi-level model
for asymmetry formation [28]. The model focuses on the cellular processes that deter-
mine hemispheric asymmetries during embryonic patterning, neural differentiation, and
refinement of neural circuits.

In their contribution, entitled “Structural Brain Asymmetries for Language: A Com-
parative Approach across Primates”, Yannick Becker and Adrien Meguerditchian also take
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a strongly comparative look at hemispheric asymmetries, but focus on primates instead
of birds [29]. They highlight how in several non-human primate species, human-like
structural brain asymmetries can be found in brain areas that are homologous to key lan-
guage regions in the human brain. This finding proposes a challenge for models of human
language lateralization, as it suggests that these structural asymmetries in language areas
did not develop for language per se, as they are also present in non-linguistic primates.
Becker and Meguerditchian suggest that gestural communication may be a key factor here.
Intriguingly, this idea is very much in line with the “from hand to mouth” theory about
the origins of language, proposed by Mike Corballis 20 years ago [30]. Mike Corballis also
contributed a theoretical paper to this Special Issue [31]. Entitled “Asymmetry research in
human subjects and in non-human species—How Asymmetries Evolved: Hearts, Brains,
and Molecules”, this article gives a cross-species overview of the evolution of asymmetries
in the body and brain, and their potential molecular basis.

3. Empirical Articles

In addition to these six theoretical articles, the Special Issue includes four empirical
articles. Pamela Villar González and co-workers presented a study on dichotic listening in
Silbo Gomero, a form of whistled Spanish, entitled “Lateralization of Auditory Processing of
Silbo Gomero” [32]. Whistled languages are highly interesting in the context of theoretical
models of language lateralization [33]. While whistled languages typically use the full
lexical and syntactic properties of the spoken languages they are derived from, their
acoustic properties differ from the acoustic properties of spoken languages. While the
left hemisphere typically shows dominance for processing spoken languages, the right
hemisphere is dominant for processing spectral cues, pitch, and melodic lines [34], all
of which are central for understanding whistled languages. Testing the assumptions of
theoretical models of language lateralization using both spoken and whistled stimuli may
allow us to better disentangle which lateralized processes are relevant for language.

The contribution by Stuart Washington and co-workers also belongs to the acoustic
domain, entitled “Hemispheric and Sex Differences in Mustached Bat Primary Auditory
Cortex Revealed by Neural Responses to Slow Frequency Modulations” [35]. This study
convincingly shows how unusual model species can yield very informative results in
research on hemispheric asymmetries. Washington et al., (2021) investigated hemispheric
asymmetries in the primary auditory cortex of mustached bats (Pteronotus parnellii). Sim-
ilarly to humans, these bats show leftward asymmetry for complex social vocalizations.
Washington et al., (2021) demonstrated that this asymmetry is driven by spectro-temporal
processing differences, which, to some extent, mirrors the findings in humans. This work
highlights that using a broader range of model species in laterality research than those
typically used (e.g., rats, mice, pigeons, and chickens) could be very beneficial to test
laterality models in an evolutionary context.

The contribution by Gisela Kaplan and Lesley J. Rogers, entitled “Brain Size Associated
with Foot Preferences in Australian Parrots”, shows another important empirical technique
to test laterality models in an evolutionary context [36]. In this study, the authors did
not analyze data from one species, but assessed foot preferences and brain masses in
25 psittacine species from Australia. Importantly, they found that birds with larger brain
masses showed stronger foot preferences. We expect to observe more multi-species studies
aimed at testing evolutionary models of laterality in the future. Clearly, a theoretical model
is stronger if its predictions hold true across different species.

Finally, the contribution by Hao Cheng and co-workers, entitled “A Simulation on
Relation between Power Distribution of Low-Frequency Field Potentials and Conducting
Direction of Rhythm Generator Flowing through 3D Asymmetrical Brain Tissue”, reported
an EEG simulation, taking into account brain asymmetries [37]. Their work may be helpful
for testing theoretical models of EEG asymmetries.

3
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4. Conclusions

Taken together, the ten articles included in the present Special Issue, “Cognitive and
neurophysiological models of brain asymmetry”, give several insights into theoretical
models of hemispheric asymmetries in 2022. Clearly, one of the key challenges identified
in several articles is integrating the increasingly complex findings of molecular genetic
and epigenetic studies in humans and non-human animal species into testable theoretical
models. Before the wide availability of molecular research methods, models were typically
based on statistical distributions of phenotypes. Molecular research has clearly shown
that many of these models were oversimplified, and that the field needs to adjust. Particu-
larly, cilia function needs to be integrated into theoretical models about the ontogenesis of
hemispheric asymmetries. In addition, we are convinced that the next decade will observe
stronger cross-species integration in theoretical models of hemispheric asymmetries, partic-
ularly in the context of evolutionary models. Along with this, more research in non-typical
model species, to test specific aspects of theoretical models, will emerge. We hope that
the theoretical and empirical articles presented in this Special Issue will lead to empirical
studies testing these models in various contexts.
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Cerebral Polymorphisms for Lateralisation: Modelling the
Genetic and Phenotypic Architectures of Multiple
Functional Modules

Chris McManus
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Education, University College London, London WC1E 6BT, UK; i.mcmanus@ucl.ac.uk

Abstract: Recent fMRI and fTCD studies have found that functional modules for aspects of language,

praxis, and visuo-spatial functioning, while typically left, left and right hemispheric respectively,

frequently show atypical lateralisation. Studies with increasing numbers of modules and participants

are finding increasing numbers of module combinations, which here are termed cerebral polymor-

phisms—qualitatively different lateral organisations of cognitive functions. Polymorphisms are more

frequent in left-handers than right-handers, but it is far from the case that right-handers all show

the lateral organisation of modules described in introductory textbooks. In computational terms,

this paper extends the original, monogenic McManus DC (dextral-chance) model of handedness

and language dominance to multiple functional modules, and to a polygenic DC model compatible

with the molecular genetics of handedness, and with the biology of visceral asymmetries found in

primary ciliary dyskinesia. Distributions of cerebral polymorphisms are calculated for families and

twins, and consequences and implications of cerebral polymorphisms are explored for explaining

aphasia due to cerebral damage, as well as possible talents and deficits arising from atypical inter-

and intra-hemispheric modular connections. The model is set in the broader context of the testing of

psychological theories, of issues of laterality measurement, of mutation-selection balance, and the

evolution of brain and visceral asymmetries.

Keywords: cerebral polymorphisms; handedness; cerebral dominance; DC model; genetics; polygenic

model; brain asymmetry; visceral asymmetry; bilateral language; functional modules

1. Introduction

People are mostly right-handed or left-handed, and since handedness is determined
by the brain, handedness is a lateralised cerebral polymorphism, people having qualitatively
different brain organisations. Language in most people is controlled by the left cerebral
hemisphere, as Dax [1] and Broca [2] realised in the nineteenth century [3]. Two decades
after Broca, left-handers were wrongly thought to mirror right-handers, with Sir William
Gowers in 1887 stating that ”speech-processes go on chiefly in the left hemisphere in right-
handed persons, in the right hemisphere in left-handed persons” [4] (pp. 131–132). It took a
further six decades for it to be accepted that most left-handers, like right-handers, actually
have left-hemisphere language [5] (p. 331). Modern estimates suggest that about 30% of
left-handers have language in their right hemisphere as do about 5% of right-handers,
although estimates vary [6]. Since handedness can be right or left and language dominance
can be right or left, there are four lateral combinations for this cerebral polymorphism.

The terminology of polymorphisms can be confusing, and in this paper I will refer
to individual functional processes such as language dominance, visuo-spatial processing or
handedness as modules [7], with individual modules lateralised to the right or left side of
the brain; in particular, handedness will always be treated as a module. Different neural
organisations have been referred to as combinations of multiple modular traits [8], phenotypes
of brain functional organisation [9], or what we began to call cerebral polymorphisms [10–12].
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Cerebral polymorphism is a useful portmanteau term for the variability found in lateralised
cerebral organisation, with specific details relating to particular functional modules.

A major interest of cerebral polymorphisms for lateralisation comes from there being
qualitative variation between individuals in their brain organisation, which may relate to
specific skills, talents, deficits and responses to damage. Whereas most studies of individual
differences in brain functioning consider continuous measures, cerebral polymorphisms
explicitly consider behaviours and functions that show categorically different behaviours.
In an everyday, colloquial sense, when people say of a person that “their brain seems to be
organised differently to mine”, there may be a deeper element of truth, with qualitative
differences perhaps explaining different responses to damage, as well as talents and deficits.
The latter idea is far from new, dating back at least to Orton’s theorising on dyslexia [13,14],
with recent work confirming that dyslexia is more prevalent in left-handers [15].

2. The Prevalence of Cerebral Polymorphisms

Cerebral polymorphisms have not been well described in the literature, and as Ger-
rits et al. say, “Little is known about the relationships between lateralised functions, in part
because there is a paucity of studies measuring multiple functional asymmetries in the
same individuals” [16] (p. 14061), with most studies “exploring asymmetries of a single
cognitive function at a time” [17].

2.1. Three-Module Studies

Vingerhoets et al. tabulated eight studies of multiple modules [9] (p. 7), fTCD being
used in four studies, fMRI used in two studies, and dichotic listening and lesions in one
study each. Seven of the eight studies looked at only three modules (including handedness).

A much earlier study from 1983, by McGlone and Davidson, used dichotic listening
and tachistoscopic methods, albeit both somewhat unreliable methods, to study language
and visuo-spatial processing in relation to handedness, and found all eight possible combi-
nations of the three modules [18,19]. Those and other data were modelled in McManus’
1985 monograph on the DC genetic model of handedness and lateralisation, with calcula-
tions provided for the proportions of the three modules [20]. Those and other calculations
will be expanded later in this paper.

A very important, but relatively ignored, earlier study looking at three modules
was Bryden, Hécaen and De Agostini’s 1983 analysis of 270 patients with unilateral brain
lesions [21]. They analysed three modules, language (indicated by aphasia), visuo-spatial anal-
ysis (indicated by agnosia), and handedness, and concluded that the lateralisation of language
and visuo-spatial analysis showed statistical independence, a term to be discussed later.

Although most three-module studies have looked at handedness and a typically left-
hemisphere function (language) and a typically right-hemisphere function (visuo-spatial
ability), the central interest of the 2021 study of Kroliczak et al. was praxis-assessed using
fMRI in 125 participants, the three modules being tool use pantomime, word generation and
handedness, all typically in the left hemisphere [22]. In total, 66% of 125 participants had
both praxis and language in the left hemisphere, 22% had atypical praxis, 2% had atypical
language, and 10% had atypical language and praxis. Atypical praxis dominance was more
frequent in left-handers than right-handers

In 2018, Beking used fTCD to study two typical right hemisphere modules (mental
rotation, MR and a chimeric faces task, CF), as well as word generation, WG, a left-hemisphere
task in 55 participants [23]. Handedness was not reported. Seven of the eight possible
combinations of modules were found, with only 32 (58%) having typical lateralisation (RRL
for MR, CF and WG), 2 being entirely mirrored (LLR), and considering just MR and CF,
6 had LR for MR and CF, and 1 had RL [23] (See Appendix Table A3, p. 66 of reference 23).

2.2. Four or More Modules

Four modules. Studies with four or more modules have only appeared in the past decade
or so, with that of Badzekova-Trajkov et al. being seminal. Using fMRI, 87 participants
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were assessed on four modules (frontal lobe speech production, temporal lobe face processing,
parietal lobe spatial processing and handedness), and found 12 of the 16 possible lateralised
combinations [24]. The lateralised parietal lobe (landmark) task was also independent of
other modules, in particular not being correlated with handedness.

Five modules. Three recent studies have increased the number of modules being
analysed, and are also characterised by upweighting the numbers of atypical individuals
(typically left-handers). In 2020, Gerrits et al. used fMRI in a sample of 63 left-handers to
study five modules (language, praxis, spatial attention, face recognition, and emotional prosody),
and found only 27 participants with the ‘typical’ pattern of language and praxis on the
left, and the other modules on the right, with 19 of the 32 possible lateralised patterns
being found [16].

Six modules. The important 2020 study of Emma Karlsson used fMRI in 67 participants
who were over-selected for left-handedness and other predictors of atypical dominance,
to assess lateralisation of six different modules (verbal fluency, face recognition, perception
of neutral bodies, emotional prosody, emotional vocalisation, and handedness), finding 30 of the
64 possible lateral combinations [25] (p. 114).

Seven modules. In 2019 and 2021, Woodhead et al. used fTCD to study seven modules,
including six different language tasks (list generation, phonological decision, semantic
decision, sentence generation, sentence comprehension and syntactic decision) as well as
handedness [26,27]. The results were expressed as correlations of raw laterality indices, so
the number of independent combinations is unclear, but the data are clearly multivariate
and do not fit a ‘unitary theory’.

This brief review makes clear that as the number of modules increases, so the number
of cerebral polymorphic combinations increases. Larger numbers of modules do though
mean that not all combinations are described, which probably reflects some combinations
being intrinsically rarer and relatively small sample sizes making it harder to find some
modules than others. As an example, with six modules, and 26 = 64 potential combinations,
a study with N = 67 suggested it was statistically extremely unlikely to encounter them all.

Some studies have attempted to find a typology for cerebral polymorphisms; for
instance, Karlsson [25], following earlier researchers, used terms such as ‘Traditional’,
‘Reversed’ and ‘Right Hemispheric’, but only 17, 4 and 2 individuals, respectively, fit-
ted into those categories, with the remaining 44 participants in ‘Other patterns’, with
25 different types [25].

Despite the variability described in the various studies, there is also little doubt
that the population as a whole shows a modal pattern of lateral organisation, which is
by far the most frequent, and is described in introductory textbooks for a typical right-
hander, with language in the left hemisphere, visuo-spatial processing in the right, etc.
As Gerrits et al. conclude, “ . . . while typical organization is generally maintained, it
is subject to more variation than is often assumed” (p. 14057), which “raise[s] a host of
questions to be addressed by future research” [16] (p. 14063). Addressing those questions
is what the rest of the present paper will attempt to do. In particular, it will assess how
polymorphisms originate, and why some polymorphic forms are more prevalent than
others, and the extent to which they can be explained and their proportions predicted
using genetic models originating in the study of handedness. There are many difficult
questions, not least the potential number of modules and their possible inter-combinations,
and the consequences of different lateral organisations of the inter-combinations. For most
purposes, the modelling will be kept simple, so that its broad approach can be seen and a
ground plan set out, rather than the details being explored, which can be left to future work.

2.3. Dynamic Shifts in Functional Lateralization

The modelling in the present study assumes that functional lateralisation is fixed or
static within individuals. Studies of dynamic variation in functional lateralisation are rare,
an important exception being in female participants in relation to estradiol and progesterone
levels during the menstrual cycle [28,29]. It may be that more sensitive methods such as
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double biofeedback [30] or bimanual control of an avatar [31] will, in the future, be able to
assess dynamic changes more effectively. For present purposes, the assumption of fixed
asymmetries will probably be sufficient.

3. Patterns of Cerebral Organisation and Terminologies

Theoretical thinking about how modules may be organised has gone through several
stages, and the literature contains multiple terms used for describing different patterns of
cerebral polymorphisms, some of which are summarised below.

• Cerebral dominance. An idea dating back to the nineteenth century is of strong
cerebral dominance, with a major (or leading) hemisphere, and a minor hemisphere, lan-
guage in the left hemisphere directly causing visuo-spatial function to be in the right
hemisphere.

• Hemispheric dominance/functional lateralisation. The tendency for a module or
function to be predominantly organised in one hemisphere both in individuals and in
the population.

• Typical or traditional. The typical or traditional pattern [25] (“typical functional
segregation” [17]) is that described in neuropsychology textbooks for a typical right-
hander, with left-hemisphere language, right-hemisphere visuo-spatial processing, etc.
It is useful in modelling polymorphisms to describe each module as being typical or
atypical, rather than right or left (where typical depends on the type of module, e.g.,
verbal on the left or visuo-spatial on the right).

• Complementarity. Bryden et al. distinguished two very different meanings of com-
plementarity, causal and statistical [21]. Statistical complementarity refers to the “the
normal state of affairs”, in the sense of the mode in statistics, in the normative sense of
language in the left hemisphere and visuo-spatial processing in the right hemisphere,
i.e., the typical or traditional pattern [21]. Bryden et al. also describe causal complemen-
tarity, “implying that one hemisphere carries out a particular set of functions because
the complementary functions are located to the other hemisphere”. They suggest
the latter “seems to have become part of the lore of contemporary neuropsychology,
especially as viewed by the popular press”. They continue that the strong idea “that
the right hemisphere acquires its functions only in response to the specialization of
the left hemisphere” [32,33],”cannot be correct at the level of the individual, although
the lateralisation of language may well have preceded that of visuospatial processes
in the population” [21].

• Statistical independence. Statistical independence is used by Bryden et al. in their
1983 analyses of aphasia, agnosia and handedness after unilateral lesions, where
they use chi-square tests to show that there is only a small association between the
presence of aphasia and the presence of agnosia after a unilateral lesion [21]. Causal
complementarity should result in a strong negative association between aphasia and
agnosia, the presence of one after a unilateral lesion meaning that the other should be
absent. Bryden (1990) refers to statistical complementarity, whereby random allocation
of modules to the right or left will sometimes result in a complementary pattern
whereby language is on the left and visuo-spatial function is on the right, without any
underlying causal process [34].

• Reversed complementarity or mirror reversal. This is used to describe individuals
with the reverse of the typical pattern of complementarity (e.g., where the typical
complementary pattern is LRRRR, with one verbal and four non-verbal tasks, then
the reversed or mirror pattern is RLLLL). Karlsson found 4 such individuals out
of 67, compared with 17 who were complementary (LRRRR), and the remaining
46 individuals showed 22 other combinations, excluding handedness [25] (p. 114).
Additionally, referred to as ‘mirror-reversed’ [16], and by analogy with situs inversus
totalis has been called mens inversus totalis [9,17] (p. 8).

• Crossed laterality. This is an old term for describing individuals who are right-
handed but have language in the right-hemisphere, occurring particularly in cases of
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‘crossed aphasia’, which seemed to be the opposite of what Broca had described, with
right-handers being aphasic after right-hemisphere damage [35,36].

• The unitary theory. ‘Unitary theory’, as described by Woodhead et al., applied specif-
ically to the cerebral lateralisation of language, the authors stating that “at the popula-
tion level, we may ask [when] all language tasks show a similar degree of lateralisation,
and at the individual level, [when] people show consistent differences in laterality
profiles across tasks” [26] (p. 17). The authors suggest that although “the majority
of people appear to have language laterality driven by a single process affecting all
types of task”, there is a “a minority showing fractionation of language asymmetry”,
particularly in left-handers [26,27].

• Crowding. The functional crowding hypothesis dates back to Lansdell in 1969 [37],
Levy in 1969 [38] and Teuber in 1974 [39], reviewed by Groen et al. [40]. “[C]ompetition
for neural resources would result in a functional deficit if multiple functions rely on
the same hemisphere”, and has also been called the “cognitive laterality profile” hy-
pothesis [41], “load imbalance” [42], and the “parallel processing” [43,44] account.
Crowding predicts that individuals with multiple modules in the same hemisphere
should underperform compared with those with modules spread across the hemi-
spheres [40]. Atypical functional segregation is said to be characterised by functional
crowding, in contrast to typical functional organisation and reversed complementarity
(reversed functional segregation) [9], although studies have found very limited evidence
of any functional deficit with crowding [45]. The term crowding has also been used
as a simple description of two modules being in the same hemisphere when they are
usually in separate hemispheres, with no implication of functional disadvantage [46].
Pseudo-crowding has been used to refer to the case where modules are adjacent because
they overlap in their functions which may benefit both [22,47].

4. Cerebellar Asymmetries

The majority of this article concerns ‘cerebral polymorphisms’ in the narrow sense of
the right and left cerebral hemispheres. However, ‘Cerebral’ also has a broader meaning,
originating in the Latin cerebrum, the entire brain, with the Oxford English Dictionary
defining ‘cerebral’ as “Pertaining or relating to the brain, or to the cerebrum”, which
is the sense in, say, ‘cerebrovascular disease. ‘Cerebral polymorphisms’ can therefore
include the fore-, mid- and hind-brain, including the cerebellum. Early fMRI and other
imaging techniques ignored the posterior fossa, looking only at supra-tentorial structures,
but later studies revealed structural and functional asymmetries of the cerebellum. In
relation to explaining handedness, Michael Peters said that “ . . . the cerebellum does not
normally enter the discussion. However, there are good reasons to focus some attention
on this structure” [48]. Most researchers tend to assume that functional asymmetries have
to be cortical in origin; there is a growing awareness that the cerebellum may also be
asymmetric in its functioning [49], and may be related to handedness and other functions,
including perhaps handedness [50,51]. It is also possible that symmetries relate from
turning tendencies originating in the brain stem [52–54].

The cerebellum has long been known to be involved in motor control, and its rela-
tionship to handedness has therefore been of interest. The early morphological study by
Snyder et al. in 1995 [55] suggested, in 23 participants, that cerebellar torque was related to
handedness, whereas cortical torque was not. Of some interest is a study of the dentate
nuclei in the cerebellum, where nine right-handers had a larger left dentate nucleus, but
the sole left-hander had a larger right dentate [56]. However, a recent study of 2226 par-
ticipants found no correlation of cerebellar anatomical asymmetry and handedness [57].
Functional analyses have suggested that handedness is related to contralateral cortical
activity and ipsilateral cerebellar activity, with a strong cortico-cerebellar network [58]. The
detailed functional study of handedness by Tzourio-Mazoyer and colleagues emphasised,
though, “that handedness neural support is complex and not simply based on a mirrored
organization of hand motor areas”, but with two different mechanisms in right- and left-
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handers [59]. The fMRI study of Häberling and Corballis [60] suggested two separate
patterns of cerebellar activities, with cerebellar asymmetry related to a fronto-temporal
cortical language network, and handedness to an action-based parieto-cortical network.
Overall, there are undoubtedly functional asymmetries in cerebellar activity, but it is un-
clear whether these are sometimes independent of cortical asymmetries. In particular, to
what extent do individuals with atypically lateralised frontal and temporal dominance also
show the same pattern at the cerebellar level; or is it perhaps possible that, on occasion,
cortical and cerebellar asymmetries become separated? At present, there are probably
insufficient data from individuals to be clear whether cortical and cerebellar asymmetries
can become separate, or whether mostly they march in lock-step.

5. The Approach of the Present Paper

Explaining cerebral polymorphisms will not be straightforward, and in part that
reflects a problem that besets much of current psychology, that data collection is currently
privileged over theory, with many theories being relatively weak, and primarily verbal
in structure, making prediction and testing difficulty. This paper will therefore begin by
briefly considering the nature and paucity of theory in psychology in general, as theory has
been ignored during the important concerns of the replication crisis over the past decade
or two, and that is to a large extent also true in neuroscience and neuropsychology.

A particular branch of theory that is likely to be important is genetics, which has had
robust theoretical approaches for the past century, typically numerical, from the work of
Galton, Pearson, Fisher and Sewall Wright, and in recent years has also had the support
of molecular genetics. Theorising in genetics is robust, quantitative and extensive [61,62].
Handedness, in particular, has been suggested for over a century to have a genetic ba-
sis [63,64], and I have also long argued that case [12,22,65]. Understanding the genetics of -
handedness probably underpins a more general understanding of cerebral polymorphisms.

Although genetic influences on lateralisation have long been controversial, in part
because of the absence of formal confirmation of linkages with particular genes, there is now
some form of closure occurring as a result both from the discovery of a large set of polygenic
markers of handedness [66], and also because of a growing acceptance that variance not
accounted for by genes is also unlikely to reflect environmental factors in the traditional
sense, but rather is due to what have been called epigenetic effects [67], “a third source of
developmental differences” [68], and more recently ‘developmental variance’ [65,69].

The primary thrust of the present paper will be on genetic modelling, but as ever
it is not possible to make predictions on the basis of genetics unless there is also a clear
understanding of phenotypics Lateralised phenotypes have their own specific measurement
problems, and in particular have difficulties in statistical analysis due to the presence of
mixture distributions, and these will need to be explored as they are likely to confound any
fit between model and data. It is not appropriate to reject genetic models solely because
phenotypes are ill-described or inappropriately described. Any genetic model inevitably
forces questions about molecular and developmental mechanisms, as well as evolutionary
origins, and these will therefore also be considered here.

6. Theorising about Theory

This paper is theoretical. Indeed, this Special Issue of Symmetry is about theory. The
paper itself is about a theory which, for want of a better name, I have called the DC theory.
The theory is far from novel, being first put forward in embryonic, unpublished form in
1977 [70], and in 1979 and 1985 described more formally [20,71]. Its age may seem to make
the theory of little interest, but I hope not. The DC theory itself has developed, the problems
it was trying to solve still exists, the ability to test the model has also progressed, not least
because of growing amounts of fMRI and fTCD data, as well as better computational
modelling, and there have been developments in the theory itself. Perhaps most crucially,
no other theories have replaced it, although the RS model of Annett does have a little
overlap [72–74], even if many of the details differ.
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Useful theories do not have a clear shelf-life, after which they must be replaced by
newer, more modern ones. The scientific literature itself though is dominated by a ‘recency
effect’, with few researchers citing work that is not from the current millennium, however
important or interesting it may be (and in Ocklenburg et al.’s horizon-scanning in 2021
of lateralisation’s next decade [75], 65% of the citations came from the previous decade,
and only 11% from before 2000 [68]). Having said that, the myths, fictions and backward
steps of some of the past half century’s lateralisation research are undoubtedly better left
in obscurity [12].

Psychology, as well as biology and other sciences, have become “hyperempirical sci-
ence[s]” [76] in the 21st century, hoovering up data in ever greater amounts, and worrying,
with good reason, about failures of replication. In biology, Sir Paul Nurse worried in the
journal Nature that while research talks in biology “unleash a tsunami of data”, “researchers
are holding back on ideas” [77]. Where would biology be, he asks, “if Darwin had stopped
thinking after he had described the shapes and sizes of finch beaks, and not gone on to
describe the idea of evolution by natural selection”?

Theory’s central role in psychological science has only recently been resurrected and
reemphasised, and in July 2021 an entire Special Issue of Perspectives on Psychological Science
was devoted to the problems of Theory in Psychological Science. Theory in a serious sense
has become ever more and more ignored, such that now “a growing chorus of researchers
has argued that psychological theory is in a state of crisis” [78]. Where there is theory
it is narrow in scope, and is only set out verbally, allowing at best weak testing [79],
with computational modelling rare, so that generalisability and testability are limited for
many theories [80].

Almost all criticisms of the state of theory in psychology can be traced back to Paul
Meehl’s devastating analyses in his various papers [81–83], and almost all of the seventeen
Perspectives papers cite him. A central criticism, stated below, emphasises that support for a
substantive theory cannot be derived from significant tests against a null hypothesis:

“the almost universal reliance on merely refuting the null hypothesis as the
standard method for corroborating substantive theories . . . is a terrible mistake,
is basically unsound, poor scientific strategy, and one of the worst things that
ever happened in the history of psychology [82] (p. 817)”.

Meehl compares ‘soft psychology’, his term, with the exemplar of physics, with its ever
more precise testing of point estimates. Psychology has mostly not been cumulative, so that
theories “never die, they just slowly fade away [and] finally people just sort of lose interest
in the thing and pursue other endeavors” [82] (p. 807). Instead of growth, there is merely
change, with different problems now being researched and old problems abandoned.

What is a good theory? “Good theories are [ . . . ] hard to vary: they explain what
they are supposed to explain, they are consistent with other good theories, and they are
not easily adaptable to explain [almost] anything” (emphasis in original) [84]; “theoretical
analyses can endow a theory with minimal plausibility even before contact with empir-
ical data” [85]; formal theories have “immense deductive fertility . . . support clear and
demonstrable explanations, [and] supply precise predictions about the behavior expected
from the theory” [78]; in addition, good theory should “be independent of its creator . . .
[as] . . . It is difficult to make much use of a theory otherwise”. Avoiding “the trap of
vagueness is hard” and “usually requires mathematical formalism” [78]. As an exemplar of
good theory, Navarro advocates Shepard’s 1987 generalization model, which currently has
2711 citations [86,87].

All such requirements of good theory inevitably sound like impossible paragons of
perfection, but Meehl was pragmatic and identified twenty approaches to improving the
recurrent problems of psychological theory, some of which are particularly relevant to any
theory of cerebral polymorphisms [82].

• “Slic[e] up the raw behavioural flux into meaningful intervals identified by causally
relevant intervals . . . ”. As Plato said, nature comes pre-divided, so that the best
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theory ‘carves nature at the joints’ [88]. Classifications of handedness often ignore that
precept, and thereby provide so many dependent variables that at least one will be
statistically significant [89]. To put it another way, “keep it simple”.

• Individual differences are both the central core and the central problem of psychology,
for as Meehl says, “what is one psychologist’s subject matter . . . is another psycholo-
gist’s error term”. The tension between similarities and differences between people
was perfectly put by Kluckhohn and Murray in 1949, saying that “Every man is
in certain respects (a) like all other men, (b) like some other men, (c) like no other
man” [90]. Brains fit that description very well, and that is what a theory of cerebral
polymorphisms must explain.

• “Most of the attributes studied by . . . psychologists are influenced by polygenic
systems” and Meehl anticipated the three laws of behaviour genetics by two decades
Turkheimer’s [91], as well as the subsequent fourth law [92]. Handedness is now
undoubtedly seen to be polygenic [65,93].

• Random factors can often cancel out (‘convergent causality’), but “there are other
systems in which . . . slight perturbations are . . . amplified over the long run” (‘diver-
gent causality’). Meehl’s example describes how “an object in unstable equilibrium
can lean slightly towards the right instead of the left”, resulting in an avalanche.
Symmetry, symmetry-breaking, bifurcations and canalization are all fundamental to
understanding the nature of lateralisation, as will be discussed.

• “Luck is one of the most important contributions to individual differences . . . an
embarrassingly ‘obvious’ point that social scientists readily forget”. Meehl looks
particularly at discordant MZ twins where no factors explain the difference, and
emphasizes that “something akin to the stochastic process known as a ‘random walk’”.
Randomness is the ‘third source’ of developmental differences [67].

Meehl is essentially a Popperian, arguing that the main feature of scientific theory
is the existence of conjectures, which are then capable of falsification, and thereby of refuta-
tion [94–96]. Falsification can though be premature, for as Meehl says, the core of a theory
is surrounded by auxiliary theories, understanding of the instruments used, and particular
experimental conditions, as well as an assumption of ‘all other things being equal’, failure
of any of which can result in a seeming failure of the theory proper [83]. Meehl’s 1990 paper
follows the approach of Imre Lakatos, who argued that new, tender and vulnerable theories
need to be surrounded by a ‘protective belt’ to prevent premature refutation [97], as I have
discussed elsewhere in the context of theories of lateralisation [98]. Although auxiliary
hypotheses can be necessary (astronomers require auxiliary theories of optics to explain
their telescopes), it is auxiliary hypotheses which are ad hoc which are the real problem,
being driven by failed predictions of theory and allowing that anything and everything can
be explained [99].

This is not the point at which to ask whether the DC theory of cerebral polymorphisms
is a good or successful theory, but it will help the reader in asking whether it, or indeed
any other theories of the phenomena, show any signs of being good. If we want to have
effective theories in lateralisation, as this Special Issue of Symmetry is suggesting, then a
crucial first step is knowing what good theories are.

Testing theories is never easy, and Meehl follows Popper, who suggested that conjec-
tures or theories (T) cannot be proven, but they can be disproved or falsified by appropriate
empirical evidence or results, R. A strong version of Popper can be written succinctly
as follows:

T → R; ~R; ∴ ~T

i.e., a theory, T, implies a result R; not finding R (not-R; ~R) implies the theory is not
true (not-T; ~T). In its strongest form, not finding the predicted result, R, means that T,
is falsified [94].

That model, though, is too simplistic, there often being a convoluted route between a
theoretical prediction and an observed result (think of the relatively brief predictions by
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Higgs of the boson named after him [100,101], and the eventual testing and discovery in
the vastness and complexities of the Large Hadron Collider at CERN).

Kuhn, Lakatos, Feyerabend and others suggested the real world of empirical science
was less straightforward than Popper’s equation suggested, with premature falsification
being a risk because of weaknesses in the theory or the method and data for testing
it [97,102,103]. Meehl‘s summary replaced T → R with the more realistic,

T · At · Cp · Ai · Cn → R

The theory (T) can only be tested in conjunction with the following: At, a set of Auxil-
iary hypotheses which connect the theory to the observations; Cp, the ceteris paribus clause
of ‘all other things being equal’; Ai, a set of auxiliary hypotheses about the instruments nec-
essary for measuring the predictions; and Cn, a set of particulars about how the experiment
was actually realised [83].

With the new equation, if R is not as predicted, then the more complex implication is
~(T · At · Cp · Ai · Cn), i.e.,

T · At · Cp · Ai · Cn → R; ~ R; ∴ ~(T · At · Cp · Ai · Cn)

In other words, ~R implies something is clearly wrong and something indeed has
been falsified, but it is not necessarily T, but something within the conjunction of T, At, Cp,
Ai and Cn, of which T is but a part. That both provides a lot of ‘wriggle-room’ for theorists
and modellers trying to support their theories, but also puts an onus upon those testing
models to ensure that the test of a theory really is a test, with ~R genuinely occurring not
just because of inadequate auxiliary theories, instrumentation, etc., so that the refutation of
the theory is compelling.

Within the context of the DC model, as with most of psychology, it is a long way from
model predictions themselves to results from dichotic listening, fMRI or fTCD scanners, or
patients with brain damage. That is why this section on theories, and the testing of theories,
has been included. The paper also includes sections on the nature of lateralisation and its
measurement, as well as the biological background to lateralisation. Without considering
such factors, data may seem to refute the model when a proper test has not been provided.
Not only the theoretical core of a model needs assessing but also the extent to which it has
been or can be properly tested.

It is time to stop thinking about what a theory might look like, and instead to delve
into the DC model and see what it might explain. It is easiest to begin with the earliest,
single-gene (monogenic) version of the model, wrong that it is now known to be, and then
move onto the nature of lateralisation and its biological basis, and eventually to reach the
polygenic version of the model, along with discussion of its biological basis.

7. Modelling Cerebral Polymorphisms

The Original, Monogenic Version of the DC Model and the Data It Needs to Explain

This section will describe the original DC model, and in particular will unpack some
of the maths underlying it, as without an understanding of how the model is doing its
calculations there is little hope of the reader understanding what the model is and is
not saying.

The DC model (dextral-chance model) has been named after the two alleles, D for
dextral and C for chance, which were originally proposed in the 1970s to explain the ge-
netics of handedness and language dominance [22,68,73]. Since that time, the GWAS that
we carried out has made it clear that there is no single gene which determined handed-
ness [104], and in 2013 we suggested that “there are probably at least 30–40 loci involved in
handedness” [11]. In 2021, an important study reported that 41 loci were associated with
right- and left-handedness [66]. Although the original DC model was a single-gene model,
in 2014 it was shown that a variant of it, which we called the pathology model, and took
primary ciliary dyskinesia as its biological inspiration, broadly predicted the same patterns
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of handedness as did the original single-gene model [11]. The polygenic DC model will
be discussed later, but for simplicity I will describe initially the monogenic, single-gene
version of the DC model, which set out to model three features of handedness [70]. This
will not be as irrelevant as it may at first seem, since, as often occurs in modelling, simple
models often summarise well the essence of more complex models.

The DC model needed to account for several features of handedness and language
dominance [12,22,65,73], of which a broad-brush description is:

• Handedness runs in families, but two right-handed parents sometimes have left-
handed children, and only about a third or so of children of two left-handed parents
are left-handed;

• Identical (monozygotic; MZ) twins are discordant for handedness in about one in five
pairs, although somewhat more fraternal (dizygotic; DZ) twin pairs are discordant;

• Cerebral dominance for language is correlated but only partially with handedness, the
majority of left-handers having language in the left hemisphere, just as do right-handers.

In addition, the original DC model, in order to be biologically convincing, wanted to
take into account the increased rate of left-handedness in conditions such as psychosis and
severe learning difficulties, and to be consistent with asymmetries, normal and pathological,
in humans and in animals. In particular, the model was very aware of the two influential
papers by Michael Morgan and Michael Corballis, not least since Michael Morgan was my
PhD supervisor [33,105].

The monogenic DC model is far from being the first genetic model of handedness [64,106–111],
although most had not been able to account for family patterns, twins and language
dominance [10]. Annett’s Right-Shift (RS) model was being developed at much the same
time as the DC model [72–74,112]. A key difference between both the DC and RS model
and all previous models of handedness was that they invoked randomness, the concept
known to biologists as fluctuating asymmetry.

8. Fluctuating Asymmetry

That some biological asymmetries can be random was described by Charles Darwin,
in the second volume of his 1854 monograph on barnacles (1854), where he said that, in the
genus Verruca, “Extraordinarily great is the difference between the right and left sides of
the whole shell, yet in all of the species it seems to be entirely a matter of chance whether it
be [the right or left side] which become[s] abnormally developed” [113] (p. 499) (my emphasis).
Darwin also notes Crustacea in which “the unequal development of the thoracic limbs
seems quite capriciously to affect either the left or right side of the body” [113] (p. 499, my
emphasis). Overall, Darwin “anticipated that deviations from the law of symmetry would
not have been inherited”, although he later makes a clear exception for handedness [114]
(vol 2, p. 12).

Randomness in asymmetry, fluctuating asymmetry, has been of interest to biologists
for a long while [115–119], not merely because of its asymmetry as such, but also as an
indirect index of developmental stability resulting from developmental buffering [120].
Comprehensive reviews are available of the origins and nature of fluctuating asymmetry
and its applications [121–123].

The simple idea at the centre of the monogenic DC model (and it is similar to the
idea at the core of the RS model) is that one of the genes underlying handedness produces
randomness. Key biological underpinnings for that position were provided by the fol-
lowing: Layton’s 1976 finding of the recessive iv gene, which resulted randomly in 50%
of mice having situs inversus, their heart, spleen, etc., being on the left, and their liver,
appendix, etc. on the right [124]; Afzelius’s 1976 demonstration that ciliary inactivity
randomly resulted in situs inversus in immotile cilia syndrome (now called primary ciliary
dyskinesia; PCD) [125]; and Collins’s 1968 and 1969 selective breeding experiments in
mice, which resulted in a 50:50 mixture of right- and left-pawedness, with no selectable
variance remaining [126,127]. It was therefore biologically plausible that one genotype
could produce randomness, while there could still be strong directional asymmetry in
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the majority ‘wild-type’ population. That there are demonstrated mechanisms for the
generation of randomness will be considered next, to form a foundation for the description
of the DC model.

9. The Biological Nature and Origins of Randomness

Randomness is a “fundamental process[ . . . ] rooted in the very basis of life” [128]
and is a crucial part of biology, evolution needing random mutations, diploid genetics
needing random chromosomal assortment into sperm and eggs, and neural functioning
being intrinsically noisy [129]. Joober and Karama [128] suggest, however, that random
variation may seem antithetical to many scientists who instinctively assume deterministic
mechanisms, with the genome seen as a developmental blueprint which unfolds deter-
ministically. That development is not always deterministic was recently made clear by
Linneweber et al. [130], who described large individual differences of visual behaviour in
genetically identical, inbred strains of Drosophilia, resulting in a “non-heritable, temporally
stable trait that is independent of sex, genetic background, and genetic diversity”. The
behavioural differences arose from an intrinsically stochastic mechanism of brain wiring, result-
ing in variation in the asymmetry of dorsal cluster neurons (DCNs). The authors suggested
that multiple neural and behavioural phenotypes from a single genotype, as a result of
biological noise, may be beneficial under strong selection pressure, and emphasise that
“the role of non-heritable noise during brain development . . . is understudied”.

Developmental mechanisms generating randomness can be dissected in genetically
identical individuals, including human monozygotic twins and, most intriguingly, in the
monozygotic quadruplets which, uniquely, are the normal pattern of offspring in the nine-
banded armadillo. In 1909, Newman and Patterson [131] described armadillo quadruplets
as being “practically identical, . . . but a more searching comparison . . . revealed, as one
might expect, slight departures from complete identity”. Those differences have recently
been studied in fascinating detail by Jesse Gillis and his team [132,133], using five sets of ar-
madillo quadruplets reared in near-identical environments. DNA and transcriptional RNA
were sequenced to compare the siblings and partition developmental noise into separate
categories. X-chromosome inactivation (lyonization), a source of random developmental
variation in XX females, occurred at about the 25-cell stage in females, producing mosaics
potentially with 225 phenotypic combinations. Epigenetic effects can, in some sense, be
regarded as a form of autosomal lyonization, and have been proposed in some occasions
to explain ‘partial penetrance’ [134], as seems to be the case for heterozygotes in the DC
model. Monoallelic expression of autosomes in the armadillo occurs somewhere at about
the 150-cell stage, with allelic imbalance of expression of about 700 of the 20,000 genes. The
authors estimated that “developmental stochasticity accounts for 20% as much variability
as genetics does . . . perhaps 10% of total variance”. In addition, there is undoubtedly
proper environmental variance. Expressing differences between groups as mean |log2FCs|
(mean absolute log2fold changes), pairs drawn from armadillo quadruplets had a mean dif-
ference of 0.16, compared with 0.30 for pairs of unrelated armadillos (and absolute identity
would have scored zero). The armadillo quadruplets had very controlled environments
and their score of 0.16 compared with a score of 0.38 for human MZ twins who almost
certainly had more variable environments. Human DZ twins who shared half of each
other’s genes scored 0.44, and pairs of unrelated human individuals scored 0.56, reflecting
still greater genetic differences. That picture is very different from classical twin modelling,
which predicts correlations of 1, 0.5 and 0 for MZ, DX and unrelated pairs (i.e., identity
for MZ twins, if there is no measurement error, which is arguably the case here). Clearly,
within even MZ twins there is much variation which is not genetic in the classical sense,
the authors concluding that “purely stochastic variation in development has a large and
permanent impact on gene expression” [132].

Differences in allelic expression in armadillos, due to epigenetic effects such as methy-
lation, appeared to be at random across the genome, within and between the quadru-
plets. However, it might be that in some conditions methylation may be preferentially
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associated with particular loci, for instance, as has been reported in MZ twins discor-
dant for schizophrenia and bipolar disorder, where some particular loci appeared to
differentially methylated [135].

The Gillis et al. study of armadillo quadruplets ends with the hope that “in time, . . .
‘noise’ will cease to be a catchall term and, instead, be added to the traditional axes of nature
and nurture as a principal and well-defined contributor to phenotypic variance” [132].
Expressed more formally, Gillis, in a tweet [136], has said that a statistical model could be
expressed as the following:

Phenotype = G + E + G × E + Noise

where Noise can be expressed as

Noise = Developmental legacy + Other effects

so that,

Phenotype = G + E + G × E + Developmental legacy + Other effects

10. The Basic Monogenic DC Model

This section will in part proceed as a tutorial to help those with little experience of
genetic calculations, to understand the computational basis of the model.

The DC model has two alleles (genes), D and C. While the D allele (D; dextral) deter-
mines right-handedness in a strong sense, the other, (C; chance), results in a 50:50 mixture
of right- and left-handers. Genetic models have the advantage that population genetics
allows numerical predictions to be made. Since there are two different alleles, D and C,
there will be three genotypes, DD, DC and CC, each person having two alleles, with one
acquired from the mother and the other from the father. Let the probability of a C allele
in the gene pool (p(C) = c) be 0.2 (i.e., 20%). The proportion of D alleles, p(D) = d, will be
1 − c = 1 − 0.2 = 0.8 (i.e., 80%). If two alleles are selected from the gene-pool at random
to make a genotype then 4% of people will be CC (c × c = c2 = 0.2 × 0.2), and 64% will
be DD (d2 = [1 − c]2 = 0.8 × 0.8). The rest will be DC (heterozygotes) with one of each
allele, of whom there will be 2 · c · (1 − c) = 2 × 0.2 × 0.8 = 0.32, i.e., 32% of the population.
The three genotypes are therefore in binomial proportions, because of the Hardy–Weinberg
equilibrium [137], and are shown in Table 1 below.

Table 1. Genotype probabilities and handedness in the monogenic DC model, p(L) = 0.10, P(C) = 0.2.

(1) (2) (3) (4)

Genotypes P(Genotype) = p(G)
Probability of Phenotype = p(H|G)

Right-Handed Left-Handed

DD 1 − c2 = 0.8 × 0.8 = 0.64 p(R|DD) = 1 p(L|DD) = 0

DC 2 · c · (1 − c) = 0.32 p(R|DC) = 0.75 p(L|DC) = 0.25

CC c2 = 0.04 p(R|CC) = 0.5 p(L|CC) = 0.5

In a genetic model it needs to be specified how genotypes are related to the phenotypes,
and Table 1 gives the probability of being right-handed (in green) or left-handed (in red)
for each particular genotype (pH|G). The randomness in the biological models of Layton,
Afzelius and Collins suggests that 50% of the CC individuals should be right-handed
and the remainder left-handed, which is symbolized as p(L|CC) = 0.5, where p(L|CC)
symbolises the conditional probability of being left-handed given that a person is CC (the
vertical line [solidus] being read as ‘given that’). If P(L|CC) = 0.5 then it will be the case
that p(R|CC) = 1 − 0.5 = 0.5. In contrast, the DD genotype will all be right-handed, just
as the mice without the iv gene are all typical and have their heart on the left, liver on the
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right, etc., i.e., p(R|DD) = 1 and hence p(L|DD) = 0. The only thing undefined a priori
is what happens with the heterozygotes, but the best fit of the model overall seems to be
when DC individuals have a 25% chance of being left-handed and a 75% chance of being
right-handed, which is called an additive model. Model-fitting with recessive and dominant
models showed that they were less good fits than the additive model [20,71].

It is now possible to calculate the expected proportion of left-handers. Notice in Table 1
that no DD individuals can be left-handed, only 25% of DCs will be left-handed, whereas
50% of CCs will be left-handed. Unlike most of the previous genetic models of handedness
mentioned previously, none of the genotypes produce only left-handers (although DD does
produce only right-handers). The proportion of left-handers overall, p(L), will be (0.64 × 0)
+ (0.32 × 0.25) + (0.04 × 0.5) = 0 + 0.08 + 0.02 = 0.10, i.e., 10%. The proportion of C alleles,
c = 0.2, was chosen for this example so that 10% of the population would be left-handed,
which is a good approximation to rates of left-handedness in most populations [138], and
10% also makes for numerically easier values for explanations. P(L) = 10% will therefore be
used for the rest of this exposition, although in practice other values may be more precise
for particular populations.

11. Handedness in Families

The simple genetic model of Table 1 does not have any very obvious, direct use. It
forms, however, the basis for asking how handedness would be expected to run in families,
with the simplest situation being to calculate the probability of a child being left-handed
when the parents are either both right-handed (R × R), one is left-handed (R × L), or both
are left-handed (L × L).

The first step, shown in Table 2, is to calculate the probability that an individual is
of each of the three genotypes given their handedness (i.e., p(G|H))—note that this is
not the same as p(H|G), shown in Table 1, which is the probability of being a particular
handedness given that one is a particular genotype. The details of the calculations can
be seen in Table 2. Columns 1 and 2 show all possible combinations of genotype and
handedness, and column 3 shows the proportions of the genotypes in the population (pG),
which are those of column 3 in Table 1. Column 4 is p(H|G), the probability of being a
particular handedness given a particular genotype (and is the same as columns 3 and 4
in Table 1).

Table 2. Probability of genotypes by right and left handedness in the monogenic DC model,
p(L) = 0.10, P(C) = 0.2.

(1) (2) (3) (4) (5) (6) (7) (8) (9)

Genotype (G) Hand (H) P(G) P(H|G) P(G&H) RH P(G|RH) LH P(G|LH)

DD R 0.64 1 0.64 × 1 = 0.64 0.64 0.64/0.9 = 0.711

DD L 0.64 0 0.64 × 0 = 0 0 0/0.1 = 0

DC R 0.32 0.75 0.32 × 0.75 = 0.24 0.24 0.24/0.9 = 0.267

DC L 0.32 0.25 0.32 × 0.25 = 0.08 0.08 0.08/0.1 = 0.800

CC R 0.04 0.5 0.04 × 0.5 = 0.02 0.02 0.02/0.09 = 0.022

CC L 0.04 0.5 0.05 × 0.5 = 0.02 0.02 0.02/0.1 = 0.200

Total - - - 1 0.9 1 0.1 1

Column 5 is the probability across the population of an individual being a particular
genotype (G) and a particular handedness (H), p(G&H), which is the product of columns
3 and 4. Column 5 should sum to 1, as it includes all possible combinations. Notice that
although CC individuals are more likely than DC individuals to be left-handed, most
left-handers are heterozygotes, being of genotype DC.
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To calculate p(G|H), the probability of being a particular genotype given that an
individual has a particular handedness, one needs to consider only the individuals of that
handedness. Column 6, for instance, shows only the rows for individuals who are right-
handed (shown in green), which sum to 0.9, since 90% of individuals are right-handed.
The values in column 6 can then be divided by their total to give the proportion of each
genotype, which are shown as p(G|RH) in column 7. Amongst right-handers, 71.1%
are DD, 26.7% are DC and 2.2% are CC. Finally, the same thing can be done for the left-
handers (shown in red), in columns 8 and 9. Notice that with the left-handers there are no
individuals who are DD (since all DD individuals in the model are right-handed, and the
calculations automatically take care of that). The majority of left-handers, 80%, are of the
DC genotype, although intuitively one may have expected most left-handers to be CC.

Although the calculations may seem long-winded for this simple question, the method
has great generality, and can readily be programmed, as all one needs to do is tabulate the
probabilities of all possible combinations of genotype and phenotype, and then sum those
in whom one is interested. Complicated family or twin models with multiple phenotypes
may have tens of thousands of combinations, but a series of loops in a computer program
will rapidly go through them all, and that is how most of the calculations in this paper have
been carried out. The calculations can also be carried out using Bayesian graphical models,
but that will not be considered further here. Likewise the calculations can be extended to
family trees of different shape and extent [139].

Calculating the probability of the children of two right-handers being left-handed
firstly requires the probability of each of the parental combinations of handedness and
phenotype of which there are 36 (the mother can be R or L, and of genotype DD, DC or CC,
giving 6 combinations, and the father also has 6 combinations, making 36 combinations
in total in the parents). One then needs calculates the probability that a child will be of,
say, genotype DD, given their parents are particular genotypes. When both parents are
DD it is inevitable, given Mendel’s laws, that the child must also be DD. However, other
combinations give other outcomes, so that if, the parents are DD and DC then half of the off-
spring will be DD and other half DC, as a child takes one allele by chance from each parent.
Additionally, when both parents are DC then a quarter of their children are DD, a quarter
are CC, and a half are DC. Finally, each of the children will be one of 6 combinations of
genotype and phenotype, meaning that overall there are 216 parents × child combinations
to be worked through. To make that clearer, there are 2 maternal phenotypes × 3 maternal
genotypes × 2 paternal phenotypes × 3 paternal genotypes × 2 child phenotypes × 3 child
phenotypes, i.e., (2 × 3)3 = 63 = 216 combinations. The calculations are straightforward on
a computer, and give the results shown in Table 3, with right-handers shown in green and
left-handers in red.

Table 3. Proportion of right- and left-handed offspring in relation to parental handedness, for the
monogenic DC model, p(L) = 0.10, P(C) = 0.2.

Offspring

% RH % LH

Parental Handedness

R × R 92.22% 7.78%

R × L 81.10% 18.90%

L × L 70.00% 30.00%

The immediate thing to notice about this model from a theoretical perspective is
that qualitatively it produces the sort of result that one would have expected from looking
at patterns of handedness in families, with actual data from families summarised else-
where [10,20,71]. The key results are that two right-handed parents can sometimes have
left-handed children, the proportion of left-handed offspring increases with the number of
left-handed parents, and perhaps of particular interest, the majority of the children of two
left-handed parents are right-handed, left-handers occurring in only 30% of cases.
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The model is simple in its conception, having only four parameters, one of which is a
guesstimate of the rate of left-handedness (10%), two of which are derived from biology
(pure directional asymmetry for DD and pure fluctuating asymmetry for CC), and the
fourth comes from the model being additive so that DC is midway between DD and CC
in its proportion of left handers (and that parameter was actually derived from model-
fitting, with dominant and recessive models not working as well with actual data). A
limited number of parameters to be specified is the sort of property that one wants to see in
computational models [78].

12. Handedness in Twins

Twins have often been misunderstood by researchers on handedness, the assumption
being that identical twins should be identical if a trait is genetic. That is wrong. What
genetics says is that if a trait has genetic influences, then MZ twins should be more similar
than DZ twins, and that is clearly the case as larger and larger meta-analyses of twins
have shown [140–144].

Modelling handedness in monozygotic twins is straightforward using the methods
described earlier, as one merely has to take a table such as Table 1 and realise that, at the
level of the pair, MZ twins have one of three phenotypes—both RH (R-R), both LH (L-L)
or discordant with one RH and the other LH (R-L). Table 4 in columns 1 and 2 shows
the genotypes and their probabilities, and columns 3 and 4 the probability of right and
left-handedness for singletons, as in Table 4, with green for right-handers and red for
left-handers. The probability of being right- or left-handed for each twin is the same within
a genotype, but is independent for each twin in a pair, so that for the CC genotype each
twin has a 50% chance of being right-handed and 50% of being left-handed. As a result,
for CC twins, 25% of pairs are R-R (0.5 × 0.5), 25% are L-L (0.5 × 0.5), and 50% are R-L
(2 × 0.5 × 0.5)—see columns 5, 6 and 7 in Table 4.

Table 4. Handedness of monozygotic twins in the monogenic DC model, p(L) = 0.10, P(C) = 0.2.

(1) (2) (3) (4) (5) (6) (7)

Probability of Phenotypes Probability of Phenotypes
for Singletons for MZ Twins

Genotypes P(Genotype) Right-handed Left-handed R-R R-L L-L

DD 1 − c2 = 0.8 × 0.8 = 0.64 p(R|DD) = 1 p(L|DD) = 0 100% 0% 0%

DC 2 · c · (1 − c) = 0.32 p(R|DC) = 0.75 p(L|DC) = 0.25 56.25% 37.50% 6.25%

CC c2 = 0.04 p(R|CC) = 0.5 p(L|CC) = 0.5 25% 50% 25%

Most twin pairs in Table 4 are DD (column 2), and the least frequent genotype is CC.
The overall proportion of R-R pairs in the population can be found by multiplying column
2 by column 5 (i.e., 0.64 × 1 + 0.32 × 0.5625 + 0.04 × 0.25 = 0.83 = 83%). Similarly, 14.0% of
MZ twin pairs are R-L and 3% are L-L, those figures being shown in Table 5. The proportion
of discordant twin pairs (14%), shown in bold in Table 5, is a little below the frequently
cited value of about one in five discordant pairs, but it is broadly in the right ballpark given
the minimal number of parameters used in the model.

Table 5. Handedness discordance in MZ and DZ twins with the monogenic DC model, p(L) = 0.10,
P(C) = 0.2.

(1) (2) (3) (4)

R-R R-L L-L

MZ twins 83.00% 14.00% 3%

DZ twins 82.00% 16.00% 2%
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12.1. Mirror-Image Twins

Discordance in MZ twin pairs has long been recognised; for instance, Danforth com-
mented in 1919 that “a surprising number of twin pairs seem to be composed of one right
and one left handed individual” [145]. Danforth talks of one twin being the “mirror image”
of the other, and the idea remained prevalent in the scientific literature [146–149] and still
exists in popular culture [150]. There is, though, little biological support for mirror-image
twinning, except in conjoined twins [151]. Instead, the DC model very naturally explains
apparent mirroring for handedness, for if chance is involved in the handedness of DC
and CC twins, then it is inevitable that some MZ twins will sometimes be discordant
for handedness.

12.2. DZ Twins

Concordance in dizygotic twins is more complicated to calculate than for monozygotic
twins. The calculation is similar to that for Table 4, except that there are two offspring
who are not of course genetically identical, although they are more similar than randomly
chosen individuals as they share genes with their parents. The calculation involves looking
at many more combinations, which will not be given here, but it follows the basic approach
used earlier, generating all possible combinations of parental and offspring genotypes and
phenotypes. Specifically, there are six hand × genotype combinations for the mother, six
for the father, six for the first child and six for a second child, the sibling of the first (and
DZ twins can be treated as siblings), so that there are 64 = 1296 combinations. Table 5
summarises the results for MZ and DZ twins, with discordant pairs shown in bold in
column 3. The results look superficially similar in MZ and DZ twins, but the important
feature of the model is that MZ twins are somewhat more similar (a little less discordant)
than DZ twins. That describes well the broad pattern seen in meta-analyses of twin
handedness, where the difference is small but statistically robust [138–142]. Once again, the
monogenic DC model with its few parameters provides a qualitative similarity to the data.

A surprising feature of almost all twin studies of handedness, and the meta-analyses
show there are many such studies, is that, despite the major interest in the genetic basis of
handedness, almost all are single-generation studies. Typical family studies (see Table 3)
are of course two-generational, and assessing twin handedness in relation to parental
handedness would seem an obvious thing to do. The DC model predictions for twin
handedness in relation to parental handedness are shown in Table 6, with twin discordance
rates shown in column 5 in bold for emphasis. The clearest result is that discordance rates
increase dramatically as the number of left-handed parents increases, with the difference
between MZ and DZ twins also becoming a little larger in absolute terms. I know of only
one large twin study where parental handedness was also measured, the Netherlands
Twin Registry, but sadly the key tabulation similar to that of Table 6 is not reported [152].
A later re-analysis of the same data looked only at discordant twin pairs and examined
environmental factors, but it did not include familial handedness, which, as Table 6 shows,
is a major predictor of twin handedness discordance [153]. The Netherlands Twin Registry
now has very many more twins in it, and in conjunction with the Registry I hope soon to
be able to report data equivalent to those in Table 6.
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Table 6. Discordance and concordance of MZ and DZ twins in relation to parental handedness in the
monogenic DC model, p(L) = 0.10, P(C) = 0.2.

(1) (2) (3) (4) (5)

Parents R-R R-L L-L

MZ twins

All 83.00% 14.00% 3.00%

R × R 86.70% 11.10% 2.20%

R × L 68.10% 26.00% 5.90%

L × L 52.00% 36.00% 12.00%

DZ twins

All 82.00% 16.00% 2.00%

R × R 85.90% 12.70% 1.40%

R × L 66.40% 29.30% 4.20%

L × L 49.50% 41.00% 9.50%

12.3. Handedness in Twins and in Singletons

A difficult question in studying twins, which needs considering, is whether twins have
a higher prevalence of left-handedness than do singletons. In 1973, Nagylaki and Levy
asserted very strongly that “it is impossible to assess the heritability of a trait by using twin
data if the frequency of the trait among twins differs from that along non-twins” [140,154].
Nagylaki and Levy’s simple analysis of studies of twins and singletons suggested twins
did indeed have a higher rate of left-handedness. The problem, though, as I put it in a
1980 review, is that in few studies was handedness in twins and singletons “assessed by the
same criteria, in the same study, by the same investigators” [138]. The only exceptions then,
the studies of Wilson and Jones in 1932 [155] and Zazzo in 1960 [148], reported no differences
between singletons and twins. A recent large meta-analysis by Pfeifer et al. [144] addresses
the issue once more, but found secular trends in the twin-singleton ratio in handedness,
suggesting that there may be ascertainment or other biases. Twins are also more likely to
be born prematurely or show birth complications, which need considering as covariates,
although the role of birth complications and prematurity in causing left-handedess is not
entirely clear [156–160]. The only large population study taking birth weight, Apgar score
and gestational age into account, that of Heikkilä et al. [161], reported no twin-singleton
difference. As Pfeifer et al. say in their meta-analysis [144], the secular shift and the possible
influence of covariates probably make it unsafe to conclude that twinning has a genuine
relationship to handedness. Clearly, more research is needed, presumably in some of the
large birth cohort studies that now exist.

13. Language Dominance and Handedness

The last of the three desiderata for any broadly acceptable genetic model of handedness
is that it accounts for the association of handedness and language dominance. Language
dominance, which is typically in the left hemisphere, can be assessed in multiple ways,
from unilateral brain damage (as Dax and Broca discovered), though other methods such as
dichotic listening, unilateral ECT, and various forms of functional brain scanning including
fMRI and fTCD. This is not the place to review them, but they do give somewhat different
rates of left dominance. A good working approximation is that about one in ten individuals
has language in the right rather than the left hemisphere, and while right-language domi-
nance does occur in a small percentage of right-handers, it occurs much more frequently in
left-handers. However, there is still the puzzling and difficult finding that a clear majority
of left-handers are similar to right-handers in having language in the left hemisphere (i.e., they
are not the mirror-image of right-handers). Explaining the numerical relationships of this
simplest of cerebral polymorphisms is inevitably a challenge for genetic theories, although
as will be seen the DC model can cope with it.
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The key theoretical assumption for modelling two separate modules in the DC module
is statistical independence of lateralised modules. Statistical independence has already been seen
in looking at handedness in MZ twins, but there it occurs in two separate individuals, albeit
genetically identical. Statistical independence of lateralised modules, however, means
independence within the same individual. In particular, it means that if, for an individual, the
probability of module A being atypical is p, then the same probability, p, applies to module
B, with two separate metaphorical coins being tossed to decide on the overall outcome.
The result, which comes from the binomial distribution, is that (1 − p)2 individuals will be
typical (right-handers with left-language dominance), p2 will have both modules lateralised
atypically (left-handers with right-language dominance), and 2 · p · (1 − p) individuals will
have one atypically lateralised module. It should be emphasised that a key feature of the
model is that the independence of modules is not within the population overall (and there
is a clear correlation of handedness and language dominance in the population, so any such
model would fail), but within individuals with the same probability of having modules
organised in the typical way to the right or left side, i.e., within the three genotypes.

The monogenic DC model for two modules, handedness and language dominance, is
summarised in Table 7. Notice that although the model is a genetic model, with different
genotypes behaving differently, in Table 7 there is only one-generational data. Later it will be
shown what the results look like for family data where there are two generations. Column 1
shows the three genotypes with their population proportions in column 2. Columns 3
and 4 show the two separate handedness phenotypes, H, in column 3 (with right-handers
in green and left-handers in red), and language dominance, Lg, in column 4, with right-
language dominance shown as shaded rows. Column 5 shows the probability of the
handedness phenotypes according to the genotype, and column 6 shows equivalent values
for the probability of having language in the right or left hemisphere. Column 7 shows the
probability of the various combinations of handedness and language lateralisation for each
genotype. Notice that DD individuals are all right-handed and also all are left-language
dominant, and therefore three of the four combinations have zero probability. The other
two genotypes, DC and CC, show various probabilities, with the CC genotype showing
all four combinations in equal proportions. The values in column 7, p(H&Lg|G), can be
multiplied by the genotype probabilities in column 2, p(G), to give the overall probability
for each of the 12 combinations of being the genotype and the handedness and language
phenotypes (p(G&H&Lg) in column 8); in addition, these of course sum to one.

Table 7. Details of calculations for language dominance in relation to handedness for the monogenic
DC model, p(L) = 0.10, P(C) = 0.2. Right-handers are shown in green and left-handers in red. Rows
with pale green shading indicate right-side language dominance.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

Genotype
P(G) Hand

(H)
Lang
(Lg) P(H|G) P(Lg|G) P(H&Lg P(G&H&Lg) RH

P(G&Lg
LH

P(G&Lg
(G) |G) &RH) |LH)

DD 0.64 R L 1 1 1 0.64 × 1 × 1 = 0.64 0.64 0.64/0.9 = 0.711
DD 0.64 R R 1 0 0 0.64 × 0 × 0 = 0 0 0/0.9 = 0
DD 0.64 L L 0 1 0 0.64 × 0 × 0 = 0 0 0/0.1 = 0.0
DD 0.64 L R 0 0 0 0.64 × 0 × 0 = 0 0 0/0.1 = 0.0
DC 0.32 R L 0.75 0.075 0.75 × 0.75 = 0.5625 0.5625 × 0.32 = 0.18 0.18 0.18/0.9 = 0.200
DC 0.32 R R 0.75 0.25 0.75 × 0.25 = 0.1875 0.1875 × 0.32 = 0.06 0.06 0.06/0.9 = 0.067
DC 0.32 L L 0.25 0.75 0.25 × 0.75 = 0.1875 0.1875 × 0.32 = 0.06 0.06 0.06/0.1 = 0.6
DC 0.32 L R 0.25 0.25 0.25 × 0.25 = 0.0625 0.0625 × 0.32 = 0.02 0.02 0.02/0.1 = 0.2
CC 0.04 R L 0.5 0.5 0.5 × 0.5 = 0.25 0.25 × 0.04 = 0.01 0.01 0.01/0.09 = 0.011
CC 0.04 R R 0.5 0.5 0.5 × 0.5 = 0.25 0.25 × 0.04 = 0.01 0.01 0.01/0.09 = 0.011
CC 0.04 L L 0.5 0.5 0.5 × 0.5 = 0.25 0.25 × 0.04 = 0.01 0.01 0.01/0.1 = 0.1
CC 0.04 L R 0.5 0.5 0.5 × 0.5 = 0.25 0.25 × 0.04 = 0.01 0.01 0.01/0.1 = 0.1

Total - - - - - - 1 0.9 1 0.1 1

The remainder of Table 7 considers just right and just left-handers. Columns 9 and 10
are for right-handers, shown in green. Column 9 sums the appropriate values in column 8,
which come to 0.9, the proportion of right-handers. Column 10 gives p(G&Lg|RH), the
probability of each combination of genotype and language phenotype for right-handers.
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Right-language dominance is shown by rows with page green shading, which represent
0 + 0.067 + 0.011 = 0.078 of the right-handers, so 7.8% of right-handers are right-language
dominant. The equivalent values for left-handers, shown in red, are 0 + 0.2 + 0.1 = 0.30, so
that 30.0% of left-handers are right-language dominant. These are the values which it was
hoped that the model would explain.

Despite the large number of calculations, the model has successfully found that a small
proportion of right-handers are right-language dominant, and many more left-handers are
right-language dominant; nevertheless, a clear majority of left-handers are left-language
dominant. Language dominance was not originally built into the genetic model of handed-
ness (and in that way it differs fundamentally from Annett’s RS model [72–74]); instead,
the explanation of language dominance emerges merely from the general assumption that
language dominance could be explained by the DC model in the same way as is handed-
ness, by random allocation of modules to the hemispheres for the DC and CC genotypes.
That simple idea can be extended to greater numbers of modules, which will be done later.

The model in Table 7 is not strictly genetic, being only one-generational. The DC
model can readily be extended to predict the proportions of handedness and language
dominance in relation to parental handedness, as is shown in Table 8. As the number of
left-handed parents increases, so the proportion of right-language dominance increases,
although the effect is more dramatic in right-handers (from 6.0% to 25.7%) compared
with left-handers (from 28.9% to 40.0%). Most right-handers (shown in green) are not
right-language dominant, but having a sinistral parent affects that a lot, whereas many
left-handers (shown in red) are right-language dominant, and the marginal effect of having
a left-handed parent is then relatively small.

Table 8. Right-hemisphere language dominance in relation to handedness and parental handedness
in the monogenic DC model, p(L) = 0.10, P(C) = 0.2.

(1) (2) (3)

Parental Handedness
Percent Right-Language Dominance

Right-Handers Left-Handers

All 7.80% 30.00%

R × R 6.00% 28.90%

R × L 16.00% 31.20%

L × L 25.70% 40.00%

Language dominance can also be looked at in twins, where it becomes more com-
plicated, particularly if parental handedness is also included. For completeness, Table 9
summarises the results of the modelling.

Notes: Concordance of language dominance in MZ and DZ twin pairs, where both are
typical (L-L), both are atypical (R-R), or there is discordance in language dominance (L-R),
as a function of parental handedness, and twin handedness (R-R, R-L(discordant) and L-L).
Discordant pairs for language are shown in bold, and discordant pairs for handedness
in italics.

A major interest is in whether twin pairs show concordance or discordance for lan-
guage dominance. The model suggests that if twins are discordant for handedness then
they are also likely to be discordant for language dominance in about 40% of cases. That,
however, is not mirror-imaging but is a result of random processes in the genetic model.
Parental handedness has little effect except when both twins are right-handed, in which
case the proportion of language discordant pairs increases with the number of left-handed
parents. Discordance for language dominance, overall, as with handedness, is more likely
in DZ twins, although the effects are relatively small.
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Table 9. Concordance of language dominance in MZ and DZ twin pairs, in relation to twin handed-
ness and parental handedness, p(L) = 0.10, P(C) = 0.2.

(1) (2) (3) (4) (5) (6) (7) (8)

Handedness
Language Dominance in Language Dominance in

MZ Twin Pairs DZ Twin Pairs

Parents Twins L-L L-R R-R L-L L-R R-R

All All 83.00% 14.00% 3.00% 82.00% 16.00% 2.00%

All R-R 89.61% 8.74% 1.66% 87.34% 11.53% 1.13%

R-L 51.79% 39.29% 8.93% 59.09% 35.56% 5.34%

L-L 45.83% 41.67% 12.50% 46.13% 42.75% 11.13%

R × R R-R 92.02% 6.74% 1.24% 90.17% 9.04% 0.79%

R-L 52.83% 38.87% 8.30% 60.95% 34.40% 4.64%

L-L 47.83% 40.87% 11.30% 47.95% 41.87% 10.18%

R × L R-R 76.88% 19.33% 3.79% 72.16% 25.00% 2.84%

R-L 50.64% 39.74% 9.62% 56.63% 37.12% 6.25%

L-L 43.87% 42.45% 13.67% 44.73% 43.42% 11.84%

L × L R-R 64.30% 28.13% 7.57% 56.75% 36.49% 6.76%

R-L 40.62% 43.75% 15.62% 44.06% 44.81% 11.12%

L-L 32.81% 46.88% 20.31% 35.20% 40.03% 16.78%

More complex models could be formulated in which individual modules have different
probabilities of being atypical, or in which there is some non-zero association within
genotypes between A and B being on the left. The problem of such theoretical gambits is
that more and more free parameters are introduced, so that almost any data can eventually
be fitted, and the model loses its theoretical elegance. The assumption of Occam’s Razor, of
keeping models as simple as possible, would be lost. Here, the model has been kept simple
for explanatory purposes, but later in the paper the need for more complicated models will
be considered.

14. Sex Differences in Handedness and Functional Lateralisation

The original DC model did not model sex differences in handedness. Although many
twentieth century studies measured handedness in males and females, results were variable,
with no systematic analyses, and the influential 1980 narrative review of McGlone [162,163]
merely noted studies both with and without sex differences in handedness prevalence. A
meta-analysis of 100 populations from 88 studies was carried out in 1991 with Beatrice
Seddon, but only published decades later [164], although the key result was published in
1991 [165]. Overall, there were about five left-handed males for every four left-handed
females, meaning that samples of 5000+ were needed for adequately powered comparisons,
accounting for some of the confusion in the literature. A larger meta-analysis in 2008
confirmed the existence of sex differences in handedness [166], with an effect size similar
to that reported in 1991 [164]. Less successful has been an attempt to suggest that sex
differences arise solely because of an X-linked recessive gene [167], which would predict a
difference far too large to be compatible with the data [168].

The original versions of neither the Annett nor the McManus genetic models consid-
ered sex differences [10], but in 1985, Annett [73] did propose that the right-shift in her
model was greater in males than in females (and also in singletons than twins). The DC
model had not included sex differences (although it was said that, in principle, some pa-
rameters could differ between the sexes, perhaps in heterozygotes [20]). A 1992 review with
Phil Bryden [10] looked at data from 64,582 offspring in 25 datasets where both parental
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and offspring sex were known. As well as a clear excess of male left-handers, there was also
a maternal effect, R × L families (right-handed father × left-handed mother) having more
left-handed offspring than L × R families (left-handed father × right-handed mother), with
a highly significant odds ratio (OR) of 1.387 (SE 0.057). On that basis we speculated that
there may be a sex-linked recessive modifier gene, m, on the X chromosome, which resulted
in a maternal effect of about the correct size [10,165]. Although interesting as a model,
further investigation then went into abeyance because of a key criticism from a colleague
that the maternal effect could merely be the result of some non-paternity in L × R families.
Only in a recent reanalysis by Schmitz et al., of data from the Avon Longitudinal Study
of Parents and Children (ALSPAC), have full parental genetic data allowed confirmation
of paternity and maternity [169]. The full study, without confirmation of paternity, had
5028 offspring and showed a maternal effect (OR 1.292, SE 0.171), which, although not
significant, was compatible with the OR in the McManus and Bryden study. Full parental
genetic data were only available for 1161 offspring, and those data also showed a maternal
effect (OR 1.208, SE 0.369) which, although not significantly different from one, is also not
significantly different from the OR of 1.387 in the McManus and Bryden result. Although
larger and more powerful studies with confirmed paternity are required, taken overall, the
results suggests that the maternal effect is probably real and not due to non-paternity, and
that exploration and modelling of the maternal effect should recommence.

Sex differences in functional cerebral lateralisations are far less clear, despite the
much-cited but very misleading 1995 claim by Shaywitz et al. of large sex differences in
cerebral lateralisation [170]. A 2009 meta-analysis of language lateralisation, assessed with
dichotic listening or with functional imaging, found no evidence for sex differences [171].
If indeed there are sex differences in handedness but not in functional lateralisation, then
that raises many difficult theoretical questions, since most approaches, including the
DC model, implicitly presume that the underlying genetics of handedness and cerebral
lateralisation will be similar in their architecture [166]. However, if effect sizes are similar
to those for handedness, then current sample sizes for language lateralization may be
underpowered for detecting effects. The idea that cognitive sex differences in general relate
to hemispheric asymmetry originated with the work of Jerre Levy in the 1970s [172,173]. A
review of research in the four decades since then concluded, from converging evidence, that
“the stronger [functional] hemispheric asymmetry in males is very small but robust” [my
emphasis] [174], with effect sizes of the order of d = 0.01, which requires large sample sizes
to be reliably detected. That will be problematic at the present in relation to understanding
cerebral polymorphisms.

15. Qualitative Fits, and Levels of Analysis of Lateralisation

The argument used here, that the monogenic DC model is adequate in qualitative terms,
needs unpacking a little. A starting point is the visionary work by David Marr, rightly
called Vision, which thought deeply about how to theorise how brains might work, in
his case for vision science, but more generally for all aspects of biological science [175].
Vision created the area now known as computational neuroscience [176]. Although major
advances in vision research occurred during the 1960s and 1970s, particularly in single-cell
recording, as a result of the work of Hubel and Wiesel and others, Marr realised that
something deep was missing, and that merely knowing firing rates of neurones in the
occipital lobe when presented with visual stimuli would not result in an understanding
of how vision worked as a process. Marr therefore distinguished three very separate levels
of analysis, which in the context of vision he called the computational, the representational
and the hardware implementation. Those terms are not necessarily appropriate in other areas
of biology, as he recognised when he talks about the problems of understanding the flight
of birds:

“trying to understand perception by studying only neurons is like trying to
understand bird flight by studying only feathers. It just cannot be done. In
order to understand bird flight, we have to understand aerodynamics; only
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then do the structure of feathers and the different shapes of birds’ wings make
sense [175] (p. 27)”.

To bring the quote forward to the 21st century, understanding the process of flight
also probably cannot be done by looking for genes for feathers, although the evolution of
feathers is undoubtedly fascinating [177].

For lateralisation, Marr’s levels can be regarded as:

• Why? The biology and evolutionary benefits of asymmetry (the problems being solved by
having lateralised, asymmetric bodies and brains);

• How? The implementation of biological asymmetries (what are the rules underlying
organisms becoming asymmetric, and the variations in that asymmetry?);

• What? The hardware for creating biological asymmetries (cilia, sub-cellular asymmetries,
etc., and their genetics).

The present review will consider all three of these levels, but the DC model at the
heart of the paper is mainly at the implementational level—it does not and perhaps cannot
yet be related to actual genes, but instead it provides a general approach to thinking
about how the biology of asymmetry may be implemented in brains and bodies. It does
not need to be exactly correct, therefore, but it needs to fit with what Marr would have
called the computational or the algorithmic task—implementing asymmetry in a workable
form in the brain. It does not therefore matter for immediate purposes if the DC model
is correct in its details, but the DC model does need to be correct in its broad approach
and conceptualisation. That biology can almost inevitably provide hardware solutions to
problems is effectively a given nowadays. However, what the evolutionary and functional
problems are that the hardware is solving is a bigger set of questions to be answered.

16. The Nature of Lateralisation

The previous section has shown that the monogenic DC model is at least plausible as
a model, with the DD genotype producing directional lateralisation and the CC genotype
producing fluctuating asymmetry. A minimum of free parameters and assumptions pro-
duces what are reasonable ballpark estimates of rates of left-handedness and right-language
lateralisation in relation to familial handedness and twinning.

At this point it therefore makes sense to explore the deeper nature of fluctuating
and directional asymmetry, and how they are described and measured. The biological
background is also important for understanding lateralisations, with the genetics of primary
ciliary dyskinesia (PCD) providing a well-understood model of the biology of lateralisation
in the viscera, which may also provide a model for cerebral lateralisation. PCD will provide
a basis for modelling lateralisation using a polygenic rather than a monogenic model, and
then for modelling more complex cerebral polymorphisms.

17. Theorising about Lateralisation, Symmetry-Breaking and Phase Transitions

Lateralisation is different from many other behavioural measures as it is a phase
transition. Most measures in psychology and cognitive neuroscience, such as extraversion,
intelligence, brain volumes, or fMRI blood flow, are continuous, with more simply meaning
more. Lateralisation, however, shows a phase transition, with different properties arising
around a key point on the scale, zero, where right and left balance exactly, with zero being a
boundary between a phase in which right is greater than left and one in which left is greater
than right. Consequently, one needs to talk not simply of ‘amount of lateralisation’ but of
direction of lateralisation and degree of lateralisation, which can change how one describes and
theorises about asymmetries.

Phase transitions are well-shown in terms of the everyday properties of water, H2O,
where there are three phases, ice, liquid water, and steam. At 0 ◦C, ice melts, and at 100 ◦C,
water boils and becomes steam. The 0 and the 100 are arbitrary, the Celsius temperature
scale having been defined that way (and on the Fahrenheit (Kelvin) scales the melting and
boiling points are 32 ◦F (273.15 ◦K), and 212 ◦F (373.15 ◦K), respectively). At 0 ◦C, water
changes its state from a solid to a liquid, a phase transition. Changing from ice to liquid water
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is symmetry-breaking, the symmetry of the frozen ice crystals being lost, which requires
energy. A further symmetry-breaking occurs at 100 ◦C, when liquid water vaporises to
become steam, which requires additional energy. Although the difference between water at
−1 ◦C and +1 ◦C is only two degrees on the Celsius scale, that change of 2 ◦C is different
qualitatively to, say, the very same temperature difference of 2 ◦C between water at −12 ◦C
and −10 ◦C, both of which are water that can be skated on, and water at 10 ◦C and 12 ◦C,
both of which are water that can be swum in. A major state transition occurs across the
phase boundary at 0 ◦C (32 ◦F; 273.15 ◦K), and merely knowing that water has changed
its temperature by 2 ◦C has a very different meaning according to where it occurs on the
temperature scale. The same applies to changes in laterality coefficients.

Behavioural and functional asymmetries behave similarly, with major shifts at the
phase boundary between them. Unlike with water, where the phase transition and change
of symmetry is defined by the physics, the symmetry and the phase change between left
and right is intrinsically defined as a transition between symmetry and asymmetry. The
transition of asymmetry, left > right, left = right, left < right, moves from a lack of symmetry
to an intrinsically defined symmetry, and back to asymmetry once more, with left = right
often being intrinsically unstable. Moving along the scale therefore involves gains and
losses of symmetry.

18. How Left and Right Become Differentiated

In a left–right system, phase transitions occur as a system swings from left to right.
To see how that happens, consider why traffic on roads drives on one side rather than
the other.

For very low traffic density, it matters little on which side of the road a car drives, but
as the number of cars increases it becomes both more efficient and safer for cars to drive on
one particular side of the road. Although most countries drive either on the right or the
left, there are actually three stable equilibria for driving, everyone on the right, everyone on
the left, or drive on either side at random [178]. All are stable in that it is difficult for an
individual driver to alter the overall pattern, change mostly having to be introduced by
governmental fiat. Driving on either side at random may be stable, but it is also slower
and more dangerous, and therefore legislated against. Shifting between any of the three
equilibria requires energy of some form in order to make the process occur.

Most countries enforce by law a ‘rule of the road’, which for continental Europe is
the right, but has not always been so [179,180]. The rule of the road also determines other
structural features, roundabouts being anti-clockwise, over-taking occurring on the left,
traffic lights and road signs being beside right-hand lanes, etc. Altering the rule of the
road is a non-trivial structural transition as much infra-structure has to be changed, and
in Europe last occurred in Sweden, in 1967, where, after months of planning, driving was
switched from the left to the right. A reason for Sweden changing its rule of the road was
that neighbouring countries drove on the right, making interactions at borders complicated,
although island populations tend to be isolated from such problems[179]. Individual
asymmetries can sometimes therefore interact with other asymmetries.

Switching from right to left is more than merely flipping a single switch to alter just
one parameter from positive to negative but involves changes in a set of correlated systems.
Biologically, that can be seen in situs inversus totalis, where the most obvious differences
is that the heart is on the right-hand side of the chest, rather than the usual left-hand
side [9], but there are also multiple reversals in almost all organ systems of the body. When
visceral situs is not complete (situs ambiguous) then a host of cardiovascular, respiratory
and gastroenterological problems can result.

19. Symmetry, Symmetry-Breaking, Bifurcations and Canalisation

Symmetry, and hence also asymmetry, is a fundamental concept across mathematics
and the sciences [181]. Symmetric systems can become ‘broken’ when disturbances of some
sort impose an asymmetry. Stand a narrow wooden plank on edge on a table and from
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above it shows bilateral symmetry. However, the smallest breath of air or tiniest vibration
of the table can make the plank fall to one side or the other, and the bilateral symmetry is
lost. If the disturbance is random, then the plank is equally likely to fall to the right or left
and therefore a set of such events will itself show a symmetry, half the time falling to the
right and half to the left, resulting in fluctuating asymmetry (and it is an asymmetry as the
individual cases are themselves asymmetric despite the overall symmetry of the set). If the
current of air comes from a particular direction, then the plank is more likely to fall, say, to
the right, and the set of events shows more right falls than left falls, resulting in a directional
asymmetry. The initial symmetry has been broken, and the individual outcomes are then
asymmetric (and individually can only go to left or right), but sets of events can sometimes
retain some form of symmetry, so that for fluctuating asymmetry the plank falls equally to
right or left.

A well-known representation of symmetry breaking in biology is Waddington’s model
of the epigenetic landscape (Figure 1a) [67,182], symmetry being retained in the system as
the ball rolls down the landscape until, at the first bifurcation point, the slightest random
deviation will make it go either to the right or the left, with symmetry broken at the
bifurcation point, and so the system becomes canalized. This mechanism has, for many
years, been seen as relevant to lateralisation [71]. Particularly relevant to lateralisation is
Ferrell’s analysis of canalization occurring due to lateral inhibition which occurs at a pitchfork
bifurcation (strictly a supercritical pitchfork bifurcation) [183,184]. A physical example of
a pitchfork bifurcation is a slender wooden ruler, fixed at its lower end and a downward
pressure exerted at the top end. As the pressure increases the ruler starts to bow either to
the right or the left, the greater compression on one side and the stretching of the other
side reinforcing the deviation from vertical. The situation is equivalent to two groups of
cells, which, for present purposes, can be to the right or the left of the organism, with each
cell group inhibiting the other, the end result being that one group of cells dominates and
the other disappears (Figure 1b). Even if the system starts out as perfectly symmetric, the
tiniest of random fluctuations eventually means that either the right or the left side will
dominate, resulting in fluctuating asymmetry, half of cases having only the right side and
half having only the left side. If the inhibition from one side, say the right, is systematically
greater than that from the left, the right side will always predominate and the left disappear
(Figure 1c). The world contains symmetries of many sorts which can be broken in many
ways, resulting in phase transitions in complex systems [185], often through processes
that are catastrophic in the mathematical sense [186]. For theorising about lateralisation in
bilaterally symmetric systems, the pitchfork bifurcation is, though, probably sufficient.

Canalisation therefore results either in fluctuating asymmetry (with a 50:50 mixture of
right and left), complete directional asymmetry (with all cases in one direction, be it right
or left), or in some cases, partial directional asymmetry (with a P%: (100−P%) mixture).
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Figure 1. (a) Waddington’s 1957 epigenetic landscape [67]; (b) Canalisation, whereby right and
left inhibit each other equally so that there is a 50:50 chance of one side entirely dominating the
other; (c) Directional asymmetry, where if one side is larger than the other then it always dominates.
Figure 1a is slightly redrawn from doi:10.1371/journal.pbio.0050113.g001 (accessed 15 February 2022)
to which the Creative Commons Attribution (CC BY) license applies.

20. Describing and Analysing Behavioural Lateralisation

The DC model has looked mainly at handedness, but also at language lateralisation,
and the measurement of each requires further analysis.

20.1. Describing Handedness

Handedness typically involves a 90:10 mixture of right and left handers. Handedness
can be regarded either as difference in hand preference (one hand is preferred to the other
for whatever reason), or differences in hand skill. Generally, people prefer to use the hand
with which they are most skilled, and so the measures are concordant, although that is not
always the case [187,188]. Hand skill and hand preference can be seen well in a measure
of motor fluency, the tapping task of Tapley and Bryden (T&B), in which participants ‘tap’
with a pen or pencil on a pre-printed sheet with rows of circles, and on each trial using the
right or the left hand to dot as many circles as possible in 20 s—see Figure 2a [189]. The
raw data from the T&B study have recently been re-analysed [190].
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Figure 2. (a) Tapley and Bryden’s 1985 tapping task; (b) recalculated laterality index for the Tapley
and Bryden task; (c) performance on the Tapley and Bryden task of the right hand (horizontal) and
left hand (vertical), for self-declared right-handers (open points) and left-handers (solid points). Note
that the quality of (a) is low as it is scanned from an old hard copy of low resolution.

Lateralisation data are often summarised using laterality indices (LIs) which provide
a standardised score, such as 100 × (R − L)/(R + L), where R and L for the tapping task
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are the number of circles dotted with the right and the left hand. Since for most people
the right hand is more proficient, the majority of people have a positive score, with left-
handers having a negative score. Figure 2b shows the laterality indices for 1556 participants
taking the Tapley and Bryden task, 10.3% of whom self-reported as left-handed. There
is a clearly bimodal distribution with the right-handers as the larger distribution and the
left-handers the minor distribution, representing about 10% of the participants. Note that
the two distributions are separated by the dashed line at exactly zero, which is symmetry.
Although it might be tempting to describe these individuals as ‘ambidextrous’, that can be
problematic, not least as with further testing left–right differences almost always emerge.

The metrics for laterality indices can be either speed (velocity) measures, i.e., time per
item, or can be quantity (distance) measures, i.e., items per time interval. In the T&B data, a
typical right-hander taps a total of about 100 circles in the two 20 s tests (total time = 40 secs),
which is about 2.5 circles per second or 400 mS per circle (see Figure 2c). One metric is the
reciprocal of the other, and they are interpreted in opposite directions, better performance
corresponding to more items carried out but to less time to process a single item. That
difference can be important in modelling scores.

Laterality indices for speeded measures such as the Annett pegboard task [191] are
often calculated as 100 × (R − L)/(R + L), known as PegQ [192], the reversal of L and R
meaning that right-handedness is still associated with positive scores. When different
laterality measures are being compared then all scores should be in the same direction,
as in a study using tapping speeds (circles/sec), writing speed (letters/sec), and writing
quality (quality units/sec) where positive scores all indicated better performance [193].

In measurement terms, laterality indices such as 100 × (R − L)/(R + L) are dimension-
less, being on a pure numerical scale. Sometimes other measures are used, such as 100 ·

(R/L), which is also dimensionless, but it is also possible to use a simple difference score,
100 × (R − L), which is not dimensionless but has units of speed or quantity.

The justification for using indices such as 100 × (R − L)/R + L) is, as Tapley and Bryden
put it, “because of a feeling that the difference between 100 and 98 circles filled represented
performance similar to that seen in a performance of 200 and 196, rather than 200 and
198.” [189] (p. 216). That feeling does indeed seem intuitively sensible, but if one wants
an index which is independent of total score, R + L, then the much simpler R − L may
actually be better [190], the reason being that R + L and (R − L)/(R + L) are not independent
measures but are necessarily correlated. Laterality indices can sometimes confuse rather
than clarify.

Laterality indices have an inherent problem in that they lose information about overall
performance, and that becomes apparent when considering bilateral functions. Figure 2c
shows the same data as Figure 2b but with the separate raw scores plotted for the right
and left hand of each participant, and self-reported handedness is also indicated (#: right-
handers; •: left-handers). Self-reported left- and right-handers show a very clear separation,
with two almost entirely separate distributions, and it is also now apparent that partici-
pants differ in their overall level of performance, some being faster with each hand than
other participants.

20.2. Reliability

Bimodal scores such as laterality indices have two different types of reliability, which
essentially are within mode and between mode, and can be assessed for the T&B task
because participants carried out the task twice with each hand. In simple terms, the
reliability of direction of lateralisation asks whether an individual has the same direction of
lateralisation on two separate occasions (i.e., if sign[LI] is positive or negative), and is hence
referenced against the absolute score of zero. For the T&B task, the reliability of direction of
lateralisation is 0.965, almost no-one being right-handed on one occasion and left-handed
on another. The reliability of degree of lateralisation looks at the similarity of the degree of
lateralisation, measured as the distance of a participant from zero (i.e., abs[LI]), irrespective
of direction of lateralisation. For the T&B task, this reliability of 0.711 is much lower than for
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direction of lateralisation, suggesting that degree of lateralisation is a less robust measure
than is direction of lateralisation. Studies often calculate reliability based on the correlation
of the raw laterality index (i.e., LI) across occasions. For the T&B task, this gives a reliability
of 0.908, which is still impressive, but inevitably is mainly dominated by direction rather
than degree of lateralisation, as most of the variance is between modes rather than within.
It can be very misleading particularly if differences in degree of lateralisation are of interest,
as the raw reliability of LI can still be high, due to a high reliability of sign(LI), even if abs(LI)
has a reliability of zero.

20.3. Measurement Error

Measurement error must be considered when interpreting measures of lateralisation.
Although measures such as the Annett pegboard typically result in a bell-shaped dis-
tribution [192], much of that distribution reflects a substantial amount of measurement
error, rather than any normally distributed latent underlying distribution, as predicted by
Annett’s RS theory [73].

The simulation in Figure 3 shows what happens as measurement error increases.
Figure 3a starts with two distinct categories of individuals, R and L, with 80% R and 20%
L (to make the effects easier to see). As each category is measured with greater error
(Figure 3b,c), so the two categories spread, although continuing to be a bimodal mixture
distribution. As the variance increases, so eventually each distribution substantially crosses
the zero line (Figure 3d), and there is only a single mode visible, the presence of two groups
only being indicated by the skewness.

Although distributions for pegboard and other motor tasks may look bell-shaped,
in practice the two underlying distributions can be separated and they can prove to be
mixtures [194]. Laterality indices for tasks such as pegboards are typically unimodal
because of having a relatively small number of trials, only ten or so pegs being moved, each
having quite a lot of measurement error, particularly due to occasional ‘stumbles’, and the
laterality index therefore depending on the difference between two unreliable measures.
In contrast, the Tapley and Bryden tasks involves a hundred or more taps, reducing the
proportion of measurement error and separating the distributions.

Figure 3 shows that it can become increasingly difficult to classify individuals cat-
egorically as R or L, some actual Rs having negative scores and some actual Ls having
positive scores. Within the population there will be more true R cases manifesting as L than
true Ls manifesting as R, so that a simple dividing line at zero can give the misleading
appearance of more left-handers than is truly the case (and that effect might explain studies
using bone asymmetry data to suggest that medieval populations had higher rates of
left-handedness than modern populations [195]). The problem is formally similar to Satz’s
description, in 1972, when modelling pathological left-handedness, which is more frequent
than pathological right-handedness [196].

20.4. The Statistics of Lateralisation

Statistical analysis of data such as those shown in Figure 3 is difficult. For Figure 3a,
one would normally use a measure such as the chi-square statistic or logistic regression,
which compares proportions of the two categories in various groups. One could do the
same for Figure 3b, dividing the distribution at zero, but one could then also separately
analyse just the right-handers (blue) or the left-handers (red), comparing means across
groups using ANOVA or other statistics. The overlapping distributions in Figure 3c,d are,
however, more complicated and cannot be analysed properly using conventional statistics,
and special methods are needed for mixture distributions [197–200].
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Figure 3. Example of how measurement error affects two discrete distributions, one positive, major
distribution (blue) and the other negative, minor distribution (red), equivalent to right and left
handers. Means of the distributions are +1 and −1, and the thin vertical line is at zero. The standard
deviations increase, due to increasing amounts of measurement error being added, so that what
starts in (a) as two almost categorical variables (SDs = 0.1), becomes in (b) two entirely separate
normal distributions (SD = 0.3), in (c) a distribution that is still bimodal but with substantial overlap
between the distributions (SD = 0.6), and finally, in (d) a single, unimodal distribution where the
minor distribution is entirely absorbed into the tail of the major distribution (SD = 1).

Figure 4a shows a simulated set of typical data from a small lateralisation study in
which 20 right-handers (•) and 20 left-handers (#) are tested on some measure for which a
laterality index is calculated [197]. The vertical line indicates zero on the score, and it seems
that there are more left-handers than right-handers with negative scores. A conventional
statistical analysis would calculate the mean and standard deviation within each of the
two groups and use a t-test to compare the means (Figure 3b), but the difference in means
is not quite significant (p = 0.063), although there is a significant difference in variances
(p = 0.027). The usual interpretation would then be that left-handers are more variable
than right-handers. In fact, the simulated data were drawn from two mixture distributions
shown in Figure 4c, the means for each mode being symmetric around zero, and standard
deviations for each mode being identical in right- and left-handers. The only difference
by handedness is that the left-handers show more cases in the minor distribution than
do the right-handers. Without going into the details, the symmetric bimodal model with
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different proportions (Figure 4c) fits the data very much better than the ANOVA model
shown in Figure 4b) (p < 0.001), with the proportion in the minor distribution being higher
for left-handers than right-handers (p = 0.048) [195]. The full analysis shows that the right-
and left-handers therefore differ only in direction of lateralisation and not in degree of
lateralisation [197]. Similar calculations can be done using modern software. However,
one has to be careful with typical packages in R such as flexmix, etc., as although they fit
multiple normal distributions it is not usually possible to constrain the two distributions in
data, as in Figure 4c, so that the parameters are mirror-images. That can, however, be done
in R using OpenMx [201,202].

π π π − π − π − π

Figure 4. Example of problems of interpreting laterality scores [197]: (a) scores of 20 right-handers
(solid points) and 20 left-handers (open points); (b) fitted normal distributions for right- and left-
handers showing different means (vertical lines) and greater variance in left-handers; (c) the sym-
metric bimodal distributions from which the data were actually taken, with bimodal distributions,
identical means and SDs for the major and minor distributions in right and left handers, and differing
only in the proportions of left-handers in the minor distribution.
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The approach shown in Figure 4 can be extended using maximum-likelihood methods
to a range of other designs, both of within- and between-group differences in means
and variances, and the assessment of within- and between-group reliability [197]. Power
calculations are also available [203].

A more complicated example is shown in Figure 5a with a bivariate mixture distri-
bution for two measures, A and B, which could be different tasks. The top right quadrant
shows individuals who have positive scores on A and B, the lower left quadrant shows
individuals with negative scores on A and B, and the other two quadrants shows individu-
als who are negative for one score and positive for the other. The quadrants correspond to
directions of lateralisation, with the proportions in the quadrants given in terms of πA, πB,
πAB and 1 − πA − πB − πAB. Within each quadrant is a bivariate normal distribution with a
degree of lateralisation described in terms of mean scores for A and B (µA and µB), standard
deviations (σA and σB), and the correlation of A and B (ρ). The challenge in modelling
terms is to estimate all the various parameters, which is possible [197], while simplifying
where necessary by fixing parameters to be equal where there is no evidence to the contrary.
In the study itself, Figure 5b, A and B were data from a 1980 study by Gordon [204], who
administered a dichotic listening test in English and in Hebrew. The statistical analysis
found individuals who had opposite lateralisation in the two languages, shown in the up-
per left and lower right quadrants. Whether such a pattern occurs elsewhere might perhaps
become apparent in the meta-analysis of neural activity in L1 and L2 in bilinguals [205].

20.5. Tetrachoric Correlations

Often, it is the case that all one knows about the relationship between two lateralities
is the proportions to right and left of the zero line which distinguishes right and left. An
example might be fMRI measures of functional lateralisations, as shown in the examples of
cerebral polymorphisms in the introduction to this paper. Although conventional, Pearson,
correlations can be used, but they are not good with binary variables (and hence the emer-
gence of spurious ‘difficulty factors’ in factor analyses of item-correct scores in educational
testing [206]), so that tetrachoric correlations are undoubtedly preferred. Essentially these
consider what the correlation of an underlying bivariate normal distribution would have to
be if the distribution were sliced horizontally and vertically to give four categories, cate-
gories in the case of laterality, which are sliced at zero, the phase boundary. The calculations
are readily available in R packages such as psych or polycor [207]. For the data in Figure 5b,
the estimated proportions in the four quadrants are 0.6818, 0.0328, 0.0389 and 0.2465. The
tetrachoric correlation is 0.965, compared with a Pearson correlation for the same values of
0.822. For the raw data, which include the within-group randomness visible in Figure 6b,
r = 0.78. The tetrachoric correlation is probably the best descriptor here, with an estimate of
about 7% of participants having English and Hebrew in different hemispheres, at least in
terms of the dichotic listening results.
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Figure 5. (a) (Upper) symmetric bimodal model for two separate tasks, A and B, with bimodal
distributions for A and for B, with separate correlations of A and B within each quadrant, and
separate proportions in the four quadrants; (b) (lower) model fitted to 1980 data of Gordon for
dichotic listening tests carried out in Hebrew and English.
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Figure 6. Associations of atypical lateralisation for the six modules described by Karlsson in 2020:
(a) tetrachoric correlations with significant correlations p < 0.05 shown in bold; (b) the inter-relations
shown diagrammatically, with red for the typically left-hemisphere function, green for the typically
right-hemisphere functions, and blue for handedness.

20.6. Laterality Coefficients for Assessment of Language Lateralisation

Assessing language lateralisation in modern studies is mostly carried out using fMRI,
fTCD, or, in patient populations, the Wada technique. Lateralisation can also be inferred
from rates of aphasia after cerebral lesions [6]. fMRI laterality indices have used various
approaches, reflecting differences in threshold and the number and particular voxels
included [208], with LI-tool being a popular method [209]. In one study using whole
hemispheres, the majority of participants showed left-hemisphere dominance (67/82;
81.7%), with a higher rate of left-hemisphere dominance amongst right-handers than left-
handers [210]. fTCD methods have mostly used the approach of Deppe and colleagues [211],
but recent work has raised the question of whether searching for the peak blood flow
difference artificially creates distributions that are more bimodal, resulting in a ‘notch’ at
zero, so that it is better to use mean blood flow difference [212] (see https://osf.io/tfyk3/
accessed on 3 November 2021). Wada results have been interpreted in terms of the WLI,
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Wada Laterality Index, although there are several versions of the index [213]. A potential
problem of all methods of calculating laterality indices, be it from fMRI, fTCD or Wada tests,
is that they inevitably lose information on activity in the two separate hemispheres, so that
while they provide information equivalent to those shown for motor skill in the present
Figure 2b, almost no studies show plots equivalent to Figure 2c. An important exception
is the study of Wegrzyn et al. [214], who plot L − R against L + R, their Figures 8 and 9
being equivalent to Figure 2c rotated 45 degrees. Unlike Figure 2c there is though no clear
divide between the various groups. The authors conclude that “none of the approaches
presented here showed a satisfying sensitivity regarding the detection of bilateral cases . . .
[which] might reflect that many instances of bilaterality cannot be well-expressed with a
simple LI”, and they particularly mention “crossed lateralisations with left-sided activity in
Broca’s area and right-sided activity in Wernicke’s area [current reference [215]] might by
definition be unsuitable to be represented by a simple score . . . ” (p. 14).

21. The Biological Background: Primary Ciliary Dyskinesia (PCD) as a
Model Condition

Right- and left-handedness may be the most immediately visible signs of lateralisation
in humans, but within biology there are numerous other examples [179,216,217] with one
of the most encyclopaedic collections still being the 1932 book by Ludwig [119]. Many
biological asymmetries are often curiosities, intriguing in many ways, but not opening
up a clear route to a deeper biological understanding. The major exception to that is the
asymmetry of the heart, which in vertebrates is to the left of the body, and is associated with
other asymmetries such as of the lungs, stomach, spleen, liver, appendix and colon, as well
as a host of associated minor asymmetries of the skeleton, etc. In about 1 in 10,000 people,
though, and also in many animals, the situation is reversed in the condition of situs inversus
totalis, in which the heart is on the right, and most other organs are reversed, making a near
mirror-image of the typical condition.

Understanding situs inversus has been a major success for biomedical research in the
last twenty-five years, and the condition of primary ciliary dyskinesia provides a clear
conceptual and biological model for the genetics of handedness, and therefore will be
described in detail here.

Individual cases of situs inversus have been known since antiquity, and considered
scientifically since the early nineteenth century [218]. Sporadic cases, with no other symp-
toms, mostly seem to have a normal life-span and no obvious pathologies. The preva-
lence was estimated in the 1950s using images taken during mass population chest X-ray
screening for tuberculosis, the occasional reversal being readily spotted in the millions of
diagnostic images [219].

In 1904, A.K. Siewert, a physician in Kyiv, now in Ukraine, described an unusual
syndrome in a patient with bronchiectasis and chronic sinusitis who showed situs inver-
sus [220]. In 1933, the condition was described again, became known as Kartagener’s
syndrome [221], and in addition partial cases without situs inversus were also described.

Two important breakthroughs occurred in 1976. Almost exactly 300 years after van
Leeuwenhoek first saw cilia beating under his primitive microscopes, Afzelius showed
that patients with Kartagener’s syndrome had defective cilia [125], their cilia missing
the internal dynein arms so that they could not beat, and therefore patients were unable
to remove detritus from their lungs and sinuses using the muco-ciliary escalator [222].
The background to the discovery has been described elsewhere [223,224]. Subsequently
renamed ‘immotile cilia syndrome’, the syndrome is now known as primary ciliary dyski-
nesia, although the name is slightly confusing, with ‘primary’ referring to the disease not
being secondary to smoking or other conditions, rather than to the ‘primary cilia’ in the
nervous system which mainly have a sensory role [225]. The other major breakthrough
in 1976 was Layton’s exploration of a recessive gene, previously hinted at in two earlier
studies and named the v and then the iv gene [226,227], in which 50% of mice showed
situs inversus [124]. The title of Layton’s paper emphasised that the 50% rate of situs
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inversus in iv mice was not due to partial penetrance, as originally suggested, but was
the result of “random determination of a developmental process”. A key experiment in
Layton’s study used an inbred strain of mice, all of which were iv homozygotes, and Layton
crossed all possible combinations of situs inversus and situs solitus. Each combination
had 50% of offspring with situs inversus, implying that there was no selectable variance
remaining [124]. As Afzelius later put it, this was “the inheritance of randomness” [228]. It
is exactly analogous in the DC model to the mating of two homozygous CC parents.

22. The Inheritance of Randomness

Unpicking the mechanism of inherited randomness took a long while. Much hard
searching of the iv mouse genome eventually found that the mutation was, as Afzelius had
suspected, in a dynein, a molecular motor, although how that then determined situs was
still unclear [229]. On another front, developmental biologists had been looking hard at
the very early events in embryogenesis that make the heart become asymmetric, with it
being found that in the chick the side of the chick heart could be experimentally altered by
applying the signalling molecules activin and sonic hedgehog to the very early, and visually
entirely symmetric, embryo [230]. A key part of the jigsaw fell into place in 1998 with
the remarkably surprising discovery that cilia in the nodal region of the early mouse
embryo were motile, rotating anti-clockwise, the motion creating a fluid flow which pushed
signalling molecules such as activin to be concentrated on the left side of the embryo [231].
To clinch the mechanism, the process could be reversed by experimentally pushing fluid
in the other direction, resulting in embryos with situs inversus [232]. Rotation of the cilia
was the symmetry-breaking event which usually put the heart on the left side (directional
asymmetry), with immotile cilia resulting in random symmetry-breaking (fluctuating
asymmetry) [233]. As to why the cilia always rotate anti-clockwise, that is almost certainly
due to the fact that they, like almost all proteins, are built from L-amino acids (rather
than the biologically rare D-amino acids), and, hence, the cilia rotate in one particular
direction [179]. The implication is that if cilia could be built from D-amino acids and
L-sugars, then they would rotate in the opposite direction.

Enticing though cilia are as the fons et origo of asymmetries of situs, there remain
difficult things still to be explained, not least that left–right body patterning in a range of
asymmetries does not seem to be related to cilia, and cilia do not seem to be important in
some species such as chicks. Since cilial proteins are very widespread intracellularly, it is
possible that sub-cellular polarity can result in asymmetry and can also co-associate with
cilial action [234]. Clearly, there are still many questions to be answered on the origins of
situs and asymmetries, and the field remains buoyant and exciting [235].

22.1. The Inheritance of PCD

The molecular genetic basis of PCD had been sought since Afzelius’s discovery of im-
motile cilia, with a locus eventually being identified in 2000 on chromosome 19q, although
apparently with different genes in five separate families [236]. Since then, there has been
much progress in understanding the biology of the cilium, an essential and omnipresent
piece of molecular machinery throughout the biological world, using the cilium of the
protozoon Paramecium as a model organism [237]. The complex molecular machinery of the
cilium has at least 600 proteins [238], which undoubtedly are generated and influenced by
many more genes, with cilia liable to dysfunction as a result of a host of possible mutations,
many of which could also cause the growing number of diseases and conditions now
recognised as ciliopathies [239,240]. Nearly 50 separate genes have now been found that
cause PCD [241], acting mostly but not entirely on the dynein molecules at the centre of the
9 + 2 structure, and, as a result, diagnosis is being revolutionised [242].

PCD is a fascinating condition in many ways, and is a tribute to modern molecu-
lar medicine, and one in which I have had an interest. The relatively large numbers of
patients with PCD make it possible to study the relationship of situs inversus and hand-
edness [243], but also to study other aspects of the psychology of being a patient with
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the condition [244–246]. However, that is not why this paper has such a long account of
PCD, but rather it is because PCD represents a very close biological parallel to the DC model
of lateralisation.

22.2. The Genetic Architecture of PCD

Although PCD is polygenic, its architecture is subtly different to many other polygenic
conditions, and in some ways the architecture is more similar to the monogenic inborn
errors of metabolism. The error is not in a single enzyme but rather in a single organelle,
the cilium. There is a partial parallel to the myriad defects resulting from errors within
another cellular organelle, the mitochondrion (although mitochondrial DNA is, of course,
inherited entirely maternally) [247]. To work properly, a cilium needs all of its proteins to
be assembled correctly, and failure of any one can results in partial or total inactivity of
the cilium. The proteins can be considered conceptually as ‘wired in series’, any problem
anywhere preventing the entire chain from functioning.

The classical genetics of PCD in many ways looks like a monogenic disorder. Within
families, the condition acts as a monogenic autosomal recessive, in most cases neither parent
being affected but one in four of the offspring being affected. Cases are more common
in inbred families, and offspring of homozygous individuals who are affected can have
normal cilia if the second parent is unaffected and is not carrying the same gene. That is
very similar to the classical inheritance of deafness, which also acts a recessive, and one
in four siblings in a family is affected. There is, however, strong assortative mating for
deafness, the deaf often marrying the deaf. As a result, the offspring of two deaf parents
are very often not deaf because the homozygous parents are homozygous for different
genes, so that the children are then heterozygous for each gene, and they have normal
hearing. That is the basis for the calculation reported in 1971 of at least 15–25 recessive
genes for deafness [137] (p. 375). Now, autosomal recessive deafness is thought to be due
at least 700 mutations in 42 different genes, with some more common than others [248].
Additionally, there are many other types of deafness which are also under various forms of
genetic control [249].

A key feature of the genetic architecture of PCD, as well as that of deafness, is that
within families the trait runs in a classical Mendelian recessive fashion, but in different families
PCD and deafness run in families for different reasons because they have different genes. That
is the reason that the children of deaf parents (and presumably of PCD parents) can often
have unaffected children (and that forms the basis for genetic counselling). The principle
that a trait can run in different families for different reasons underpins the polygenic DC model.

22.3. Phenotypes and Endophenotypes

A reviewer asked about the role of endophenotypes in the DC model. Given that
definitions of even standard genetic terms such as phenotype, genotype and genome, as
well as phenome, are confusing and confused [250], the term ‘endophenotype’ (EP) is also
less than clear and used inconsistently. EP was first used in insect genetics in 1966 [251],
referring to a phenotype which was not visible from the outside (unlike a typical exophe-
notype) but appeared only, say, by examining chromosomes under a microscope. In that
sense, trisomy 21 is clearly an endophenotype for Down’s syndrome. Gottesman and
Shields briefly discussed EPs in psychiatric genetics in 1973 [252], describing them as “only
knowable after aid to the naked eye, e.g., a biochemical test or a microscopic examination
of chromosome morphology”. The much cited 2003 review of Gottesman and Gould [253]
still referred to “components unseen by the unaided eye”, a category that now in the vast
number of publications on EPs [254] seems to include almost anything from fMRI scans
to DNA sequences, and questionnaires, and behavioural/psychophysiological measures.
Gottesman and Gould also provided six formal criteria for an EP [253], although there are
other related definitions [255]. Walters and Owen suggested that a “critical assumption
is that the genetic architecture of the endophenotype is simpler than that of the disease
phenotype” [256], so that it is closer to the level of gene action than is a diagnosis. EPs
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have shown much conceptual slippage in the many papers using the term, and Lenzen-
weger [257] has carefully distinguished EPS from intermediate phenotypes and biomarkers.
Kendler and Neale [255] have used the language of structural equation modelling to say
that EPs are properly mediating variables, rather than being mere correlates or epiphe-
nomema [256]). EPs as mediating variables can themselves also have EPs and be EPs
for other EPs, as shown in the complex causal chains for ApoE in relation to a range of
neurological conditions [258]. For PCD, it is clear that ciliary motility is a major EP, being
genetically determined and responsible for the exophenotype, the symptoms, of the disease
itself, and PCD is also a good example where the EP has a simpler inheritance than the
more complex phenomenology of a disease entity [259].

Atypical handedness has been invoked on several occasions as an EP for psychiatric
and developmental conditions, most notably for schizophrenia, with a higher rate in cases
than relatives [259] (and a meta-analysis confirms higher rates of atypical handedness in
schizophrenia [260]). Altered brain asymmetry for pseudoneglect has also been invoked
as an EP for schizophrenia [261]. Mixed-handedness has been proposed as an EP for
developmental language disturbances [262], although Bishop [263] has argued that the
argument for weak laterality being an EP for specific language impairment is “unconvinc-
ing”, because “there is little support for strong genetic differences on individual differences
in cerebral asymmetry”. Left-handedness has also been invoked as an EP for anorexia
nervosa [264], and atypical lateralization is also reported in autism [265].

The reviewer asked specifically about EPs for handedness itself, and Ocklenburg et al. [266],
in response to the study of Guadalupe et al. of differences in cortical anatomy in right- and
left-handers [267], hoped that “identifying structural markers for left- or right-handedness
may provide endophenotypes that aid the ongoing quest to identify the genetic, epigenetic,
and environmental influences that determine handedness”. That is possible, but it might
also be that such associations are epiphenomena, or correlates, or even consequences of
handedness [256]. If there is an endophenotype for handedness then its purest form it
is probably fluctuating asymmetry (for left-handedness) or directional asymmetry (for
right-handedness), in the same way that the fundamental EP for situs inversus in PCD is
fluctuating asymmetry, driven in the case of PCD by ciliary immotility (which may itself be
caused by many genetic errors). However, it seems unlikely that the randomness from fluc-
tuating asymmetry resulting in situs inversus in PCD and the randomness from fluctuating
asymmetry resulting in left-handedness are the same randomness, since individuals with
PCD and situs inversus are no more likely than controls to show left-handedness [243]. To
put it simply, two separate coins are being tossed, rather than a single coin toss determining
both asymmetries. Where the separate coin is that which determines handedness, the
endophenotype for handedness is currently unclear, but it might be hoped that recent
discoveries of genes for handedness [66] might eventually point at a biological answer.

23. Molecular Genetics of Handedness and Language Dominance

Darwin, while recognising that many asymmetries are not heritable, also said that
“A man who is left-handed, and a shell in which the spire turns in the wrong directions,
are departures from the normal asymmetrical condition, and they are well-known to be
inherited” [114] (vol 2, p. 12, my emphasis). Darwin was correct about snails, the genetic
basis of left and right spiralling being known now to depend on formins, molecules found
in all eukaryotes which affect actin and cytoskeleton development, and also have been
implicated in vertebrate body asymmetry [268,269]. Darwin was also correct about left-
handedness being inherited.

Handedness undoubtedly runs in families [10,20,71,165,270,271], and many genetic
theories have been proposed [64,106–111,272]. All of these models are classical, in the
sense that genes are hypothesised on the basis of phenotypic patterns in populations. With
the advent of molecular genetics, there had long been a desire to find an actual gene for
handedness (and once, when asked in 1997 “What is your unrealised ambition?”, I replied
“Finding the gene for left-handedness and cerebral language dominance” [273]). I was
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not the only one, and between 1998 and 2011 there were at least eight attempts, most of
which were small by modern standards and mostly had inadequate power [11]. The only
two exceptions were a GWAS based on 4,268 23andMe customers, and a meta-analytic
combination of 12 GWASs with N = 23,443, published only as an abstract, neither finding
any significant associations with handedness [274,275]. Our own GWAS, published in
2013, also found no association with handedness, but an important feature of it was the
calculation showing there was sufficient power to have found any locus corresponding to
the monogenic DC model (or Annett’s RS model) [104]. The study also concluded from the
negative results of the then largest GWAS [274], that “there are probably at least 30–40 loci
involved in handedness” [11].

Sample sizes since then have been growing ever larger, a 2019 study using
331,037 participants from the UK Biobank suggested three associations with handed-
ness [276]. Eventually, in 2021, the prediction of 30–40 loci was shown to be correct
(although ever larger studies will undoubtedly find even more loci). The 2021 study of
Cuellar-Partida et al. had 1,766,671 participants from 34 studies, the vast majority coming
from 23andMe or UK Biobank, finally provided convincing evidence of genes for hand-
edness [66]. The main analysis compared left-handers with other participants and found
41 loci meeting the standard criterion of p < 5 × 10−8, with loci on 18 of the 22 autosomes.
Estimates of SNP-based heritability were low (3.45%, 5.87%) which are much lower than
estimates from twin studies, of about 25% [142,143]. However, the UK Biobank data al-
lowed estimates of genes identical by descent, giving an additive variance of 19.7% (95% CI
13.6–25.7%), which is compatible with twin studies. For an introductory account of identity
by descent, and differences between twin and SNP methods, see Harden [277].

24. Ambidexterity/Mixed-Handedness

Ambidexterity and mixed-handedness are often treated as being equivalent, particu-
larly when assessed by single item questionnaires which have categories ‘right’, ‘left’ and
then ‘mixed’ or ‘either’. Ambidexterity, strictly, is performing equally well with either
hand, and there is little sign of such individuals in performance data such as Figure 2c.
Mixed-handedness is usually considered to be the use of different hands for different
tasks [278]. Most single item handedness questionnaires probably confound ambidexterity
with mixed-handedness, making almost all large-scale studies ambiguous in meaning. The
Cuellar-Partida et al. study reported on ‘ambidexterity’, the 23andMe and UK Biobank
studies having a category of ‘either hand’ for writing. The study is therefore in the embar-
rassing situation of having detailed genotyping but a poorly defined phenotype. There
were seven significant loci for ‘ambidexterity’, with some association with the loci identified
for left-handedness. Heritability for ambidexterity was estimated at 15%, but there was
only a moderate genetic correlation of 0.24 with the analysis for left-handedness. The
result is consistent with a Korean study finding some familiality for ambidexterity/mixed-
handedness [278]. It has long been unclear whether ambidexters are genuinely different
in their lateralisation, or perhaps those choosing to respond ‘either’ or ‘mixed’ have per-
sonality or other differences. Alternatively, ambidexterity may reflect unintentional errors
in responding. Response errors (or idiosyncrasy) are supported by the finding that of
the 2% of UK Biobank participants describing their writing hand as ‘either’, 41% gave
a different response on subsequent testing, compared with <2% of changed responses
for those answering right or left hand on the first survey [279]. Overall, ambidexterity is
probably separate genetically from right- and left-handedness, but may not be a stable
measurement construct in terms of lateralised performance. Ambidexterity will therefore
not be discussed further here. Mixed-handedness, though, is of more interest, particularly
for writing and throwing with different hands, which occurs in about 30% of left-handers
and 3% of right-handers [280–283]. Writing and throwing hand appear to be co-inherited,
with proportions compatible with the DC model [283].

The Cuellar-Partida et al. study is likely to transform research into handedness. The
41 loci it has identified will be important in understanding the neural basis of handedness,

44



Symmetry 2022, 14, 814

with links to the central nervous system, microtubules and brain morphology. Combining
the 41 loci into a ‘polygenic score’ [284,285] differentiates right- and left-handers in the UK
Biobank [279], and such an approach will allow analysis of potential links to handedness
in other genetic studies where handedness itself was not measured. Having said that,
though, the Cuellar-Partida et al. study also reports the association of each of the 41 loci
with handedness. Combining these gives an overall odds-ratio of 3.16×, which is some
distance from the odds in the population of about 9× (90/10%), suggesting there may be
other loci or factors still to be identified.

25. Modelling Polygenic Effects on Discrete Traits

Handedness is a discrete, categorical trait, with essentially two forms, right and left.
The Cuellar-Partida et al. study suggests that at least 41 genes are involved, while the
monogenic DC model, with its single locus determining handedness, is effective at ex-
plaining how handedness runs in families, in twins and in relation to language dominance.
That sentence seems to show a fundamental incompatibility between its two halves, which
clearly needs resolving.

The next sections will firstly consider polygenic influences on phenotypes more gener-
ally, many of which are categorical or occur in small numbers of forms, and then will use
insights gleaned from PCD, to explore how a polygenic DC model may be compatible with
the data and give broadly similar predictions to the monogenic model.

26. Polygenic Models in General

At the symptomatic level, diseases and conditions tend to be described by discrete
diagnostic categories, sometimes sub-divided into groups, as with Type 1 and Type 2
diabetes. However, the two types of diabetes are influenced by large numbers of gene loci,
which together account for much of the variance in the condition [286]. Digging back into
medical history, diabetes was recognised as a condition because of an excess production
of urine (from the Greek for ‘to go through’). At some point, it was recognised that some
diabetics had urine which tasted sweet (diabetes mellitus) whereas others did not (diabetes
insipidus), making the latter a separate condition. For the everyday sense of ‘diabetes’ (i.e.,
mellitus), the key feature is glucose in the urine (and later, it was found, high levels of blood
glucose), and glucosuria/hyperglycaemia is in effect the phenotype being analysed in
most genetic studies. The metabolism of glucose and the physiology of glucose regulation
are complex [287], and since the entire ensemble is needed to work properly it is hardly
surprising that many genetic or other factors can alter glucose metabolism and result in
diabetes, as every step in the process is potentially vulnerable to a greater or lesser degree,
sometimes as the result of a defect in a single gene, as in monogenic diabetes [288]. Whether
diseases are indeed ‘natural kinds’ is a matter of some controversy, and Mitchell has argued
that ultimately the concept of disease may be replaced in clinics by “a genetic diagnosis,
indexing the primary cause of the disease [a rare, recent mutation] and not merely the
surface symptoms” [289].

Occasionally, there is one specific step where vulnerabilities can occur, as with the
monogenic condition, phenylketonuria, PKU, which nowadays typifies what Garrod called
‘in-born errors of metabolism’ [290,291]. In PKU, there is a defect in the enzyme pheny-
lalanine hydroxylase, PAH, which means that phenylalanine can then not be metabolised
properly, phenylalanine builds up in the blood, damaging the developing brain, and a
metabolic side-product, phenylketones, also appears in the urine. Although only a single
gene is involved, there are nearly a thousand variants of the defective PAH gene, some
resulting in severe dysfunction and others in mild or minimal dysfunction [292].

Diseases or syndromes or traits that are more broadly defined, and often are continuous
in their description, are more likely to be influenced by many genes as there are more causal
pathways to the eventual outcome. Height, weight, intelligence, education, and neuroticism
are typical of such traits, since they combine very many separate but related processes
and, hence, many factors can influence them, making them polygenic [277,284]. Being
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polygenic does not mean though that all genes have the same effect. More than 250 loci
affect body weight and obesity. Rarer genes though tend to have larger effects on body
mass index, with the scarce MC4R locus resulting in the largest influence on obesity of a
seven kilogram increase in weight per allele, an effect that in longitudinal studies is visible
during development [293].

Height is one of the most investigated continuous traits, being approximately nor-
mally distributed, which is affected by at least 697 common genetic variants (minor allele
frequency [MAF] > 5%) at 423 loci reaching genome-wide significance, accounting for
about 20% of phenotypic variance [294,295]. Height is therefore clearly polygenic, with the
average effect of genes being about 0.14 mm/allele [296,297]. Further analysis, however,
suggests that larger studies would find many more genes, with it being probable that
height is not merely polygenic, but omnigenic, such that “a substantial fraction of all genes
contribute to variation in [phenotype]” [297]. Importantly, most genes involved in com-
plex phenotypes are broadly expressed, rather than being tissue or function specific [297].
Boyle et al. suggest that the architecture consists of a small number of core genes, with the
expression of those core genes influenced by other genes, which themselves are influenced
by further genes, in a small-world network that rapidly incorporates indirect effects from
most of the genome. Not all influences on height are small, though; exome-sequencing
looking for rare variants (MAF < 1%) or low-frequency variants (1% < MAF < 5%) found
a further 83 influences on height, many of which had large effect sizes (1–2 cms/allele)
and influenced insulin-like growth factors. Although polygenes mostly have small effects,
that is not true of all of them; the implication is that some genes influence core underlying
biological processes. Not all polygenes are therefore equivalent.

This brief review hopefully makes clear that merely knowing that a trait or character
is influenced by many genes tells one little about either the phenotypic architecture or
the genetic architecture. For handedness, the 41 loci vary in their frequencies across the
whole range from 0.04 to 0.91, with most having small effects on handedness, the odds of
left-handedness being in the range 1.02 to 1.06 for increased rates of left-handedness and
0.94 to 0.98 for lower rates of left-handedness, all of which are small effects [66]. Unlike
obesity or height, there does not at present seem to be a small number of rare loci which
have the largest effects on the inheritance of handedness. However, the most recent release
of exomes from UK Biobank [298] has not yet been analysed for relationships to handedness,
and may provide a different picture.

27. The Polygenic Version of the DC Model of Lateralisation

The monogenic DC model is successful at giving a broad-brush description of handed-
ness in families, twins and in relation to language dominance. It is, however, undoubtedly
wrong, since molecular genetics shows there is no single autosomal gene underlying hand-
edness. The polygenic model adopts many of the principles used by the monogenic model,
combining them with the sort of inheritance found for the multiple genes identified in PCD.

Despite having theorised about a monogenic DC model since 1977, that the monogenic
model could not be correct hardly came as a surprise, as since the millennium there had
been many studies where researchers had hoped to find ‘the gene’ for some condition, but
no single gene emerged. Even with conditions such as cystic fibrosis, the classic recessive
disease described in many basic science textbooks, it has become ever clearer that there
are large numbers of mutations at the single locus which causes the condition [299]. Eye
colour, another simple condition which is also a staple of introductory textbooks, with
its recessive gene for blue eyes against brown eyes, is in reality far more complex, with
124 genetic associations from 61 discrete regions of the genome [300]. For complex traits,
such as height, weight, intelligence, schizophrenia and autism, there are associations with
dozens or hundreds of genes, numbers increasing as sample size increases [301]. For some
conditions such as diabetes, there are mostly very large numbers of genes of relatively
small effect, whereas lower-level, more specific, biomedical traits, such as levels of Vitamin
D or LDL cholesterol, also have many genes, but have a few genes of larger effect.
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28. The Polygenic DC Model

The monogenic DC model has a single locus with two alleles, D and C, with three
genotypes, DD, DC and CC, and the frequency of the C allele being p(C) = c. The probability
of being left-handed is 0, 0.25 and 0.5 for DD, DC and CC, respectively.

The polygenic DC model extends the monogenic model by saying that there are
n loci, with the ith locus (i = 1:n) having alleles Di and Ci, with ci being the frequency
of the Ci allele. The phenotypes are related to left-handedness in an analogous way to
that of the multiple genetic variants of PCD being related to failure of the muco-ciliary
escalator [222], any single defect in the chain resulting in a problem [11]. The model
formally says the following:

• The equivalent of the monogenic DD genotype. If all of the n loci have only Di alleles, i.e.,
for all loci the ith genotype is DiDi, then there is a 0% probability of being left-handed.
In this case, the chain is intact.

• The equivalent of the monogenic CC genotype. If for any of the n loci the genotype is CiCi

then the chain is broken and the probability of being left-handed is 50%. The analogy
is with the way that PCD occurs if there is homozygosity at any of the many genes
producing the cilium, and result in defective ciliary motility.

• The equivalent of the DC genotype. For heterozygotes, if for any of the n loci the genotype
is DiCi, as well as none of the n loci having a genotype of CiCi then the probability of
being left-handed is 0.25. As with the monogenic model, the heterozygote is additive
in its relation to the equivalents of the homozygotes.

Note that if n = 1 then the model is identical to the monogenic DC model. The
frequencies of the Ci alleles at each of the loci, ci, can be set to any value, but the distribution
in practice makes relatively little difference, and for simplicity one can set c1 = ci = cn.
Details of the calculations are described elsewhere [11].

To visualise how the polygenic model works, consider the simplest case with just two
loci. Table 10 summarises the calculations. For simplicity, c1 and c2 are set equal, and for
an overall value of 10% of left-handers that means c1 = c2 = 0.111036. For the first locus,
the three genotypes D1D1, D1C1 and C1C1, are shown in column 2, with their proportions
in column 1 (calculated in the usual way as (1 − c)2, 2 · c · (1 − c) and c2. Similarly, the
three genotypes for locus 2, D2D2, D2C2 and C2C2, are shown in row 2. The 3 × 3 matrix
in rows 3 to 5 and columns 3 to 5 shows the proportions of the various combinations of
the genotypes of the two loci, the proportions being estimated by multiplying the row and
column proportions in column 2 and row 1.

Table 10. Calculations for the proportion of left-handers for a two-locus model.

(1) (2) (3) (4) (5)

(1) p(C2): 0.79026 0.19741 0.01233

(2) p(C1) D2D2 D2C2 C2C2
(3) 0.79026 D1D1 0.624506 0.156008 0.009743
(4) 0.19741 D1C1 0.156008 0.038972 0.002434
(5) 0.01233 C1C1 0.009743 0.002434 0.000152

Row 3 column 3, shaded in green, shows individuals who are DD for each of the
two loci, giving a proportion of 0.790257 × 0.790257 = 0.624506. These individuals given
the model will all be right-handed. The five cells shaded in blue, in row 5 and column 5
all contain at least one CC genotype, and therefore will have a 50% probability of being
left-handed; together they total 0.024506 of the population. The remaining three cells,
shaded in yellow, contain at least one DC but no CCs, so they have a 25% probability of
being left-handed, and comprise 0.350988 of the population. Overall, the proportion of
left-handers is 0.624506 × 0 + 0.350988 × 0.25 + 0.024506 × 0.5 = 0.1, which is the required
10% of left-handers. Similar principles apply when there are three or more loci, although
there are many more combinations.

47



Symmetry 2022, 14, 814

Calculations can be carried out for increasing numbers of loci, for individuals in
families and in twin pair, with the predictions shown in Table 11, which is taken from a
previous paper [11].

Table 11. Handedness in families and MZ twins for the polygenic DC model with varying numbers
of loci. Predicted handedness in families and twins for the polygenic DC model, with N loci = 1 (the
monogenic DC model) to 1000. All estimates use a Monte Carlo method (see text) except for the
second row for N loci=1, in brackets, which are analytic solutions.

N Loci ci

Per Cent Left-Handedness by
Parental Phenotype

Percent Concordance and Discordance in
Monozygotic Twins

R × R R × L L × L R-R R-L L-L

1 0.2
7.82% 18.90% 30.63% 83.00% 14.00% 3.00%

(7.78%) (18.89%) (30.00%) (83.00%) (14.00%) (3.00%)

2 0.1111 8.15% 17.74% 25.56% 82.80% 14.40% 2.83%

3 0.07715 8.19% 17.24% 24.17% 82.74% 14.55% 2.71%

4 0.05916 8.29% 17.01% 22.88% 82.70% 14.64% 2.66%

5 0.0478 8.35% 16.79% 22.60% 82.65% 14.69% 2.66%

10 0.02473 8.38% 16.45% 21.86% 82.60% 14.85% 2.55%

20 0.01256 8.46% 16.50% 21.53% 82.50% 14.95% 2.55%

50 0.00507 8.52% 16.09% 20.02% 82.51% 14.97% 2.53%

100 0.00254 8.48% 16.10% 20.28% 82.52% 14.98% 2.49%

200 0.00127 8.55% 16.30% 20.83% 82.39% 15.09% 2.51%

500 0.00051 8.56% 16.12% 21.06% 82.54% 14.91% 2.55%

1000 0.00026 8.52% 16.26% 20.29% 82.46% 15.03% 2.51%

Approximate CI 0.05% 0.07% 0.08% 0.08% 0.07% 0.03%

Analytic calculations for multiple loci rapidly become very complicated as the numbers
of combinations increase, and, therefore, Table 11 is based on a Monte Carlo analysis with a
million replications for each number of loci. The accuracy is sufficient to show the effects
with confidence intervals estimated at the bottom of the columns. Several things can be
noticed from Table 11, as follows:

• Overall, the broad pattern is very similar, however many loci there are. The num-
ber of left-handed offspring (in red) increases as the number of left-handed parents
increases, and monozygotic twin pairs can be discordant. However, there are some
subtle differences.

• Handedness runs slightly less in families as the number of loci increases. The effect
is particularly noticeable from one locus to five loci. With one locus, two left-handed
parents must each being carrying a C allele. If they both have the CC genotype, then
each has a 50% chance of left-handedness, and their children must all be CC, with
a 50% chance of left-handedness. With two loci, though, one parent may be, say,
C1C1:D2D2 and the other D1D1:C2C2, and each, as in the one locus case, has a 50%
chance of being left-handed. However, the offspring must all be heterozygotes at the
two loci, D1C1:D2C2, giving them only a 25% chance of being left-handed. As the
number of loci increases, so there is a greater possibility that parents are not carrying
the same genes for left-handedness, and, therefore, left-handedness is somewhat less
likely as children may be heterozygotes or DD homozygotes.

• Discordance in twins (shown in bold) increases very slightly in rate as the number of
loci increases, although the effect is so small as to be barely visible even in the largest
sample sizes that might occur. DZ twins are not shown in Table 11, but they will
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show a slightly greater discordance than MZ twins as they may be carrying different
combinations of C alleles at various loci.

Although Table 11 is based on the simplifying assumption that all C alleles have the
same frequency, c1 = ci =cn, relaxing that assumption has little effect, the assumption not
being particularly restricting. Elsewhere, we recalculated the model for 100 loci but with
ci in a triangular distribution from 0.0000508 (1/50 of the 0.00254 for equal ci) through, in
equal steps, to 0.00508 (twice the equal value ci of 0.00254). For 1,000,000 replications, the
proportions of left-handers in R × R, R × L and L × L families are 8.47% (8.48%), 16.26%
(16.10%), 20.73% (20.28%), respectively, the values in parentheses being for equal ci from
Table 2 in [11]. Therefore, the distribution of values of ci seems to have little impact on the
outcomes of the polygenic DC model.

Taken overall, the broad conclusion is that the overall pattern of results for the poly-
genic DC model is similar to that for the monogenic DC model; indeed, the similarities are
far more apparent than the differences. In practical terms, and certainly at a qualitative
level, the monogenic DC model can be used for calculating the likely effects of random vari-
ation in genetic models of handedness. As more precise molecular data become available,
better models may become available.

For the present, it makes sense to continue with the monogenic DC model, for its
computational or algorithmic simplicity, knowing that its broad predictions are likely to be
similar to those of the polygenic DC model. It is time, therefore, to return to the cerebral
polymorphisms with which this paper began, but with a better sense of how lateralisation
can be handled in theoretical terms, what a genetic model may look like, and reassured that
the monogenic DC model will be adequate in the first place for understanding variability
in brains, and allowing a broader analysis than the merely descriptive.

29. Cerebral Polymorphisms in More Detail

The studies summarised in the introduction to this paper have explored various
numbers of modules. Karlsson assessed six modules, one of which was handedness, and
the theoretical modelling here will consider five modules plus handedness [25].

The modelling extends the relationship given earlier between handedness and lan-
guage dominance (Table 3), with additional phenotypes added. For simplicity, given that
10% of individuals have atypical handedness, that 10% of individuals are also atypical for
each of the other five modules. The model, as previously, assumes that lateralisation of
the modules is independent within the genotypes, DD, DC and CC, with a probability of
being atypical of 0%, 25% and 50%, respectively. As emphasised earlier, the modelling is
primarily qualitative in its approach, with a minimum of free parameters. All assumptions
can be relaxed, if necessary, for more precise model-fitting, but the conceptual force of the
model primarily comes from the relative simplicity of the core idea (in just the same way as
Newton’s laws of motion can be tweaked and altered to take account of, say, air resistance,
but the central, conceptual ideas remain simple).

There are five non-handedness modules in Karlsson’s data, the lateralisation of each
of which can be typical (T) or atypical (A), the ‘typical/atypical’ nomenclature avoiding the
confusion of considering modules some of which are typically on the right and others on
the left. Table 12 summarises the modelling. With five modules, each individual can have
between 0 and 5 atypically lateralised modules, shown in column (1). The different types
are shown in column (2), so that, for instance, there are five organisations with only one
atypical module. Column (3) shows the numbers of combinations that can be found with 0,
1, 2, 3, 4 or 5 atypical modules, which are 1, 5, 10, 10, 5 and 1, respectively. Mathematically,
these are n!/(k!(n − k)!), the number of combinations of k, the number of atypical modules,
from n, and the total number of modules.
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Table 12. Numbers of atypical modules in the population and for the data of Karlsson [25].

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

Model Predictions: p(L) = 10% Karlsson N (%) p. 114

Population Right-Handers Left-Handers Right-Handers Left-Handers

N
(Atypical
modules)

Types
(T = Typical;

A = Atypical)

N
(types)

P
(type)

P (total
types)

P
(type)

P
(total
types)

P
(type)

P
(total
types)

N
(types)

P (total
types)

N P (total
types)

0 TTTTT 1 71.72% 71.72% 77.51% 77.51% 19.69% 19.69% 13 54% 4 9.3%

1
ATTTT; TATTT;
TTATT; TTTAT;

TTTTA
5 2.66% 13.30% 2.18% 10.89% 6.96% 37.46% 3 13% 12 28%

2

AATTT;
ATATT; ATTAT;

ATTTA;
TAATT; TATAT;
TATTA; TTAAT;

TTATA;
TTTAA

10 0.97% 9.69% 0.772% 7.72% 2.73% 27.34% 6 25% 8 19%

3

AAATT;
AATAT;
AATTA;
ATAAT;
ATATA;
ATTAA;
TAAAT;
TAATA;
TATAA;
TTAAA;

10 0.41% 4.06% 0.304% 3.04% 1.33% 13.28% 1 4% 10 23%

4

TAAAA;
ATAAA;
AATAA;
AAATA;
AAAAT

5 0.22% 1.09% 0.148% 0.738% 0.859% 4.30% 0 0% 6 14%

5 AAAAA 1 0.16% 0.16% 0.095% 0.095% 0.703% 0.703% 1 4% 3 7%

Sum - 100% - 100% - 100% 24 100% 43 100%

Considering any individual type of atypical organisation of modules, column (4)
shows the probability in the population as a whole. There is a 2.66% probability of, say,
type ATTTT, which has one atypical module. Overall, there are five different ways of
having one atypical module, and therefore the proportion of the population who have one
atypical module is 2.66% × 5 = 13.30% (column 5). The majority of the population have no
atypical modules (71.72%), with decreasing proportions with 1, 2, 3 or 4 atypical modules
(13.30%, 9.69%, 4.06% and 1.09%, respectively), with only 0.16%, about 1 in 600 individuals,
having all five modules organised atypically (so-called mirror-organisation).

The sixth module is handedness and it can be modelled along with the other five
modules. Columns (6) and (7) show in green the predictions for right-handers. A higher
proportion, 77.5%, have no atypical modules, but it is still the case that the remaining
22.5% have at least one atypical module, although having all five typical is expected to
be very rare (0.095%). Left-handers, in red in columns (8) and (9), show a very different
pattern. The majority have at least one of the five modules (excluding handedness itself)
lateralised atypically, and indeed only 19.69% are organised in a typical way (TTTTT).
Many left-handers have several atypical modules, and 18.3%, nearly one in five, have three
or more atypically lateralised modules.

There are few population datasets with which to compare the modelling of Table 12,
and none of the studies mentioned at the beginning of the paper is entirely satisfactory. Here,
I will particularly consider the data of Karlsson, who studied 67 participants, assessing
handedness and five other modules (Verbal fluency, Face recognition, Perception of neutral
bodies, Emotional prosody, and Emotional vocalisation). The study intentionally over-sampled
individuals who were likely to have atypical lateralisation, with the following three groups
of participants: language typical right-handers (N = 23), language typical non-right-handers
(N = 22), and language atypical individuals (N = 22) [25].
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A detailed comparison of the model with Karlsson’s data is not straightforward
because of the intentional oversampling. Columns (10) to (13) in Table 12 show the number
of individuals with varying numbers of atypical lateralisations, separately for the right-
handers (columns 10 and 11), and left-handers (columns 12 and 13). The pattern in the
right-handers is broadly as for the predictions, but with a somewhat lower proportion
having no atypical lateralisations (54% vs. 77%), and relatively few with 3 or more atypical
lateralities, although there is one case with all five atypical lateralities. The left-handers in
columns (12) and (13) show a pattern broadly similar to that of the modelling in columns (8)
and (9). Individuals with no atypical lateralities (except left-handedness) are relatively rare
(9%), whereas 42% of left-handers have 3 or more atypical lateralities, and three individuals
had all six lateralities reversed (including handedness). More precise modelling could
perhaps be carried out in relation to the method of over-sampling, but the important
message is that the model broadly predicts the sort of rich variation in the number of
atypical lateralities which are found not only in left-handers but also in right-handers.
Cerebral polymorphisms are clearly common in the population.

Other predictions could be made, but the dataset is not large enough to be able to test
the model properly, but there is a broad comparability. Column (2) of Table 12 suggests
that within rows with a particular number of atypical modules that the numbers of the
variants should be the same (e.g., for those with one atypical module, there should be equal
population proportions of ATTTT, TATTT, TTATT, TTTAT, and TTTTA, both overall and
also within right-handers and left-handers). Such predictions are, in principle, testable.

Twin and Family Twin Data

The model of Table 12 can readily be extended to more complicated situations, al-
though there is rapidly a combinatorial explosion in the numbers of genotypic and phe-
notypic combinations to be considered. The calculations and results will not be provided
here, but their pattern can be gleaned from Table 9, provided earlier, in which discordance
for twin language dominance is provided in relation to twin handedness (which may be
discordant), parental handedness, and zygosity. Discordance of language dominance in
MZ twins is a marker for the number of atypical lateralities to be found. In the model,
atypical lateralities are more frequent in twins discordant for handedness, in twins with a
left-handed parent, and also in DZ twins (since they can have different genotypes).

Studies of cerebral lateralisation in twins are unusual, the few exceptions emphasising
differences between MZ twins who are discordant for handedness (MZHd) [50,302–307].
Studies often only look at MZHd pairs, and not MZ twins who are both right- or both left-
handed, and theorising, often based on small numbers of cases or indeed single cases [308],
often invokes mirror-imaging, perinatal brain damage or birth order effects, mostly in the
absence of any direct evidence [309]. Needless to say, with enough such factors, any small
dataset can be explained. Discordance is then seen as evidence against genetic models,
without the predictions of discordance of handedness and language in genetic models, as
in Table 9, being taken into account, despite genetic models for twins being in the literature
for a long time [20].

Potentially, there is much to be gained from the study of discordances in MZ twins,
using co-twins as controls in fMRI (or fTCD), not least as the twins are necessarily matched
genetically. However, as Ooki says in a review, “sample sizes are still not very large
and hence the statistical power is insufficient” [310] (p. 4). The heritability of language
dominance in twins has been assessed using fTCD, but the confidence interval is very wide,
and is compatible with that of handedness in general, but the authors also emphasise its
relatively low effect size with a confidence interval ranging upwards from zero [212].

The very sparse literature on handedness and cerebral polymorphisms in twins means
that it is not easy to test the DC genetic model. This is surely an area where, in the future,
collaboration with large twin banks, coupled with relatively cheap brain scanning, could
provide much understanding of cerebral polymorphisms. In particular, a cost-effective
strategy could be to use fTCD in the first instance to find atypical cases in the population,

51



Symmetry 2022, 14, 814

with fMRI then used for more detailed investigation. Such an approach would particularly
allow population base-line estimates so that proper genetic modelling could be carried out.
The 2020s is surely an appropriate time to think in such terms, with relatively large, well-
characterised twin populations being available for study. One other possibility is to consider
UK Biobank data where, although there are only 179 MZ twin pairs, there are 6276 parent-
offspring pairs, 22,666 full siblings, 11,113 2nd degree relatives and 66,928 relatives [311],
which could presumably be modelled for the many neural phenotypes which have been
assessed, including handedness.

30. How Many Independent Lateralities Are There?

The DC model assumes that there are multiple lateralised modular traits, but with
many of them influenced by the single random process that is built into each module. A
key question for theoretical modelling is the number of statistically independent lateralities.
Much depends on how one defines ‘independent’. True population-level independence
perhaps exists for behavioural lateralities such as handedness, hand-clasping and arm-
folding, which have only minimal correlations in populations [312]. To my knowledge,
there is no understanding of the neural basis of either hand-clasping or arm-folding. Other
lateralities, such as handedness and language dominance, often show correlations with each
other at the population level, but genetic modelling suggests that within genotypes there is
probably statistical independence (and the occurrence of the population-level correlation is
a variant of Simpson’s paradox in statistics, where combining several contingency tables
can results in reversed or absent correlations) [313,314].

Identifying the lateral anatomical architecture of the cortex is not straightforward. A
study by Liu et al. measured intrinsic activity at rest in two samples totalling 300 adults,
and calculated laterality indices for 84 cortical regions, which were factor-analysed and
four principle components identified therein with eigenvalues of greater than one [315].
The four factors identified relatively small areas in the visual system, namely, the default
network, angular gyrus/isthmus, and fronto-temporal area. However, further analysis
suggested that 20 factors might be needed to account for 70% or more of the variance. The
factors showed some correlations, but the picture overall was unclear. Analysis of intrinsic
activity may allow assessment of the dimensionality of lateralisation, but the conclusions
are far from clear at present.

A different approach is the large-scale meta-analyses by Vigneau et al. of 129 studies
reporting fMRI scans for the left hemisphere [316] and for the right hemisphere [317],
considering only individuals who are right-handed. Multiple clusters of left-hemisphere
language-related activity were found, phonology having five frontal and six temporal
clusters, four frontal and seven temporal clusters for semantic clusters, and three frontal
and five temporal clusters for sentence processing. A total of 59 studies reported right-
hemisphere involvement, with mostly homotopic areas from left-hemisphere areas. Many
activations were bilateral, but unilateral right-hemispheric activations were also found.
Taken overall, there seem to be at least a minimum of three language-related clusters
(phonology, lexico-semantic, and sentence/text), but each has multiple sub-clusters, per-
haps 30 in total, with many having evidence of bilateral activity, or, in some cases, just
right-hemisphere activity. It should be remembered that the study concentrated entirely
on normal right-handers, and although relatively little right-hemisphere activation might
have been expected when only looking at right-handers, it was found in 33% of studies.
The analysis of the DC model suggests that multiple atypical asymmetries can be found
in individuals, with Karlsson’s data suggesting there might be at least six independent
asymmetries, all of which can be considered as being independently determined by the
DC genotypes. The following three questions arise: what are the associations between the
various lateralities? How many separate lateralities might there be controlled by the DC
genes? Are there are other cerebral lateralities which are independent of the DC system?
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Associations between Functional Lateralities

Tetrachoric correlations are the best way to assess associations between asymmetries
(see earlier). Palmer has argued that right–left asymmetries, because they are primarily con-
cerned with binary categories, allow meaningful absolute comparisons in many situations,
including across different species in his particular case [318], but in our case across different
neural modules. The logic though requires that all measures are referenced relative to
symmetry itself, to the midline, with deviations therefore always to left or right. Figure 6
shows the tetrachoric correlations between the six modules in the Karlsson data, as well as
a diagrammatic summary.

Figure 6a shows for the Karlsson data that the atypicality of any one module is
positively correlated with atypicality in all of the other modules, suggesting an underlying
single factor (presumably the DC genes). The overall N is only 67, and so standard errors
are large, and some correlations are not significantly different from zero. The correlations
are shown diagrammatically in Figure 6b, with the typical left-hemisphere functions in
red, the typical right-hemisphere functions in green, and handedness in blue. Significant
correlations (p < 0.05) are shown as thick lines, and non-significant correlations are thin
lines. Overall, the pattern is consistent with the six modular functions between correlated
but also being independent to a large extent. In particular, it might be thought that the
four right-hemisphere tasks could all be a single function, but if that were the case then the
correlations between them should be high, but several of them are low (0.127, 0.68, 0.322,
0.166). Clearly, more data are needed, but the implication is that there are probably at least
six statistically independent modules.

A different and equally important dataset is that of Woodhead et al., who used fTCD
to study 43 right-handers and 31 left-handers on six putatively left-hemisphere language
functions, studied in an elegant design in which retesting allowed reliabilities of measures
to be calculated [27]. The study suggested there were at least two dimensions, but it is
possible, once retest data are properly taken into account, that all six measures could be
statistically independent. Of the many strengths of this study, one is that the raw data are
all available in open-source files, which makes more detailed analysis possible.

The number of lateralities in the DC system is therefore unclear, but there seems to be
no reason for it not being at least a dozen, with Karlsson finding four separate typically
right-hemisphere tasks, and the Woodhead et al. study suggesting perhaps six language-
associated tasks, so that there could easily be as many as twelve or fifteen overall. A key
feature for all modules would be their association with each other and with handedness.

A modular system without an association with handedness was found in the impor-
tant and large study of Badzekova-Trajkov et al., which looked at four modular func-
tions [24]. Word generation, a typically left-hemisphere task, and a faces task, a typically
right-hemisphere task, were correlated with each other (r = −0.339), and 0.357 and −0.236,
respectively, and with handedness, which is compatible with being part of the DC system.
The fourth task, though, was the landmark task of spatial attention, involving bisection of a
horizontal line, which typically involves fronto-parietal cortex in the right hemisphere. The
landmark task was not correlated at all with handedness (r = 0.001), and it had a correlation
of −0.176 with the word task, which was just significant (p = 0.029), and a non-significant
correlation of 0.164 with the faces task. The landmark test therefore appears at population
level to be independent of the other three tasks, with about 21% of the participants atypical
for the landmark task, showing left-hemisphere dominance. The independence of hand-
edness and the landmark (line bisection) tasks in experimental studies (non-fMRI) is also
confirmed in meta-analyses in children and in adults [319,320].

An extension of the previous study included gesture, and using factor analysis found
three independent factors, one language-related, one linked to handedness, and one that
was handedness independent [321], although a separate analysis of the same data found
only two factors, but also had the interesting feature that it found cerebellar asymmetries
which showed correlations with cortical and other asymmetries [60] (see earlier for the
possible role of the cerebellum).
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The independence of the landmark task suggests that there could be many more
phenotypic variants of cerebral polymorphism. If the Karlsson study, with its six modules
and a probable 26 = 64 combinations of its five tasks plus handedness, had also included the
landmark task and gesture tasks then it seems reasonable to assume there could have been
256 combinations. If, as speculated earlier, the DC system could have 12 to 15 modules, then
that would make 14 to 17 modules, giving up to perhaps 217 = 131,072 possible variations,
albeit that some would only occur rarely, and appear only in very large samples (or as
isolated case studies in the literature).

31. Bilateral Lateralisation, Particularly of Language

Functional asymmetries are often described as ‘bilateral’, but it is often unclear what is
meant by that, particularly if only laterality indices are available. As Carey and Johnstone
have said for fMRI, “many neuroimagers are struck by bilateral activations in any language-
related task”, but on the other hand “several methodological issues make simple left, right,
bilateral classifications more contentious [requiring] hard decisions about regions of interest
and thresholding, . . . equating regions from each hemisphere which are not structurally
identical . . . and the nature of baseline conditions” [6] (p. 14). The problem is seen in
Figure 2b, where it is difficult to know which participants are ‘bilateral’ for the tapping
task, although Figure 2c resolves the problem, participants all being bilateral in that they
are capable of tapping with just their right hand or just their left hand (even if mostly they
are better with one hand than the other). The Wada test (see below) can be conceptualised
in a similar way, with language facility after right hemisphere injection on one axis and
after left injection on the other axis in a bivariate analysis. The study of Wegrzyn et al. [212],
mentioned earlier, with their bivariate plots, suggest there is no clear divide between
bilateral and other groups. However, they do refer to cases in which Broca’s and Wernicke’s
area are in different hemispheres, and presumably, therefore, some components of language
can be truly regarded as bilateral [213]. The study of Bernal and Ardila specifically rejects
the idea “that language lateralisation is a matter of all or nothing”, and provides a detailed
analysis of five unusual cases analysed with fMRI, suggesting that language representation
should be considered in terms of receptive vs. expressive and phonology vs. semantics,
each potentially being unilateral or bilateral, with many possible combinations [322]. How
common such ‘unusual cases’ are is a key question that needs answering.

31.1. Modelling Bilateral Language

The 1985 monograph on the DC model suggested a simple model for bilateral language
in which there are two separate but otherwise equivalent language centres, language A
(LA) and language B (LB), which are determined independently; LA and LB are in the left
hemisphere for all DD individuals, whereas DC and DD have LA and LB randomly and
independently randomised to the right, with the usual 25% or 50% probability [20]. The
predictions are shown at the bottom of Table 13 below.

Table 13. Summary of left-, bilateral- and right-hemispheric language dominance in right and left
handers, assessed using intra-carotid sodium amytal.

All Participants Right-Handers Left- or Mixed-Handers

Language Left Bilateral Right N Left Bilateral Right N Left Bilateral Right N

Rasmussen and
Milner (1977) [323]

220 18 24
262

134 0 6
140

86 18 18
122(84%) (7%) (9%) (96%) (0%) (4%) (70%) (15%) (15%)

Kurthen et al.
(1994) [215]

116 38 19
173

109 27 6
142

7 11 13
31(67%) (27%) (11%) (77%) (19%) (4%) (23%) (35%) (42%)

Loring et al.
(1990) [324]

442 61 48
551

403 42 24
469

39 19 24
82(80%) (11%) (9%) (86%) (9%) (5%) (48%) (23%) (5%)
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Table 13. Cont.

All Participants Right-Handers Left- or Mixed-Handers

Risse et al.
(1997) [325]

304 40 24
368

265 27 12
304

39 13 12
64(83%) (11%) (7%) (87%) (9%) (4%) (62%) (20%) (19%)

Möddel et al.
(2009) [326]

356 71 28
445

320 55 16
391

26 16 12
54(80%) (16%) (6%) (82%) (14%) (4%) (48%) (30%) (22%)

Bauer et al.
(2013) [327]

382 44 78
504 na na na na na na na na

(76%) (9%) (15%)

Janecek et al.
(2013) [328]

184 30 15
229 na na na na na na na na

(80%) (13%) (7%)
1994 302 236 1231 151 64 197 77 79

Total
(78.80%) (11.90%) (9.30%)

2532
(85.10%)(10.40%) (4.40%)

1446
(55.80%)(21.80%) (22.40%)

353

Model 83.00% 14.00% 3.00% 87.00% 11.00% 2.00% 50.00% 40.00% 10.00%

31.2. The Wada Test

Perhaps the clearest example of bilateral language/speech representation is with
the Wada test, in which intra-carotid sodium amytal is used to anaesthetise just one
hemisphere [329–331]. In 1964, Branch et al. described a series of 114 cases, with 77 (67.5%)
having left-hemisphere language, 27 (23.7%) right-hemisphere language, and 10 (8.8%)
bilateral language, with no data given on the precise proportion of bilateral language in
right- and left-handers, although 43 (89.5%) of 48 right-handers and 28 (63.6%) of 44 left-
handers had language in the left hemisphere [332]. The more recent data of Rasmussen and
Milner, which may include the data from the earlier Branch et al. study, sub-divided patients
into those who had or did not have early evidence of left-hemisphere brain damage [323].
The results for early left-hemisphere damage are not reported here.

More recent amytal studies are also summarised in Table 13 [215,323–328], with some
values taken from the summary table of Bernal and Ardila. Meta-analyses have compared
the Wada test with fMRI, although one did not attempt to distinguish bilateral language
from right-hemisphere language [333]. The other meta-analysis stated that when defining
bilateral language using fMRI, “arbitrary decisions have to be made” [327]. The meta-
analysis of Wada testing by Carey and Johnstone did not report bilateral language separately
from right language, but they do mention the criterion problems of distinguishing ‘good
bilateral’ and ‘bad bilateral’ [6]. It was clear, though, that atypical dominance was more
common in left-handers than right-handers.

Although not a formal meta-analysis, Table 13 summarises seven reasonably large
Wada studies which have reported bilateral language, five of which also classify results by
handedness. The influence of early damage is mostly not reported consistently, and the
cases of Rasmussen et al. [323] with early left-hemisphere damage have been omitted. In
2532 cases, language was left-hemispheric (L) in 78.8% of cases, bilateral (B) in 11.9% of
cases and right-hemispheric (R) in 9.3% of cases, which are broadly compatible with the
DC model predictions of 83.0%, 14.0% and 3.0%, respectively. In the 1446 right-handers
there were 85.1%, 10.4% and 4.4% L, B and R cases, respectively, which is similar to the
predictions of 87.0, 11.0% and 2.0%, respectively, whereas in the 353 left-handers there were
55.8%, 21.8% and 22.4% in the L, B and R groups, respectively, compared with 50.0%, 40.0%
and 10.0% predicted proportions, respectively.

The DC predictions fit the data for right-handers reasonably well, with bilateral
language (10.4%) being more prevalent than right-hemisphere language (4.4%), which
fits reasonably with the model predictions (11.0% and 2.0%, respectively). The data for
left-handers fit the model less well, with bilateral language (21.8%) being about the same
rate as right-hemisphere language (22.4%), while the model predicts 40.0% of bilateral
cases and 10.0% of right-hemisphere cases. However, the studies are quite variable and not
always well defined. The most successful feature of the model is that bilateral language is
undoubtedly more prevalent in left-handers than right-handers. There may be problems of
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criterion in all the studies. Alternatively, the model may be mis-specified, either LA and
LB not being completely independent, or there being other language modules (LC, LD,
etc). Bilateral language remains a problem at many levels, including measurement and
modelling, which has not yet been properly explored in large numbers of individuals with
typical functioning.

32. Recovery from Aphasia

A simple account of aphasia would be to say that language is in one hemisphere,
and if large-scale damage occurs to that hemisphere, as with a middle cerebral artery
occlusion or haemorrhage, then aphasia results, along with a hemiplegia or hemiparesis.
That model works for many cases, but an immediate problem is that patients with aphasia
sometimes recover, which needs explanation, particularly with lesions that are unlikely to
be reversible neurologically. There is also the problem that although the simple model of
Table 8 implies that about 7.8% of right-handers should have right-hemisphere language
dominance, cases of so-called ‘crossed aphasia’ are rare, perhaps 1% of right-handed cases,
although a prevalence is hard to estimate accurately [334].

Handedness shows the following three features in relation to aphasia, which the 1985
monograph wanted to explain: (i) acute aphasia is more likely to occur in left-handers,
but, (ii) left-handers are also more likely to recover from aphasia [335–340], and (iii) a
family history of sinistrality is associated with recovery from aphasia [340,341]. Data were
available for modelling from 13 large series published between 1949 and 1981.

The 1985 monograph presented a basic model that could account for the observations,
proposing that there are two language modules, LA and LB, which could be in one or
both hemispheres, the modal form being to have both LA and LB in the left hemisphere
(Figure 7). Figure 7a shows the four types of individuals, with the modal type being more
common in right-handers than left-handers. Rows b and c show the effects of a large left or
large right hemisphere lesion, indicated by the big red X. The difference between acute and
chronic aphasia, along with an explanation for recovery, is provided by von Monakow’s
concept of diaschisis [342–344], whereby brain damage in one part of the brain can cause
remote effects in other parts of the brain, particularly across the corpus callosum. Although
out of fashion for a long while, diaschisis has been having a renaissance in recent years, not
least as scanning has allowed possibilities for observing it more directly [345,346].

The role of diaschisis in the model is shown by considering the second column of
Figure 7b. The large red cross shows damage to the left hemisphere and, hence, the module
LA is damaged. LB remains intact, but diaschisis from the damaged LA inhibits the action
of LB in the short-term and there is therefore an acute aphasia. However, as the diaschisis
wears off so recovery occurs. That is contrasted with the situation in the first column of
Figure 7b, where LA and LB are both damaged, so that not only is there an acute aphasia,
but the aphasia is permanent, there being no functioning language module remaining.

Without going into the numerical details, which can be found in the 1985 mono-
graph [20], if the model does work in this way, then left-handers will be more likely to
suffer an acute aphasia, their greater likelihood of having bilateral language meaning that
it is more likely that damage will affect one of them. However, recovery is also more
likely as the diaschisis dissipates, and the one remaining language module can then take
over language. An interesting prediction of such a model is that it explains occasional
cases in which there is an acute aphasia after a stroke (say due to LA being damaged),
recovery occurs with LB functioning, but then a lesion in the contralateral hemisphere
results in a permanent aphasia as LB is damaged. Such cases were reported by Gowers in
1887 [4,347], with a range of cases reported since, sometimes with Wada and other data
showing that recovered language after a left-hemisphere stroke originated in the undam-
aged right hemisphere [347,348]. The model also predicts that familial sinistrality would
result in a greater likelihood of recovery, as it would be associated with a higher likelihood
of bilateral language modules.
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Figure 7. Schematic model for two equivalent language modules, LA and LB, which can be in the
same or different hemispheres, and can account for acute and chronic aphasia differing in rates and
rate of recovery between right- and left-handers (a) shows the four different modular combinations
in the population, (b) shows the effect of a large left hemisphere lesion (X) and (c) shows the effect of
a large right hemisphere lesion (X). See text for further details..

The analysis of aphasia shows the potential for the DC model for explaining cerebral
polymorphisms and neurological damage, but there is a clear shortage of high-quality
modern data to allow proper testing. Detailed series of patients with aphasia do not seem
to have been published in recent decades, despite there being at least 28 stroke registries
in 26 countries [349], although “few variables were measured consistently among the
registries”. Handedness seems rarely to be reported, with left-handedness seeming to be
rare (e.g., in the Lausanne Stroke Registry, where of 1541 stroke cases with aphasia, only 2%
were left-handed, but handedness was not known in 16% of cases, making interpretation
difficult [350]). A similar pattern of a very low rate of left-handedness was reported in a
series of 1000 stroke patients in South Africa with cognitive deficits, of whom only 18 (1.8%)
were left-handed (N = 13) or ambidextrous (N = 5) [351]. Such low rates of left-handedness
suggest difficulties in ascertainment of handedness in stroke patients.
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33. The Functional Consequences of Cerebral Polymorphisms

A polymorphism composed of multiple modules organised across the hemispheres
potentially has functional consequences for the integration of modules for particular tasks.
A common assumption might be that reorganising the layout of one or several functional
modules between the cerebral hemispheres might be assumed to have consequences, and
these are generally assumed to be negative, although that is not necessarily the case. The
commonest explanation is in terms of crowding.

33.1. Crowding

The first formal use of the term crowding was by Teuber, who suggested that after early
left-hemisphere damage, which caused language to move to the right hemisphere, there
might be problems with non-speech functions as a result of “competition in the developing
brain for terminal space, with consequent crowding when one hemisphere tries to do more
than it had originally been meant to do” [39,352]. The hypothesis was investigated in
27 adults who had early refectory epileptic seizures from an early age, whose language
lateralisation was assessed using intra-carotid amytal testing [352]. Patients with bilateral,
or particularly right-hemisphere language, showed poorer non-verbal performance using
the Weschler Intelligence Scales. Whether the effect is due to interference of speech functions
on non-verbal processes was unclear, and “limited capacity or incompatibility . . . may be
equally likely explanations” [352] (p. 1226). A recent study of children with intractable
epilepsy found similar results to the earlier study [353].

Crowding is more usually invoked in a situation in which there is no early damage and
consequent rearrangement, but in cases where it happens to be found that language or some
other function is not located in its typical location (e.g., language on the right rather than
the left-hand side). Groen et al., when reviewing the literature, found only one relatively
small study on the ‘parallel processing hypothesis’, but they did find some processing
deficiency in participants with atypical lateralisation [354]. The study of Groen et al. used
fTCD to assess the lateralisation of language and visuo-spatial memory in 55 typically
developing children, and while most children were left-lateralised for language, and right-
lateralised for visuo-spatial memory, many showed reverse lateralisation, with 3 having
right-language and left visuo-spatial memory. Cognitive ability, assessed on tests for
non-verbal ability, vocabulary, reading, and phonological short-term ability, showed no
difference in ability between children with language and visuo-spatial memory in the same
hemisphere (who should have been subject to crowding) and those with the functions
in different hemispheres. The study therefore provided “no evidence for this ‘functional
crowding’ hypothesis” [40] (p. 256).

Reviewing the literature, Bishop concluded that, while “It would seem that atypical lat-
eralisation is compatible with normal or even above-average cognitive function”, it was also
the case that in “studies that oversample those with developmental difficulties, an associa-
tion with [atypical lateralisation of] language and literacy skills becomes apparent” [259].

Taken overall, there is probably only weak evidence that atypical patterns of cerebral
lateralisation are associated with cognitive deficits, and that crowding, although plausible
as a mechanism, seems not to be supported by robust evidence.

33.2. Intra- and Inter-Hemispheric Connectivity

Although it may not matter for isolated language functions as such whether they are
located in the left or right hemisphere, cognition alone does not depend on language, and
integration with other functions is necessary for some skilled activities. The connectivity of
functional modules needs therefore to be considered. It may well be that the reason that
language-related modules are mostly in the left hemisphere is because they need to have
rapid access to one another, as may also the modules for visuo-spatial functions which are
mostly in the right hemisphere. This has been referred to as ‘pseudo-crowding’ [22,47].

Estimating long-range connectivity in the human brain is not easy, but the inter-
hemispheric connections of the corpus callosum are typically said to comprise about 2 × 108
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(200 million) fibres [355,356]. Intra-hemispheric connections are harder to assess, but in
the two hemispheres together there are of the order of 6 × 108 (600 million) long-range
‘Compartment C’ fibres, fibres which do not follow the folding of the cortical gyri [357]
(pp. 381–382). While callosal fibres necessarily cross between the hemispheres, albeit mostly
between homotopic areas, intra-hemispheric fibres are of variable lengths connecting
near and distant areas of the cortex. Medium-range B (‘U’-shaped fibres) and shorter A
fibres (about 9 × 1010 and 8 × 1011 fibres, respectively) also contribute to connections
within hemispheres, particularly for more adjacent areas, making it plausible that intra-
hemispheric connectivity, with its network structure, is more efficient than the mainly
homotopic (point-to-point) inter-hemispheric connections.

34. Disconnection, Hyperconnection and Hypoconnection

Norman Geschwind, in two famous and lengthy papers in 1965 [358,359], in what
has been described as “the most influential work ever published in the discipline that
became known as behavioural neurology” [360], showed how “disconnexion syndromes”
can explain a wide range of symptoms occurring after brain damage. In 2005, Catani and
ffytche [361] developed the concept further, with the concepts of hyperconnectivity, and
regions becoming hyperfunctional or hypofunctional. This paper will consider the potential
consequences of functional modules becoming better connected, perhaps by being located
within the same rather than different hemispheres, or less well connected, as a result of
being in different hemispheres. It should be emphasised that these postulated differences
are not the consequence of lesions or brain damage, but are broadly within the typical
spectrum of neural functioning, but might explain individual differences in talents and
deficits.

35. Talents and Deficits

The potential of module connectivity, the connectome, for understanding the func-
tional consequences of cerebral polymorphisms, can be shown with a simple ‘toy’ model.
Figure 8 shows a very a ic brain containing just three functional modules, H (hand control),
L (language), and Vs (visuo-spatial ability). The modal combination in the population is
shown at the top left, with H and L in the left hemisphere and Vs in the right hemisphere,
which can be called LLR. The DC model suggests that about 78% of the population will
show this modal pattern assuming a 10% rate of left-handedness; these individuals show
the pattern of cerebral lateralisation described in introductory textbooks of neuropsychol-
ogy. There are, however, seven other ways in which H, L and Vs can be distributed across
the hemispheres, representing 22% of the population, and they are shown in the rest of
Figure 8. Modules which are atypically lateralised are shown with thick red borders. Some
variants are scarcer than others. There are three ways in which one module can be atypical
in its lateralisation, RLR, LRR and LLL (where the underlining indicates the atypical mod-
ule compared with the typical pattern of LLR), with 5% in each combination, three ways in
which two modules can be atypically located, LRL, RLL, RRR, with 2% in each combination,
and just one way for all three modules to be atypical, RRL, which is 1% of the population.
The handedness of the individuals is shown in colour, with green for the right-handers (H
in the left hemisphere), and red for the left-handers (H in the right hemisphere). Overall,
5% + 2% + 2% + 1% = 10% are left-handed.

The interesting thing about Figure 8 is in the potential problems and benefits of
variation in interconnectivity. Purely as a sketch of the possibilities, consider a skill such as
writing, which may require connections between hand control and language. The curved
arrows in Figure 9 connect language and hand control. For the modal combination, H
and L are in the same hemisphere, which is also the case for three other combinations,
and their intra-hemispheric connections are shown as black arrows. However, the other
four combinations have H and L in opposite hemispheres, with the inter-hemispheric
connections shown in red. Inter-hemispheric connections will require both homotopic
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callosal connections as well as ordinary intra-hemispheric fibres, and overall may be less
efficient resulting in hypofunction.

Figure 8. Schematic ‘toy model’ of three lateralised modules for handedness (H), Language (L) and
Visuo-spatial ability (Vs) placed in the Left or the Right Hemisphere. The top left diagram shows
the modal form, with H and L in the left hemisphere and Vs in the right hemisphere. Green and red
shading indicates right- and left-handers. Red borders on modules indicate atypical locations. The
population proportions of the eight types are shown in blue as percentages.

Taken overall, 14% of the individuals in Figure 9 have language and hand control in
opposite hemispheres, but amongst the right-handers (green), 7.8% have inter-hemispheric
connections between L and H, whereas amongst the left-handers (red), 70% have inter-
hemispheric connections. This simple, indeed simplistic, model suggests that the left-
handers may be much more likely to have problems. It should not be assumed that this
is a model of dyslexia—which is almost certainly more complex than the connections of
just two modules—but it is of note that meta-analyses have shown that dyslexia is more
prevalent in left-handers [15], albeit with an odds ratio based on 45 studies of 1.57 [15,362].
The qualitative picture is, though, plausible and intriguing.

What about the other connections between possible pairs of the three modules?
Figure 10 provides a simple interpretation of what may be helpful for someone who is
skilled at what loosely can be conceptualised as ‘manual craftsmanship’—perhaps wood
carving, or throwing or hitting a ball accurately, or maybe skills such as computer gaming.
For such skills, it may be beneficial for hand control, H, to be in the same hemisphere
as visuo-spatial skill, Vs, and 14% of the population show that pattern, which is not the
modal form, where H and Vs are in opposite hemispheres. Figure 10 also suggests that
H and Vs may be in the same hemisphere in 70% of left-handers, compared with 7.8% of
right-handers. Atypical forms are again more frequent in left-handers.

Consider next Figure 11, where connections between language, L, and visuo-spatial
ability, V, are shown. Skills such as storytelling or poetry may be enhanced with such
connectivity, and perhaps also mathematical or other systems involving symbolic and
spatial constructions. Once again, 14% of individuals overall have unusual patterns of intra-
cortical connections, but that now occurs in 40% of left-handers and 11.1% of right-handers.
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Note that these proportions are different from those in Figures 9 and 10 since handedness
there forms part of the pair being connected, whereas that is not the case in Figure 11.

Figure 9. An extension of Figure 8 to show connections between the handedness (H) and language
(L) modules, which conceptually may be needed for producing written language. The connections,
shown as double-headed arrows, are in black for intra-hemispheric connections, which is the modal
form. Connections in red are inter-hemispheric and involve in part the corpus callosum.

Thus far, the module connections have been between pairs of modules, H and L, H
and Vs, and L and Vs. It may be, though, that some skills are benefitted by having all three
modules, H, L and Vs, in the same hemisphere. Figure 12 shows a diagram in which, for
simplicity, the two types are highlighted in which H, L and Vs are in the same hemisphere.
Only 7% of the population show that pattern, and once more they are more frequent in
left-handers (20%) than in right-handers (5.6%).

The model, as presented, is clearly over-simple—just three modules in the two hemi-
spheres, whereas in reality there are probably many—but some patterns of connection are
perhaps more likely to result in deficits, including perhaps dyslexia, but those same combi-
nations may also result in talents. The literature is replete with claims of left-handers having
special skills, with repeated, although not particularly robust, claims that left-handers
are over-represented amongst musicians [363] and mathematicians [364,365]. There are
claims that some talented groups are more likely to have some cognitive deficits, as in the
suggestion that people with dyslexia are more likely to have superior visuo-spatial skills
and be skilled architects [366,367]. Rarely are such claims properly investigated, and the
association of visuo-spatial ability with dyslexia was complex in our meta-analysis [368].
Whether architects are more likely to be left-handed is also unclear [369,370]. What is clear
is that there are many individuals with talents, such as architecture, and there is little solid
underlying theory or evidence as to why that may be the case. Systematic fMRI or fTCD
scanning may be of help in exploring such talents and deficits.
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Figure 10. An extension of Figure 8 to show connections between the handedness (H) and visuo-
spatial (Vs) modules, which conceptually may be needed for manual craftsmanship in its various
forms. The connections, shown as double-headed arrows, are in red for inter-hemispheric con-
nections, the modal form for H and Vs, which involve the corpus callosum. Connections in black
are intra-hemispheric.

Figure 11. An extension of Figure 8 to show connections between the language (L) and visuo-spatial
(Vs) modules, which conceptually may be needed for poetry, mathematics or other uses of language
integrating symbolic systems and geometry. The connections, shown as double-headed arrows, are
in red for inter-hemispheric connections, the modal form for H and Vs, which involve the corpus
callosum. Connections in black are intra-hemispheric.
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Figure 12. An extension of Figure 8 to show three-way interconnections between the handedness
(H), language (L) and visuo-spatial (Vs) modules, which conceptually may be needed for, say, music
performance or similar skills. The only connections shown for visual simplicity, in black, are where
all connections between the three modules are intra-hemispheric connections.

The models of Figures 8–12 also make other predictions which, in principle, are
testable. Consider the two groups of individuals in Figure 9 who are right-handed but
have language in the right-hemisphere, and who have an inter-hemispheric connection
between handedness and language. Such individuals presumably put more emphasis upon
cross-callosal connections than do those in the modal group, and it is therefore of interest
that the corpus callosum is larger in individuals identified by intra-carotid amytal with
right-hemisphere language [371]. Associations between handedness and corpus callosum
size have found a rather mixed picture [372], but a meta-analysis found left-handers had a
larger corpus callosum [373], with a suggestion that degree of handedness may also relate
to corpus callosum size [374]. The study of handedness discordant MZ twins has also
found evidence of a larger callosum in left-handers [305,307].

An unusual study looking at cortical tracts is that of Häberling et al., which assessed
the arcuate fasciculus in MZ twins who were discordant for handedness and found some
differences [302], although the theoretical conclusion was a little weak, concluding that
there was “a strong non-genetic component” as twins were identical, but that omitted to
take into account that the DC gene system itself would have produced randomness which
could differ between the twins (and presumably comes under the heading of developmental
variance [65]). Interestingly, the latter interpretation is used for a related study of cerebral
asymmetries in MZ twins [303]. It should also be noted that there appears to be clear
inter-individual variation within the arcuate fasciculus [375], and the possibility has been
raised of assessing individual variation in arcuate fasciculus asymmetry [376].

The DC model makes some straightforward predictions about variation in connec-
tivity and its relation to cognitive talents and deficits, with a little supporting evidence
from corpus callosum thickness in particular. However, the key thing is that little proper
evidence has been collected which might be able to test it. What is probably required
are studies of populations in which cerebral polymorphisms have been identified (such
as those in the opening paragraphs of this paper, for which the study by Karlsson pro-
vides a model example [25]), but, in addition, anatomical and functional measures need
to be collected, particularly of the corpus callosum, but also assessing tractography in
general. Sample sizes may need to be larger than those currently used, but the principle of
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upweighting individuals likely to have atypical cerebral polymorphisms should provide
statistical power.

Mapping the human connectome is possible but complex [377], and the Human
Connectome Project has made good progress [378]. A large study of the heritability of
asymmetry in MZ and DZ twins DTI identified large numbers of asymmetries, but sadly
the analysis was restricted to right-handers [379], reflecting many neuroscience studies
which have intentionally omitted the study of left-handers [380,381]. Although it might be
expected that handedness could relate to cortico-spinal fibre density in the internal capsule,
no such difference has been found using tractography [382]. A preliminary but important
study did assess both arcuate fasciculus structure using DTI and functional language
activation using fMRI, but with only 25 participants it is difficult to come to any major
conclusions, but the approach is undoubtedly important [383]. There seems little doubt that
large and systematic connectome mapping will eventually provide insights to connections
between functional modules, both within and between hemispheres. Vingerhoets has
emphasised “the need for a more thorough investigation of the behavioural relevance of
atypical functional segregation in the general population” [17].

36. Selection and Evolution

Handedness, irrespective of whether it is environmental or genetic in origin, is a stable
polymorphism, the proportions of right- and left-handedness seeming to be stable over long
periods of historical time, in the past century or two [384], the last five millennia [385],
since the upper palaeolithic [386], or half a million years ago [387,388]. Going back further
than that is difficult, but there does seem to be evidence that the majority of humans were
right-handed perhaps two to three million years ago [389]. Prior to that, it is likely that
the majority of our non-human ancestors had a 50:50 mix of right- and left-handers [390],
although the proportion of right-handers in some great apes may be as high as 65–70%,
with variation between different species [391].

If a polymorphism is stable for long periods of time, then something must maintain
that stability, or random drift, be it either genetic or environmental, will remove one or other
morph. Since handedness does seem to be under genetic control, genetic mechanisms for
maintaining the polymorphism seem the most likely explanation. A classical monogenic
explanation for a balanced polymorphism is heterozygote advantage with the best known
example being sickle cell anaemia, where affected homozygotes have a high mortality, but
heterozygotes, carrying just one copy of the gene, are protected against malaria, which
means the gene continues to survive in the population [137]. An alternative mechanism is
frequency-dependent selection, where rarer phenotypes have an advantage precisely because
of their scarcity, a mechanism found in the lateralisation of scale-eating cichlid fish [392],
and often invoked for left-handers being better at fighting or sport [393,394], although there
is controversy over the strength of the effects [394–396]. The only other major method of
polymorphisms being maintained in the population is by mutation, and it is clear that new
mutations are responsible for maintaining the relatively rare disease, haemophilia [397].
However, in general, geneticists have argued that mutation at a single locus cannot maintain
a polymorphism at more than about 1% of the population [137].

The monogenic DC model would seem to be an obvious candidate for a balanced
polymorphism, and for many years that was a view that I espoused [390]. It seemed plausi-
ble that the relatively small amount of extra variation in DC genotypes, with occasional
modules being moved to the opposite hemisphere from that which is typical (“nudged”),
might sometimes confer selective advantages, perhaps because of unusual organisations
that created novel cognitive skills (much as manual dexterity or poetry, as suggested in
the previous section). In contrast, the CC genotype would more likely result in many
rearrangements of modules (“all shook up”) with the likelihood that most rearrangements
would be disadvantageous, just as it rarely benefits complex systems for all the components
to be taken out and replaced in random order. The monogenic DC model with balanced
polymorphism was an elegant model, and it had very much to commend it, except that
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it was almost certainly wrong. Handedness is clearly not under monogenic control, and
while, as we have seen, it may act as if it is monogenic for the purposes of calculating hand-
edness in families and twins, that is not the same as saying that it is monogenic. Therefore,
there cannot be a simple balanced polymorphism. The molecular genetics of handedness,
which says there are at least 40 genes [65], and possibly many more yet to be found [93], is
problematic for stabilising selection, particularly involving a balanced polymorphism.

Although stabilising selection is readily maintained with two or more alleles at a single
locus, any more than two loci becomes very complicated. As Walsh and Lynch say in
their massive and encyclopaedic Evolution and selection of quantitative traits, “one of the
most perplexing observations in quantitative genetics [is] the maintenance of high levels of
genetic variation for most traits under apparent genetic variation at a number of loci” [62]
(p. 132). Much later in their book, a variety of complex models is presented, and “to
aid the more casual reader, [Walsh and Lynch’s Table 28.3] . . . summarises the major
inconsistencies for each model . . . ” (p. 1018). Seventy pages later, after presenting that
table, the chapter reports that, in 2005, Johnson and Barton [398] . . . stated that

“it is puzzling that levels of heritability are so pervasive, so high and roughly
constant’, [meaning] that, ‘we are in the somewhat embarrassing position of
observing some remarkably robust patterns . . . and yet seeing no compelling
explanation for them [62] (pp. 1069–1070)”.

As the chapter finishes, Walsh and Lynch (p. 1078) refer to the insight of Barton
(1990) by saying “that much of the variation associated with a trait is likely maintained
for reasons independent of that trait’s fitness . . . ” [62]. Barton puts forward a role for
mutation-selection balance (MSB), in which there are large numbers of mutations which are
only mildly deleterious [399]. Over recent years it has become more and more apparent
that rare mutations are very frequent, with each of us carrying thousands of them [289],
with many rare variants being found on deep sequencing [400], which may contribute to
diseases such as diabetes [401].

Mutation–selection balance has been invoked to explain the inheritance and mainte-
nance of traits such as intelligence and education, and to some degree neuroticism and
extraversion [402,403]. As Hill et al. explain,

“mutation-selection balance provides an explanation of how genetic variation
can be maintained for quantitative traits that are under directional selective
pressure. Mutation-selection balance describes instances where mutations that
are deleterious to the phenotype occur within a population at the same rate
that they are removed through the effects of selective pressure. Due to the
removal of variants with deleterious effects on the phenotype, the existence of
common variants with medium to large effects is not expected under mutation-
selection balance. This is consistent with the current findings from large genome-
wide association studies (GWAS) on cognitive phenotypes, including general
intelligence and education, where common SNPs collectively explain a substantial
proportion of phenotypic variance, but the individual effect size of each genome-
wide significant SNP discovered so far is around 0.02% [402] (p. 2348)”.

Essentially there is a definite benefit to having high levels of intelligence, or other
cognitive traits, just as the there is a benefit in having a functioning muco-ciliary escalator to
remove detritus from the lungs and sinuses. Mutations at many loci can, however, disrupt
the process, and that results either in lower intelligence in the one case, or impaired lung
function in the other. The deleterious effect of any individual mutation is relatively low,
but eventually they are removed from the gene-pool by selection and drift. However, new
mutations inevitably replace them, with selection and mutation in long-term balance.

At present, the most plausible explanation for the inheritance of right- and left-
handedness seems to be something like mutation–selection balance. Individuals with
all Di alleles in the polygenic DC model have the standard, ‘modal’, pattern of cerebral or-
ganisation, and their neural function is effective (if perhaps unoriginal or uninspired). New
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Ci alleles mutate occasionally, so a locus has a DiCi genotype, resulting in left-handedness
which can then run in families as a result of heterozygosity at a locus. The DiCi genotypes
result occasionally in traits which are either beneficial (talents) or deleterious (deficits),
which may increase or decrease the fitness of the individual carrying them. Eventually, the
locus develops a second mutation, giving a CiCi genotype at a locus, which then results
in the random location of all modules to right or left. Presumably, the latter is deleterious
to a greater extent. If the homozygous CiCi genotype also happens to be at a locus where
there is a pleotropic effect, having effects on other bodily systems, those pleiotropic effects
being on systems which may be entirely unrelated to neural functioning, then those CiCi
genotypes at the locus disappear from the gene-pool. More mutations are, however, on
their way, and so the cycle continues, with rates of handedness being maintained at broadly
constant levels across time. It should be noted that this model does not explain the original
origins of the baseline genotype with Di alleles at all of the loci.

37. The Evolutionary Origins of the Asymmetric Brain

A genetic model accounting for why some people are left-handed tells us nothing about
the much deeper question of why humans have brain asymmetry at all. That is similar to
an understanding of the condition phenylketonuria telling us little about how and why the
enzyme phenylalanine hydroxylase evolved in the first place, or an understanding of PCD
telling us little of when, where and why organisms developed motile cilia, and eventually
a muco-ciliary staircase, or knowing about sickle-cell anaemia helps us to understand the
evolution of haemoglobin itself, that wonderful molecule which carries oxygen to every
cell in our body. “Genes for” some things are not easily studied—genes for a head, genes
for a liver, genes for a heart, exist in some sense, but if they go badly wrong then an
embryo fails to develop, even if it gets that far. Making genetic sense of the big things
in biology is helped only occasionally by subtle pointers and hints from when those big
things go wrong, but ultimately an understanding has to come from evolutionary studies,
and particularly molecular evolution which can compare important genes across species,
looking for homologues and changes. Genes for brain asymmetry are nowhere near being
able to be studied in that way, although understanding the origins of the genes involved in
handedness may one day point to their underpinnings, and their earliest beginnings.

Understanding bird flight, to return to the comment made earlier by David Marr [175],
means understanding much more than feathers. There is a gene in chickens called scaleless,
sc/sc homozygotes having neither scales nor feathers [404]. The original mutation arose
spontaneously in 1954 in the University of California chicken flock, probably in a single
male [405]. While those scaleless chickens undoubtedly could not fly, neither do they really
contribute much to an understanding of the evolutionary origins of bird flight, except
to suggest that the protein FGF20 is important in creating vertebrate skin appendages,
including feathers and scales. Feathers are highly multi-functional, helping with flight,
but they are also involved with water-proofing, buoyancy, protection, balance, avoidance
of parasites, camouflage, mimicry, eye and orifice protection, sexual display, male–male
competition, distraction, odour production, moulting and renewal, prey capture, and
migration, which together as a set resemble a pleiotropy [406]. Birds differ from one another
with a DNA-based phylogenetic tree available for 198 species [407], most of which can fly,
but a number of which have lost that ability. Birds, in some sense, are living dinosaurs, but
their evolution from the dinosaurs raises many and difficult palaeontological questions, not
least concerning the apparent coupling of the origin of flight with the origin of birds [408].
Birds are fascinating, but clearly are not the main interest of this paper. They do, however,
show the orders of magnitude differences that are present between our understanding
of cerebral lateralisation, or indeed vertebrate lateralisation in general, and biologists’
understanding of the evolution of birds, feathers and flight.
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38. The Evolution of Heart Asymmetry and Brain Asymmetry

Heart asymmetry seems ancient, going back to the beginning of the vertebrates,
whereas brain asymmetry feels the newcomer on the block, certainly in terms of hand-
edness and language dominance, although behavioural asymmetries are also ancient in
phylogenetic terms [190,409], with an early behavioural asymmetry shown in trilobites
from the Cambrian of 500 million years ago [410]. Certainly, when speculating on how cere-
bral lateralisation may have evolved, it had seemed plausible that the gene for handedness
and language dominance would have been a mutated copy of the gene for situs [165]. In
retrospect, that may have been back-to-front.

Richard Palmer, in a series of important papers, has transformed thinking about
asymmetry and its evolution [217,318,411]. Palmer has distinguished two possible ways in
which anatomical asymmetry might evolve in genetic terms. The conventional evolutionary
route would be that a symmetrical ancestor, S, has a mutation which results directly in
directional asymmetry, D, so that symmetry precedes directional asymmetry as follows:
S → D. An alternative route, which Palmer calls Genetic Assimilation, involves a symmetric
ancestor having a mutation which produces anti-symmetry, in which offspring occur in both
of two mirror-image forms (right-handed and left-handed enantiomorphs, A + AT). In
response to selection, a second mutation results in one of the two forms of A being selected,
leaving D, directional asymmetry, with the anti-symmetric pair being a transitional stage:
S → (A + AT) → D.

Anti-symmetric forms can sometimes be spotted in the fossil record, with Palmer
citing a clear example in the evolution in phallostethid fish of the priapium, which is used
for clasping during intromission. Of 21 species, 17 species are anti-symmetric, individuals
within the species having the priapium either on the left or the right side. Of the remaining
four species, two solely have a left priapium and two solely have a right priapium. The
phylogenetic relationships are understood, and the four species with directional asymmetry
have evolved from antisymmetric species, down three separate branches of the tree [318].
A similar situation can perhaps also be seen in the turning tendencies of twenty fish species
during a detour, where anti-symmetry seems to be ancestral to directional asymmetry
in one or other direction [412], as is also the case for hand usage in seven species of
marsupials [413]; in both cases directional bias seems to be driven either by social or
ecological factors. The situation in anthropoid primates shows some similarities, although
the pattern is confusing. Meguerditchian et al. [414], in an analysis similar to that for
marsupials, found that ecology rather than phylogeny seemed important, arboreal species
showing a left-hand preference for bimanual coordinated tasks, whereas terrestrial species
tended to be right-handed. The more extensive study of 38 species of anthropoid primates
by Caspar et al. [415] found little phylogenetic influence on direction of handedness,
suggesting “unique selective pressures gave rise to . . . hand preferences”, which is similar
to the picture in other phylogenies. There was, however, evidence of phylogenetic and
ecological influences on degree of hand lateralisation, stronger lateralisation in the New
World monkeys, and terrestrial species generally having weaker hand preferences.

Once directional asymmetry has been set up then it can be fixed in place by what
Waddington called canalization [416], whereby “the form which occurs in Nature . . . is
much less variable in appearance than the majority of the mutant races”, a process whereby
buffering maintains developmental stability [417]. In the case of the heart, Palmer presents
compelling data showing that the rate of spontaneous situs inversus is about 5% in fish,
1–2% in amphibians and birds, and about 0.1% in mammals, with a rate of 0.01% in humans,
suggesting a progressive increase in buffering of asymmetric heart development [318].
Why asymmetric heart development is necessary has been little explored, but there is
a suggestion that an asymmetric, spiral flow of blood through the heart may reduce
turbulence and hence blood clotting [418], although it is unclear whether there may be
more turbulence in the less buffered situation of situs inversus.

Earlier in this paper, it was suggested that cilial rotation was necessary for determining
situs. That is probably correct for humans and mice, but many species do not seem to
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have rotatory cilia, with chicks and frogs being the most notable exception. Many genes or
traits are also expressed asymmetrically during early development, and Palmer tabulates
29 different genes or traits involved in the nodal cascade, across six groups of species,
including mammals, birds, amphibians, fish, lancelets (amphioxus) and ascidians (sea
squirts and tunicates), in relation to three anatomical asymmetries—coiling of the gut,
asymmetry of the heart, and brain asymmetry (particularly of the habenular nucleus). The
key finding is that while lancelets and ascidians do not have an asymmetric heart, they do
have asymmetries of the gut and also of the brain. Therefore, Palmer concludes that “brain
asymmetry seems a more likely ancestral target [of asymmetrically expressed genes]”, with
heart asymmetry only being a secondary or derived character [313].

Asymmetry of the brain may therefore precede heart asymmetry. The anatomical
asymmetry of the brain is mostly in the habenular nuclei in the epithalamus, the asymme-
try being found across all vertebrates [419] and has been shown to relate to asymmetric
behaviour in fish [420]. The habenulae are asymmetric in humans [421], but are extremely
difficult to image accurately using fMRI, with assessment of asymmetries and functional
activity being problematic [422]. The functions of the habenula are slowly becoming more
apparent, with reward processing seeming to be important [423], with suggestions that
disruption can be important in major depression [424]. Having said that, it is interesting
to return to the two large review articles on laterality by Corballis and Morgan in the
1970s [33,103], where despite discussing the asymmetry of the habenular nuclei, in the
discussion they do comment that “we do not know what the habenular ganglion of am-
phibia does, still less whether its asymmetry has any effect on behaviour” [103] (p. 326).
That, to some extent, still summarises the current situation, even if it may be the case
that the habenular is the Ur-asymmetry from which other major human anatomical and
behavioural asymmetries have developed.

Even if habenular asymmetry is where everything comes from, that is still not an
explanation for why handedness and language dominance are inherited, and there are
many details that are not accounted for. Consider, say, handedness in mice and other
non-human mammals, where hand or paw preference seems to be effectively random.
If there are genes determining habenular asymmetry, they do not seem to be affecting
handedness. The conclusion has to be that, at some point, mechanisms for making the
habenular asymmetric have been co-opted to make cortical tissue or other cerebral tissue
asymmetric in its functioning, allowing hand, language and other functional asymmetries
to develop. When and how is still though very unclear.

39. Conclusions: Broken Symmetry and ‘the Method of Brocan Doubt’

The theoretical challenges raised by cerebral polymorphisms have inevitably raised
many questions covering a wide range of areas, but that is the nature of both biology and
of theory. Single biological organs, biological functions or even biological molecules do
not exist independently of other components of complex organisms, but all are necessarily
interdependent. That is shown very clearly in the suggestion by Boyle et al. [297] that
complex traits are not just polygenic but in some sense omnigenic, with almost all genes
having some influence on any complex trait, albeit small. Making sense of polygenic
associations with phenotypes, inevitably therefore requires a very broadly based approach.
Theory has therefore to consider the bigger picture, drilling down to possible underlying
mechanisms, and standing back to consider evolutionary origins and functions. Such an
approach is relatively rare in the study of lateralisation, and, as a consequence, this paper
has become very long.

In one of the most famous philosophical passages ever written, Rene Descartes began
to doubt almost everything that he believed, until he had the sudden insight that the one
thing he could not doubt was that he was thinking: Cogito, ergo sum: I think, therefore I am.
The method of Cartesian doubt had eventually found solid bedrock, a conclusion whose
existence could not be doubted, and from which theorising could then properly begin.
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Sometimes, when thinking about theories of the broken asymmetries of lateralisation,
and particularly about some of the wilder and more eccentric theories that exist [12], I
return to what I call ‘the method of Brocan doubt’. When faced with inconsistent laterality
data, incompatible predictions or incomprehensible theories, I return to the one thing which
is indubitable in trying to make sense of the broken symmetry demonstrated by the human
brain—as Broca’s seminal research showed, patients who become aphasic after unilateral brain
damage, mostly have damage in the left hemisphere. Additionally, that can be affirmed by
anyone who has seen patients with aphasia, most of whom have a right-sided hemiplegia.
Any theory of cerebral lateralisation has to accept and attempt to explain both that one
indubitable fact shown by Broca along with its occasional but important exceptions. The
equivalent key finding for cerebral polymorphisms, is the 1983 study by Phil Bryden, Henri
Hécaen, and Maria De Agostini [21], which identified all eight independent combinations
of aphasia, agnosia and hand dominance, thereby extending Broca’s work to three modules.
I often discussed those 1983 results with Phil Bryden, and this paper is dedicated to his
memory, with thanks for his continual and continuing inspiration.
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Abstract: Around the world, about 10% people prefer using their left-hand. What leads to this fixed

proportion across populations and what determines left versus right preference at an individual level

is far from being established. Genetic studies are a tool to answer these questions. Analysis in twins

and family show that about 25% of handedness variance is due to genetics. In spite of very large

cohorts, only a small fraction of this genetic component can be pinpoint to specific genes. Some of

the genetic associations identified so far provide evidence for shared biology contributing to both

handedness and cerebral asymmetries. In addition, they demonstrate that handedness is a highly

polygenic trait. Typically, handedness is measured as the preferred hand for writing. This is a very

convenient measure, especially to reach large sample sizes, but quantitative measures might capture

different handedness dimensions and be better suited for genetic analyses. This paper reviews the

latest findings from molecular genetic studies as well as the implications of using different ways of

assessing handedness.

Keywords: handedness; neurodevelopment; GWAS; heritability; quantitative trait; polygenic scores

1. Is Handedness a Genetic Trait?

Before embarking in the search for the genetics factors of any traits, the most funda-
mental question is whether a trait is influenced by a genetic component. More specifically,
we are asking whether the variability observed in the population for that particular trait is
influenced by genetics. Several observations confirm that a genetic component contributes
to handedness.

Most people can readily say whether they are left- or right-handed, especially for
highly skilled task like writing with a pen. Of course, it is possible to learn writing with the
nonpreferred hand, but at least at the beginning, that would feel an un-natural act. Based
on these observations we can state that it is in our nature to have a preferred hand for
writing, which is the right hand for most people. Probably because of the minority status,
left-handers were stigmatised throughout history and cultures. In fact, it is quite common
to hear of left-handers being forced to use their right hand for some tasks such as writing.
Instead, the reverse, i.e., forcing right-handers to use the left hand, is very unlikely. This
phenomenon is well-documented in the UK Biobank data showing that the prevalence
of left-handedness increases in younger participants probably because of stronger stigma
in older generations [1]. A recent meta-analysis, confirmed the same historical trend and
that left-handedness tends to converge to around 10% across populations [2]. Although
left-handedness prevalence tends to remain low in some countries, e.g., China, this seems
to be a cultural effect. For example, a 1980s survey reported that less than 1% Chinese
students are left-handed [3]. A more recent study, reported a higher prevalence of left-
handedness (6%) in a Chinese cohort living in Hong Kong, possibly as a result of the
westernisation of this region [4]. Therefore, left-handedness, not only is a minority status,
but appears to be fixed to a constant frequency. This fixed prevalence is suggestive of
evolutionary forces maintaining the ratio of 1 left- to 9 right-handers possibly through
genetic mechanisms. This scenario could be explained by a frequency dependent selection
process where the minor trait has an advantage but only until it remains at low prevalence

83



Symmetry 2021, 13, 1792

in the population [5–7]. A cost is clearly associated to left-handedness, else we would
observe it at a 50% frequency in populations.

The link between handedness and language is another indicator of the biological
nature of handedness. Although both hemispheres are engaged during language tasks, for
the majority of people, hemispheric dominance resides in the left side. Right hemisphere
dominance for language is rare and observed preferentially in left-handers [8] (see also
Corballis [9] and Vingerhoets et al. [10] in this issue for details on functional and anatomical
brain asymmetries). This link is weak but suggests some common pathways control the
establishment of brain asymmetries and contribute to both language and handedness.

Family and twin studies provide the most compelling case in support of genetics,
indicating that at least one quarter of handedness variance is determined by genetic
factors [11]. However, the remaining 75% are not necessarily influenced by nongenetic or
environmental factors. For example, intrinsic variability linked to developmental processes
might explain a large of portion of the remaining variability across people, as argued by
Kevin Mitchell [12] and, more recently, by Chris McManus [13], as part of a discussion
setting the vision for the future of laterality research [14,15]. The idea is that, while the
general developmental stages of an individual are directed by biological processes tightly
regulated by our genes, a random component allows fluctuations from the general plan.
Such fluctuations, which are actually part of the biological plan itself, could play an
important role in determining an individual’s characteristics, including handedness. Under
this view, the actual genetic component of handedness is expected to be much higher than
what (~25%) predicted by twin studies. McManus’ prediction is that very few environment
factors are likely to play any significant role in establishing the direction of hand preference.

2. How to Measure Handedness

Having established a firm and conspicuous genetic component underlying a trait, the
next question is how best to measure the phenotype for genetic analyses. Handedness
appears to be a very straightforward phenotype, with most people being able to define
themselves as either left- or right-handed, typically on the basis of their preferred hand for
writing. The majority of individuals also carry out other tasks preferentially with the same
hand they used for writing, either the left or the right one. However, a minority, defined as
mixed-handed, prefer using different hands for different activities (e.g., writing with the
right but throwing a ball with the left hand) and a small group, or ambidextrous, has no
clear hand preference between the two hands. In total, mixed-handed and ambidextrous
individuals are about 9% of the population, a group almost as big as the left-handers [2].
Tools like the Edinburgh Handedness Inventory (EHI) and Annett’s questionnaire [16,17],
which record the preferred hands for a dozen of activities or items, allows identifying these
individuals. While most people will answer “right” or “left” for all items, there will be a
group without consistent preferences. Instead, one task alone, e.g., hand preference for
writing, cannot identify this group. A third possibility is to measure handedness as relative
hand skills by assessing how better one individual performs with one hand versus the
other. This approach leads to continuous measures, or laterality quotients (LQ; Figure 1).
The pegboard task, which records the time taken to move pegs in a row of holes [17], is a
commonly used tool to derive such scores. A key question is whether different handedness
measures, which require significant time or resources to be collected in large cohorts,
offer any specific advantage for genetic studies over the self-reported measure of hand
preference for writing [18].
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Figure 1. Polygenic model for handedness. Handedness is typically measured as hand preference (top bars). But it can
also be measured along a continuum using laterality quotient (bottom curve, shown upside-down for convenience). Hand
preference leads to two categories: right and left distributed in a 9:1 ratio. Laterality quotients (LQ) assess relative hand
skills and how much an individual is lateralised in addition to a left v right direction. A value of zero (0, aligned along
blue line) indicates equal ability with both hands and separates left and right handers for that particular skill. Different
LQ identify a general left v right component, but do not correlate perfectly with hand preference. The chance of being
left-handed increases with accumulation of multiple genetic variants represented by gradient in middle of figure. Poor
correlation across handedness measures suggest that different pools of common variants contribute to different measures,
although we expect some overlaps. For example, different genetic studies reported associations with different set of genes
with cytoskeletal functions. Although hand preference is a convenient measure, which can be easily collected in very large
cohorts, LQ might be better suited to identify genetics underlying handedness.

A starting point to address this issue is to examine how different measures correlate
with each other and whether different types of assessment can be used interchangeably.
This can be done in population-based cohorts that include thousands of participants char-
acterised with multiple handedness measures. For example, participants of the Avon
Longitudinal Study of Parents and Children (ALSPAC) cohort [19] were assessed with
hand preference at different time points, handedness questionnaires, and multiple motor
tasks, which can be used to derive LQ (N up to 8000). Thanks to these data, we showed that
different laterality measures are poorly correlated with one another [20] and, beyond cap-
turing a general left/right component, they tap in different laterality dimensions. Moderate
correlation (0.42) for handedness measures derived from the EHI and the pegboard task
was also reported in 205 twin pairs recruited in Hong Kong. Remarkably, both measures
presented similar heritability estimates at around 20%, but the low correlation suggest that
most likely they are underpinned by different genetic factors [4].
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The UK Biobank [21] with its multilayers of biological, genetic, clinical, and be-
havioural data for half million study participants is revolutionising different lines of
research, including in the field of laterality, as we will discuss later (see also Corballis in this
issue [9]). However, in this cohort the handedness assessment is limited to the self-reported
preference for writing which leads to three categories: “right hand”, “left hand” and “both
hands”. These data present some peculiarities. The rate of ambidexterity is reported at
~1.5% in the population, which is higher than expected. In fact, individuals who can
write equally well with both hands are extremely rare. The heritability estimates for left-
handedness and ambidexterity are also puzzling. At behavioural level, the identification of
siblings (N = 20,277 pairs) and other relatives (N = 49,788 pairs) led to a heritability (h2)
estimate of 12% for left-handedness [22]. This sample size was too small to derive a reliable
estimate for ambidexterity with the same approach. Instead, genome-wide molecular
data showed that common genetic variants, or single nucleotide polymorphisms (SNPs),
capture up to 6% and 15% of the heritability (hg

2) for left-handedness and ambidexterity,
respectively. The higher hg

2 observed for ambidexterity is a potentially exciting finding,
but it also revealed some bias. Thanks to the molecular data, it is possible to test the
genetic correlation across different traits. This analysis revealed that ambidexterity did
not show genetic correlation with left-handedness or other neurodevelopmental, neural,
and psychiatric traits as expected and as observed for left-handedness [22]. Instead, am-
bidexterity showed genetic correlation with the risk of being injured. A possibility is that
the ambidexterity measure (reported as “being able to write with both hands”) may be a
consequence of injuries that force the use of the nonpreferred hand. However, to further
complicate the situation a very recent genetic study for dyslexia—a neurodevelopmental
phenotype—found a significant genetic correlation with the UK Biobank ambidexterity
measure (but not with left-handedness) in over a million individuals derived from the
23andMe database [23]. The results of these studies show that even extremely large samples
are not sufficient to disentangle patterns of associations between various binary traits and
emphasise the importance of the quality of the phenotypes used for genetic studies.

More detailed handedness assessments were possible in smaller cohorts. The ALSPAC
cohort is exceptional for the richness of measures collected over three decades. In addition
to multiple measures, it also offers the advantage of a family structure design with both
behavioural and genetic data available in parents and children. Taking advantage of these
features, we were able to derive and compare heritability estimates across different hand-
edness measures [24]. We found that hg

2 for left-handedness, as a categorical measure, was
8%—a slightly higher but comparable figure to the 6% observed in the UK Biobank. When
transforming the categorical phenotypes in quantitative scores, the hg

2 for measures of
hand preference derived from the summary of EHI scores was 21% (this transformation
was achieved by regressing out effects of sex, age, and the first two principal components
for ancestry as described by Verhoef et al. [25]). This 21% figure is similar to the estimates
derived from behavioural analysis in twins. The same analysis for individual items showed
variability across activities. For example, the highest heritability estimate (42%) was ob-
served for the “hand used to cut” item. The same item presented the higher heritability
(32%) also in a Japanese study [26]. These data both support the benefit of using quanti-
tative phenotypic transformations and indicate that individual, rather than summary or
composite measures, might be a more powerful tool to capture genetic factors underlying
handedness. The same conclusion was reached by a study in a Mexican sample [27] and
support the idea that different handedness measures capture different components of hand-
edness. A key feature of quantitative phenotypes is that they distinguish both the poorly
and the extremely lateralised individuals in addition to the left- and right-handedness
direction (Figure 1). Therefore, if genetic factors contribute to the degree of lateralization
rather than the direction of handedness, such effect will not be captured by individual
measures of hand preference. When we applied the same phenotypic transformations to
laterality measures other than handedness (i.e., foot and eye preference), we found that the
heritability of foot preference was 28%—higher than what observed for handedness—but

86



Symmetry 2021, 13, 1792

was negligible for eye preference. This finding, in agreement with behavioural data from a
previous study [28], suggests that other laterality measures beyond hand preference have
the potential to lead to significant genetic discoveries.

However, the ideal scenario of having multiple handedness measures in large cohorts
remain challenging. The “preferred hand for writing” is a very convenient way to assess
handedness because it can simply be a box ticking as part of larger studies. For example,
large cohorts primarily designed for studying the genetics of various diseases, can then be
reanalyse for the genetics of hand preference at no extra cost. However, a hand preference
measure might not capture genetic factors contributing to different aspects of handedness.
In particular, it is not an ideal way to identify mixed-handed or poorly lateralised individu-
als. Currently, large scale collection on LQ measures is challenging and requires significant
resource. For example, it would require dedicated personnel to collect, record and entry
the data. As we move towards increasing digitalisation of every aspect of our lives, online
platforms could offer a viable route for the collection of laterality data in large populations.

3. There Is No Handedness Gene

Having firmly established that a large generic genetic component underlies handed-
ness, the next question is what specific genes determine whether one individual is right-
or left-handed? Currently, our best answer is “many and not one in particular”. It is now
universally accepted that there is no single gene or single allele determining left handed-
ness, contrary to what predicted by the theories proposed in the 80s [29,30]. However, it is
important to recognise the values of these theories, which fitted with the data available
at the time and played key roles in driving research efforts in the field. Thanks to recent
advances in genomic technologies, we are now appreciating the highly polygenic nature
of neurodevelopmental traits and of common human diseases. In fact, such complexity is
much higher than it was anticipated only 10 years ago [31]. Genomic technologies include
both genotyping of known variants, or SNPs, used for genome-wide association studies
(GWAS) and resequencing to discover rare or de novo variants. Both technologies have
generated data for hundreds of thousands of individuals and, considering that, as we just
discussed, hand preference for writing is a very straightforward variable to be collected, a
large amount of data for gene mapping are available. The fact that no specific individual
gene with large effect was identified yet unequivocally excludes the possibility that there
could be one single genetic factor causing left-handedness. Instead, an increasing number
of genes with small effect sizes are being found in parallel with the analysis of increasingly
large cohorts, confirming the polygenic nature of this trait (Table 1).

4. Resequencing the Genome

The ability to resequence the human genome at affordable cost allows the identification
of genetic variants characterised with large effect sizes on the phenotype. Such effect tends
to be disruptive and reduce the fitness of an individual. The large effect size is usually
due to changes in the coding sequence that in turn alter the function of the corresponding
protein. Whole exome sequencing (WES) technology targets specifically the coding regions
(~2% of the entire genome) and offers an efficient way to discover such variants. Whole
genome sequencing (WGS) instead covers the entire genome. Compared to that of WES,
WGS is more expensive and poses the challenge of handling and interpreting a very large
amount of data. It is estimated that each of us carry thousands of rare variants and up to
100 de novo mutations that are not inherited from our parents. Dissecting which ones might
be relevant for the phenotype under investigation is not straightforward. WES has the
advantages of being cheaper in terms of data generation and more straightforward in terms
of data handling cost compared to that of WGS. The downside is that WES cannot detect
potential functional mutations located in regions far from genes, e.g., regulatory enhancers,
and is not ideal for the identification or larger insertions and duplications. While sample
size remains a key factor for the interpretability of sequencing studies, the selection of
participants is also vital. In general, the severity of the phenotype could be a good indicator
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of the presence of causative rare variants. For example, WES studies are a powerful
tool for the identification of mutations causing undiagnosed severe neurodevelopmental
delays [32,33]. However, these are examples of clearly severe and debilitating phenotypes
that cannot be compared directly with a left-handedness status, even in the case of “strong”
or “extreme” left hand preference assessed with the EHI and LQ measures. A strategy that
mirror this selection criteria was adopted by a WGS study that focussed on individuals
with situs inversus, a left-right reversal of the visceral organs, and who presented an
elevated rate left-handedness [34]. Although in a few cases mutations in genes known to
contribute to laterality defects were detected, no obvious genetic causes were identified
for five individuals with situs inversus, three of which were also left-handers. These data
suggest that even extreme asymmetric phenotypes are not a specific category cause by
single variants with large effects.

Another strategy for the selection of individuals in sequencing studies is to focus on
families presenting a clear inheritance pattern suggestive of a mutation that co-segregates
with the phenotype. This approach was successful in mapping genes underlying different
traits and diseases including language-related disorders. Although the discovery of the
FOXP2 gene goes back to the pre-genomic era, it was due to the observation of a severe
speech and language disorder in multiple members of a large multigenerational family,
consistently with the presence of a dominant mutation [35]. Other mutations contributing
to language impairment were identified either through the analysis of large families [36],
as well as in individual cases selected for severity [37]. Such approaches demonstrate
the power of sequencing studies in detecting single causative genetic factors also in the
context of highly polygenic traits like language impairment. This scenario shows that
polygenic traits can result from single mutations, however these mutations are likely to
occur in different genes, and therefore, are difficult to detect. Causation can be inferred
when the same variant or different variants in the same gene are observed in multiple
individuals. Very few sequencing studies, conducted specifically to map genes causing
left-handedness, were conducted so far. Two separate WES studies sequenced members
of families that practiced consanguineous marriage and presented an overrepresentation
of non-right-handed individuals. The assumption of the sequencing studies was that
left-handers in these families would carry a causative genetic variant [38,39]. Neither of the
studies found any compelling evidence that this was the case. While a causative mutation
located outside the regions covered by WES cannot be completely ruled out, the most
likely interpretation of these negative findings is to add support to the polygenic nature of
handedness. Given the limited number of sequencing studies, we cannot reach definitive
conclusions, and the identification of single mutations directly causing left-handedness
remains a possibility. However, considering the evidence collected so far, we expect this
scenario to be an exception rather than the rule.

5. Handedness GWAS

Increasingly large GWAS for handedness measures led to a growing number of
statistically significant genetic associations (Table 1).

The most recent GWAS, and the largest to date (N = 1,766,671) conducted by Cuellar-
Partida et al., for a categorical definition of handedness confirmed the highly polygenic
nature of handedness [22]. Such an impressive sample size was reached by analysing study
participants from the UK Biobank, 23andMe (https://www.23andme.com, accessed on
25 August 2021), and the International Handedness Consortium. The study identified
48 statistically significant associations, of which 41 were associations with left-handedness,
and 7 with ambidexterity. In addition to the detection of these associations, what the study
did not find is equally compelling. Firstly, there was no single genetic factor associated with
a large effect and, second, it is clear that many other genetic factors, beyond these 48 associ-
ations, remain to be identified. Overall, these observations confirm the highly polygenic
nature of handedness, which is expected to implicate a much larger pool of genes than
the ~40 genes predicted by McManus and colleagues in 2013 [40]. Cuellar–Partida et al.

88



Symmetry 2021, 13, 1792

conducted multiple analyses in addition to individual marker-traits associations provid-
ing new insights into the biological pathways contributing to handedness [22]. They
observed that the genetic correlation between left-handedness and ambidexterity was
very low. As discussed above, this is probably explained by a bias introduced by the
self-reported measures, which are do not capture genuine ambidexterity. Instead, tissue-
and pathway-enrichment found that genetic associations for left-handedness (but not
ambidexterity) suggested, as expected, a role of the central nervous system. In particu-
lar, left-handedness was associated with genes involved in the activity or formation of
microtubules, including MAP2, TUBB, TUBB3, NDRG1, TUBB4A, TUBA1B, BUB3, and
TTC28. Microtubules are major components of the cytoskeleton and are essential for many
processes, such as cell division, cell motility, intracellular transport, and maintenance of cell
shape. Increasing evidence is supporting the role of microtubules in neurodevelopment
and neurodevelopmental disorders [41,42]. Given the association between handedness and
some psychiatric conditions, e.g., schizophrenia [43], Cuellar–Partida and colleagues sug-
gested that microtubule-mediated processes could mediate the link between asymmetries
and disorders. Microtubules were proposed as a key element to explain this complex link
by Wiberg and colleagues in an earlier GWAS conducted in a subset of the UK Biobank
individuals (N~400,000) [44]. The findings from our previous GWAS for a LQ derived
from the pegboard task, and conducted in a much smaller sample (N = 728), proposed
that shared biological pathways contributing to the establishment of left/right anatomical
differences would also contribute to handedness and brain asymmetries [45]. Specifically,
we suggested cilia-mediated processes as one of these biological pathways [46–48]. Cilia
are microtubule-based cellular structures with sensory and motility function. During early
development, cilia are critical in pattering the left/right axis determination and mutations
in genes controlling cilia formation and function lead to laterality defects (See Vingerhoets
et al. in this issue for a detailed explanations of this biological pathways [10]). The specific
marker-trait associations from our study did not replicate in the larger GWAS for categor-
ical measures of handedness, and it is possible that the lack of replication is due to the
limited power of the original study, which led to false positives. Alternatively, it is possible
that the different results are explained by the use of a quantitative LQ versus categorical
phenotypes. As discussed earlier, the LQ measure different handedness dimensions better
suited to capture the underlying genetic component. Beyond the individual associations,
microtubules functions and formation (e.g., cilia and cytoskeleton dynamics) are unify-
ing themes across the different studies. Together, the molecular genetics studies support
the polygenic nature of handedness (Figure 1), disproving the single-gene theories and
suggesting a scenario more in line with the liability threshold model [49]. This model pro-
posed that binary traits are the results of multiple factors, each contributing a small effect,
and normally distributed in the population. A threshold along the liability distribution
determines the status of an individual for one of the two trait categories.

6. Genetics, Handedness and Brain Asymmetries

The first link between handedness and brain imaging genetics was suggested by
Wiberg and colleagues in their GWAS [44]. One of the top associations with handedness,
i.e., the rs199512 SNP located in the WNT3 gene, was also associated with measures of
white matter structural connectivity in brain regions involved in language, including the
tracts linking Broca’s and temporoparietal junction areas. A limitation of this analysis
was the use of a single marker. Instead, a feature of large GWAS is that they allow the
generation of polygenic risk scores (PRS), which capture the cumulative effect of associated
variants [50]. It is then possible to test whether PRS for a particular trait derived from large
GWAS (the training sample) influence other traits in separate samples which can be small
in size (the target sample). For example, PRSs for educational attainment were among the
first to become available [51] and were derived from increasingly large cohorts of up to
1.1 million individuals [52]. PRSs for educational attainment were tested for association
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with different cognitive, behavioural, and clinical traits, and were shown to account for
about 2.1% of the variance in measures of reading abilities and dyslexia [53–55].

Under this principle, PRS for categorical measures of handedness, derived from a
subset of UK Biobank participants (N = 331,037) [56], were tested by Ocklenburg and
colleagues in a cohort of N = 296 participants [57]. They found that the PRS for hand
preference were associated with LQ, showing the potential advantages of quantitative
measures of handedness to capture genetic effects in samples of a modest size. Instead, no
associations were detected with the brain measures selected for this study that focussed
specifically on asymmetries in grey matter macrostructures.

Mapping genetic variants to functional and anatomical brain data is extremely chal-
lenging because of the large number of tests required by these analyses and high heterogene-
ity of the methods used in different studies. The ENIGMA (Enhancing Neuro-Imaging Ge-
netics through Meta-Analysis; http://enigma.ini.usc.edu/) (accessed on 25 August 2021)
consortium provides a platform to address these challenges and includes a working group
focussed on brain laterality.

A number of studies looked for brain markers that could correlate with handedness
measures. Brain imaging data in the UK Biobank provided evidence for associations be-
tween handedness and the overall anatomical hemispheric twist, or “torque” [58], and
differences in functional connectivity in the language-associated regions in both hemi-
spheres [44]. The next question is to ask whether associations between handedness and
brain asymmetries could be mediated by shared genetics. In a very recent study, Sha and
colleagues assessed the relationship between handedness and cortical asymmetries by
generating asymmetry maps for cortical thickness and surface area in 28,802 right-handed
and 3062 left-handed UK Biobank participants [59]. They found several regions that dif-
fered between left- and right-handers, consistent with a shift of neuronal resources to the
hemisphere controlling the dominant hand. This means a general less leftward/more
rightward shift for left-handers, who have a right hemisphere dominance for the preferred
hand. Next, the same study derived PRS for handedness in an independent training sample
of individuals from the UK Biobank to be tested in the target sample of individuals selected
for the initial brain imaging analysis. As expected, the PRS were associated with handed-
ness in the target sample. However, the handedness PRS also showed associations with
cortical surface area asymmetries that differed between left- and right-handers. Specifically,
PRS increasing the chances of left-handedness were associated with increased average
rightward asymmetry in the fusiform cluster and decreased average leftward asymmetry in
the anterior insula clusters. Tubulin-associated genes featured among the genes associated
with cortical asymmetries. This is not surprising considering that these types of genes were
enriched in the associations with handedness.

Table 1. GWAS for handedness measures.

Reference N Participants Cohorts Handedness Phenotype N Associated Genes

Eriksson et al. 2010 [60] 9126 23andMe Handedness questionnaire none
Scerri et al. 2011 [61] 744 Dyslexia cohorts and ALSPAC LQ from pegboard task 1

Brandler et al. 2013 [45] 728 + 2666 Dyslexia cohorts and ALSPAC LQ from pegboard task 1
Wiberg et al. 2019 [44] ~400,000 UK Biobank Hand preference 4

De Kovel et al. 2019 [56] 331,037 UK Biobank Hand preference 3

Cuellar–Partida et al. 2021 [22] 1,766,671
UK Biobank, 23andMe,

International Handedness
Consortium

Hand preference 48

These studies illustrate the challenges of conducting these types of analyses, which
require large samples and rigorous methodology. Resources like the UK Biobank are a real
gamechanger for this field. The large sample size allows detecting subtle effects of genes
associated to complex phenotypes. These findings are the initial step to start disentangling
at molecular level the relationship between handedness and cerebral asymmetries.
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7. Conclusions

The two critical elements for the success of genetic studies are the sample size and
the quality of the phenotype. Resources such as the UK Biobank demonstrate how large
sample sizes allow the detection of subtle effects, as well as linking different types of data
collected in relatively homogeneous ways across many individuals. Such studies led to the
identification of specific genes associated to hand preference, implicating specific biological
pathways, such as the function and formation of microtubules, to be relevant to both
handedness and cerebral asymmetries. These discoveries relied on the use of the preferred
hand for writing as handedness phenotype. This is a very convenient measure for the
collection of large-scale data. However, these discoveries explain only a tiny fraction of the
genetics contributing to handedness, and many more genes remain to be identified. While
even larger samples characterised with hand preference measures will probably lead to
the discovery of additional genes, the use of different types of handedness measures could
provide another valid route for gene discovery. The modest correlation across handedness
measures indicates that each of them captures a distinct dimension of handedness. Some
of these measures also present heritability estimates that are higher than those observed
for categorical measures of hand preference, and therefore, are more suited for genetic
studies. In an ideal scenario, multiple handedness measures collected in large samples
are likely to lead to novel breakthroughs. With the increased level of digitalisation and
online testing [62], these types of datasets are becoming a more likely and extremely
exciting possibility. For now, one of the key advances in the field is a new appreciation
for the complexity that underlies handedness, a trait apparently very simple at both the
behavioural and molecular level.
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Abstract: The alignment of visceral and brain asymmetry observed in some vertebrate species

raises the question of whether this association also exists in humans. While the visceral and brain

systems may have developed asymmetry for different reasons, basic visceral left–right differentiation

mechanisms could have been duplicated to establish brain asymmetry. We describe the main

phenotypical anomalies and the general mechanism of left–right differentiation of vertebrate visceral

and brain laterality. Next, we systematically review the available human studies that explored the

prevalence of atypical behavioral and brain asymmetry in visceral situs anomalies, which almost

exclusively involved participants with the mirrored visceral organization (situs inversus). The data

show no direct link between human visceral and brain functional laterality as most participants with

situs inversus show the typical population bias for handedness and brain functional asymmetry,

although an increased prevalence of functional crowding may be present. At the same time, several

independent studies present evidence for a possible relation between situs inversus and the gross

morphological asymmetry of the brain torque with potential differences between subtypes of situs

inversus with ciliary and non-ciliary etiologies.

Keywords: situs inversus; heterotaxy; brain asymmetry; visceral asymmetry; vertebrate asymmetry;

human laterality; left-right differentiation; brain torque; ciliopathy

A glossary of terms is available at the end of this paper

1. Introduction

Vertebrates’ visceral and central nervous systems demonstrate a strikingly asymmetric
organization with a strong population bias toward a prototypical left–right configuration [1,2].
As both systems serve fundamentally different biological functions, it seems plausible
to assume that the reasons behind their asymmetry may be entirely different and that
their left–right differentiation evolved independently. While this may be true, it does not
preclude the possibility that basic mechanisms for establishing left–right differentiation
of the viscera have been reused to establish central nervous system laterality and that
there may be a link between both manifestations of asymmetry. The strong population
bias in visceral and brain asymmetry makes it difficult to determine whether they develop
independently or related. Research turned to atypical conditions of visceral laterality to
investigate possible relationships. Animal studies showed that some species like newts
and zebrafish appear to align their brain and visceral asymmetry, mediated by nodal-
related events [3–5]. In the frequent-situs-inversus (fsi) line of zebrafish, visceral reversal is
accompanied by neuroanatomical reversals in the diencephalon, particularly epithalamic
nuclei, which are believed to be involved in the functional lateralization of the vertebrate
central nervous system [6]. In line with this claim, diencephalic reversals of fsi zebrafish
correlate with the reversal of some (but not all) lateralized behavioral responses [7]. Do we
anticipate a similar association in humans?

We will approach this outstanding question by describing the phenotypes and de-
velopment of left–right asymmetry of the visceral system and the central nervous system
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and discuss the possible links between their mechanisms of left–right differentiation. Ulti-
mately, a valid test for the hypothesis of an association between human visceral and neural
asymmetry is to investigate the prevalence of atypical brain asymmetry in participants
with visceral situs anomalies. In a systematic review, we discuss the studies that provide
empirical evidence on behavioral, brain functional, and brain structural asymmetries in
participants with situs anomalies. However, first, we will briefly explain the relevance of
studies on asymmetry for the evolution of development.

Fluctuating asymmetry, directional asymmetry, and antisymmetry constitute three
observable types of asymmetry within a population. Fluctuating asymmetry is the amount
of deviation from perfect bilateral symmetry, and it manifests as small differences between
the left and the right sides due to random errors in individual development. Fluctuating
asymmetry is caused by genetic or environmental stress and is taken to measure develop-
mental instability reflecting the level of stress in populations or of individual quality [8].
Directional asymmetry refers to the phenomenon that most individuals in a population are
asymmetrical in the same direction, whereas in antisymmetry, dextral and sinistral forms
are equally present within a species [9]. The typical asymmetrical position of the internal
organs in vertebrates is an example of directional asymmetry, and the equal number of
male fiddler crabs with a larger left or right claw is the prototypical example of antisym-
metry. The latter two types of asymmetry have been proposed as informative traits to
investigate evolution mechanisms as they are easy to define, easy to compare, and have
evolved multiple times independently [9]. Differences in the heritability of antisymmetry
(absent) and directional symmetry (present) contribute to understanding the evolutionary
origin of novel forms, and it has been posited that directional asymmetry appears to have
evolved through genetic assimilation (phenotype precedes genotype) almost as frequently
as through conventional mutation-mode (genotype precedes phenotype) [9]. Comparing
asymmetry patterns across species is relevant to investigate the evolutionary history of
gene-expression patterns and anatomical asymmetries. The nodal signaling cascade, which
takes a central place in vertebrate asymmetry, provides an important example of cascade
capture and trait canalization [9]. In fact, a comparison of the key nodal cascade genes in
lower chordates and vertebrates surprisingly suggests that the ancestral target of the nodal
cascade might have been brain asymmetry [9].

2. Left–Right Asymmetry of the Visceral System

2.1. Phenotypes of Situs Viscerum

Like all vertebrates, humans establish left–right asymmetry of the thoracic and ab-
dominal organ position during embryogenesis [1,10]. The position (situs, Latin) of the
internal organs (viscera, Latin) in the human body shows a strong population bias toward
an asymmetric organization with the heart’s apex and aorta, bi-lobed lung, stomach and
spleen on the left side of the body midline, and the heart’s vena cava, most of the liver and
the tri-lobed lung on the right side [11]. This typical configuration is called situs solitus
(from Latin, meaning habitual), presents in about 99.99% of the human population and is
taken to reflect optimal packing and transfer of body fluids [11]. Anomalies of this arrange-
ment span a wide range of laterality defects whose classification remains without general
consensus, thus hampering pathological, genetic, and epidemiological research [12,13]. As
etiological and morphological boundaries between atypical manifestations of visceral situs
remain to be settled, there is general agreement on the main two phenotypic subgroups
of situs anomalies; the complete or partial reversal of the typical condition termed situs
inversus (from Latin, meaning inverted), and the mirroring of either the typical left or
right visceral configuration, called heterotaxy (from Greek heteros: other, different and taxis:
arrangement) (Figure 1). As a rule, situs inversus and heterotaxy occur in different families,
but occasionally they present in the same (often consanguineous) family [14,15]. Epidemio-
logical studies estimate the prevalence of human visceral laterality defects between 1/5000
and 1/11,000 live births [12,16,17].
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Figure 1. Anatomical dispositions of the viscera in the different types of “situs” (radiological convention). Reprinted with kind
permission by Dr. Francisco Barqueros Escuer, https://dx.doi.org/10.26044/ecr2019/C-2735 (accessed on 1 October 2020).

2.2. Situs Inversus

Complete reversal of the standard visceral arrangement with the heart now in a
right-sided position (dextrocardia) is referred to as situs inversus totalis. Prevalence reports
vary widely and have been estimated between 1/6000–1/33,000 live births [12,17,18]. The
condition itself is not associated with adverse medical complications as complete mirroring
through the midsagittal plane of organs, blood vessels, nerves, and lymphatics do not
interfere with their morphology nor positional relationships [11,19]. People with situs
inversus totalis can live perfectly healthy lives, and medical problems may arise only in
case of organ transplantation/donation or atypical symptom lateralization (for example,
in appendicitis). Because of its limited clinical repercussions, situs inversus totalis is
believed to be underdiagnosed. Nevertheless, structural malformations, such as congenital
heart disease, may occur more frequently in situs inversus than in situs solitus [20,21].
In rare cases (1/2,000,000), situs inversus is not complete, and the heart is in its usual
position (levocardia), while the other organs are in reversed position. Isolated levocardia is
often associated with severe cardiovascular malformations because of the heart’s unusual
position compared to the other organs and their connections [20]. In about a quarter of cases,
situs inversus occurs as part of a congenital syndrome in which medical complications are
more prominent [11]. One of these syndromes, primary ciliary dyskinesia, has elucidated
the importance of tiny hair-like organelles (cilia) in the ontogenesis of visceral asymmetry
and will be discussed in more detail below.

2.3. Heterotaxy

An entirely different type of situs anomaly is heterotaxy, also referred to as situs am-
biguus, as the defect presents as a complete loss of left–right laterality in the arrangement of
the visceral organs along the superior–inferior axis. In contrast to situs inversus, heterotaxy
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syndrome alters the structure of visceral organs, particularly the heart, including the at-
tachment of the large blood vessels, with the major morbidity and mortality resulting from
complex cardiovascular malformations [13,16,22]. Prevalence figures for heterotaxy are es-
timated at 1/8000–1/12,000 live births [12,16,17]. Although classic heterotaxy accounts for
only 3% of all congenital heart defects, gene mutations causing heterotaxy are also known
to result in isolated cardiovascular malformations with no other visceral abnormalities,
suggesting that the real prevalence of genetic heterotaxy is probably higher [19,23]. Two
general types of heterotaxy, called isomerism, are described, although their exact morphol-
ogy and its resulting abnormalities vary from patient to patient [11,19]. In left isomerism,
morphologically left structures present on both sides of the body in the same individual.
In this case, atrial cavities are morphologically left, both lungs will be bi-lobar with long
main bronchial branches, the spleen is present but consists of multiple small and poorly
functioning parts (polysplenia). In right isomerism, the right-sided visceral configuration
is copy-mirrored to the left resulting in morphologically right atrial cavities, two tri-lobar
lungs with short main bronchi, and an absent spleen (asplenia). In both conditions, the
morphologically altered liver lies across the midline of the body, and intestinal malrotation
is a typical feature, as well as cardiac malformations, the latter being more severe and
sometimes life-threatening in right isomerism.

2.4. Cause of Visceral Situs Anomalies

Situs viscerum anomalies are congenital conditions due to heterogeneous genetic
mutations that impact left–right patterning in early embryogenesis [19]. Genes involved
in left–right axis development have emerged from animal studies and reveal a complex
genetic cascade of left–right differentiation prior to the appearance of morphological asym-
metry [14]. Most situs anomalies occur due to sporadic mutations, and many different
genetic factors or genes cause the condition among different people or families [24]. En-
vironmental and stochastic influences may also play a role as in a substantial number of
cases, no clear monogenetic basis for their condition can be found [25]. In some fami-
lies, situs viscerum anomalies present with an autosomal dominant, autosomal recessive
(most commonly), or even X-linked pattern of inheritance [11,19]. Situs anomalies may
arise as a variable manifestation of a syndrome encompassing a broader spectrum of
defects [11]. Situs inversus, for example, sometimes occurs in cystic renal disease, Bardet-
Biedl syndrome, and retinitis pigmentosa [24]. The best-known example of syndromal
situs inversus, however, is when situs inversus arises as a symptom of primary ciliary
dyskinesia (PCD), accounting for about 20 to 25% of its cases [19,21,26]. Primary ciliary
dyskinesia is a causally heterogeneous group of autosomal recessive disorders character-
ized by a defect in the motility of small hair-like organelles (cilia) that protrude from the
cell surface into extracellular space and perform various transport-related functions in the
human body [27,28]. Ciliary motility is important for moving fluids and particles over
epithelial surfaces, and cilia play crucial roles in various signal transduction pathways.
Motile ciliogenesis requires a complex genetic program, and mutations of involved genes
have been associated with ciliopathies, including primary ciliary dyskinesia (DNAH5,
DNAH11, DNAI1, . . . ) [26,28–30]. Ciliopathies give rise to a complex spectrum of dis-
ease and developmental mutant phenotypes that can be organ-specific or have broadly
pleiotropic effects [31]. The diagnosis of primary ciliary dyskinesia is commonly based on
electron microscopy showing abnormalities in structure and function of dynein arms or
outright absence of cilia [26]. Affected individuals (1/10,000 to 1/20,000 live births [30,32])
have chronic upper respiratory tract (sinusitis) and lower respiratory tract (bronchiectasis)
infections as well as chronic ear infections (otitis media) due to defective mucociliary clear-
ance [26,29,33]. Reduced male fertility caused by decreased sperm motility, variable female
infertility, and decreased sense of smell can also be part of the spectrum. About half of the
patients with primary ciliary dyskinesia and associated sinusitis and bronchiectasis also
have situs inversus (a triad of symptoms known as Kartagener syndrome [34]), while the
other half is situs solitus [29]. Given the specificity of the ciliary mutation causing visceral
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inversion versus those causing respiratory problems, most but not all subgroups of the
PCD syndrome will affect the genetic cascade induced by ciliary motion at the embryonic
node (see below). Hence, the incidence of situs inversus in primary ciliary dyskinesia is
estimated slightly less than the often reported 50%, and the Kartagener triad is expected
in 1/22,000 live births [32]. Cardiac malformations suggestive of heterotaxy are found in
6–12% of individuals with primary ciliary dyskinesia [22,35], but it is generally believed
that the condition is associated with a (near) randomization of left–right directionality
rather than a loss of left–right specification [14]. The occurrence of a monozygotic twin pair
with primary ciliary dyskinesia and with discordant visceral situs underlines the arbitrary
nature of situs directionality in this condition [36].

3. Left–Right Visceral Development

3.1. Motile Cilia at the Primitive Node

The vertebrate left–right axis is established after developing its dorsal–ventral and
anterior–posterior axes, and it is crucial for the correct positioning and morphogenesis
of the internal organs [1,10]. The formation of the left–right axis involves several steps
that have been investigated in several model organisms, such as the frog, zebrafish, chick,
pig, and mouse (for a more detailed account, see [1,10,31,37–39]). While some genetic
mechanisms are shared between vertebrates (like the expression of nodal, lefty1, lefty2 and
pitx2), other steps of the process seem to have diverged in evolution [10]. In fact, variation
in the nodal cascade among vertebrates was said to resemble an hourglass, a conserved
core set of genes listed above, with divergent genetic elements upstream and downstream
that largely outnumber the shared core [9]. In most model organisms, symmetry breaking
is established at the primitive node, a short-lived embryonic cavity filled with extracellular
fluid that forms at the anterior tip of the primitive streak, a line of cells that establishes
bilateral symmetry in the embryo, marks its future posterior side, and signals the beginning
of gastrulation. Gastrulation is an important period in embryogenesis, which essentially
consists of the differentiation of cells into an ectoderm, mesoderm, and endoderm layer.
The left–right organizer or primitive node develops about 17 days postovulatory. The
formation of the node coincides with the formation of motile cilia whose rotation produces
a coordinated and unidirectional flow of the extracellular fluid that will induce symmetry
breaking during gastrulation. It is important to point out that earlier asymmetries in the
localization of some molecules have been established in some species and it has been
claimed that asymmetries might exist perhaps as early as fertilization [37,40]. It is also
important to note that not all species have fluid producing nodal cilia (absent in the chick
and pig) yet show similarly strong population asymmetries of the viscera, which suggests
that alternative cilia-independent symmetry breaking mechanisms at the node exist or that
the cilia function as transmitters or amplifiers, but not initiators, of the asymmetrization [40].
In any case, in species with nodal cilia, such as the mouse, fish, and frog, (experimental)
disruption of cilia functioning results in situs anomalies [41,42]. Reversal of flow in wild-
type embryos results in L–R inversion, and introducing a leftward flow in mutants with
ciliopathy restores typical L–R asymmetry [42,43]. While these experimental manipulations
of ciliary flow are, of course, not possible in human embryos, the Kartagener syndrome
clearly establishes humans as a species in which ciliary malfunction impacts visceral
asymmetry. It may seem strange that a lack or impaired nodal flow caused by dysfunctional
or absent cilia would result in L–R inversion instead of randomization, but models have
been proposed to explain this [44].

3.2. Propagation of the Signal to the Lateral Plate Mesoderm and Organ Primordia

Due to their tilt and chiral nature, cilia that arise from nodal cells at the center of
the nodal pit produce a clockwise (from tip to base) rotational motion that creates a
leftward “nodal flow” towards the left periphery of the node [45] (Figure 2). Fluid flow
is sensed by mechanosensory and/or chemosensory cilia in peripherally-located crown
cells at the lateral ends of the pit [42]. These events cause intracellular Ca2+ levels to
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increase on the left side of the node, which results in asymmetries in gene expression and
the establishment of a L–R axis [31]. The resulting asymmetric gene expression is then
propagated to the lateral plate mesoderm—sheets of embryonic tissue at the peripheral left
and right side of the embryo that will form the body wall and circulatory system—where a
cascade of asymmetric left-sided gene expression is established (nodal, lefty2, pitx2). Several
mechanisms have been proposed to explain the propagation of signaling from the node to
the lateral plate mesoderm either directly by diffusion of nodal or by a cascade of signaling
events via sonic hedgehog (shh) or bone morphogenetic protein (bms) that asymmetrically
affect nodal expression [1]. In any case, the expression of nodal and the lefty genes (nodal
antagonists) is transient and exclusively on the left side [1]. Finally, this asymmetric
signaling is propagated from the lateral plate mesoderm to organ primordia for proper
morphogenesis of the viscera to occur (pitx2). It is proposed that nodal acts as a determinant
for leftness because cells that receive nodal signals will adopt left-side morphology, and
those that lack nodal signals will adopt right-side morphology. In mutations in which
nodal is bilaterally expressed in the lateral plate mesoderm, embryos will develop left
isomerism, and in those that lack nodal signal on either side, embryos will develop right
isomerism [1]. While heterotaxy may result from deficits in any of the above steps, they
more often occur at one of the later stages. Situs inversus, on the other hand, is believed to
originate from a more initial deficit in nodal flow caused by defectively operating cilia when
the total direction of left–right asymmetry is determined. Animal models identified over
100 genes involved in left–right patterning, and more are to come [24]. Their mutations, in
combination with reduced penetrance and variable expressivity, predict vast differences in
phenotypical presentation of situs anomalies.

Figure 2. Pathway of visceral left–right determination in the vertebrate.

4. Left–Right Asymmetry of the Neurocognitive System

Like the visceral organs, our mental organs, by which we mean the biological sub-
strates of cognitive functions, are asymmetrically represented in the brain. The advantages
of hemispheric functional lateralization are explained in terms of improved parallel pro-
cessing and the avoidance of useless duplications that saves neural space and evades
competition between redundant control centers [46,47]. In addition to a bias favoring an
asymmetric brain functional organization, there is also a bias toward a prototypical asym-
metric configuration at the level of the population. Most humans have their left hemisphere
in charge of language, manual dexterity (giving rise to handedness), and praxis (learned
gestures), and the right hemisphere in control of spatial attention, face recognition, and
prosody of speech [2]. The asymmetric arrangement gives rise to functional segregation
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between the left and right hemispheres. The existence of a population bias for exactly this
configuration suggests that it may possess a biological advantage, but it remains to be
explained why and how this would be the case. One possible way to look into this is by
investigating alternative configurations of brain organization and explore their relationship
with behavior.

4.1. Phenotypes of Brain Functional Organization

Recently, we have argued for the existence of three major categories in the phenotypes
of functional brain segregation: typical, reversed typical, and atypical functional segrega-
tion [2]. Evidence for this distinction comes from studies investigating the asymmetry of
more than one function in the same individuals. In random sample studies, this is achieved
by investigating a random sample of the population [2]. The results of the available ran-
dom sample studies are summarized in Table 1. Most studies probed two asymmetric
functions. All used a language task as a typically left hemispheric function, and most
used a spatial task to investigate right hemisphere dominance. Results reveal that most
people show typical lateralization of the investigated functions and that a (substantial)
minority of about 30% does not conform to this typical pattern (though many studies
oversampled left-handers, which may have boosted this prevalence estimate). In about 20%
of the participants, usually segregated functions were lateralized in the same hemisphere,
a condition called crowding as the hemisphere is more crowded with functional repre-
sentations. In about 10% of the participants, all investigated functions were lateralized
in the atypical hemisphere resulting in a mirrored image of the prototypical functional
segregation [2]. Evidence that this mirrored pattern of functional segregation extends
beyond two atypically lateralized functions comes from selective sample research. In this
type of investigation, participants are recruited based on the atypical lateralization of one
function (usually language) to probe the lateralization of other functions. All these studies
have been performed in left-handers as they are known to have a higher prevalence of
atypical language dominance and revealed a concomitant reversal of the other investigated
function [48–50]. In a recent study, five different lateralized functions were tested, and
about 80% of the participants that had atypical language lateralization demonstrated com-
plete or near complete reversal of all other functions as well [51]. In the remaining 20%,
typical (or reversed typical) functional segregation was compromised more substantially,
with two functions showing atypical lateralization, while the other three functions had
conventional lateralization [51].

Table 1. Random sample studies that investigated more than one lateralized function in the same individuals.

Author and Year LH Function RH Function N (#Sinistrals) * Typical Reversed Crowded Method **

Bryden et al.,
1983 [52]

Language Spatial dysfunction 270 (140)
72% (RH) 12% (RH) 16% (RH)

Lesions47% (LH) 12% (LH) 44% (LH)

McNeely and Parlow,
2001 [53]

Language Prosody 73 (7) 78% 22% 0%
Dichotic
listening

Floël et al.
2005 [54]

Language Spatial attention 75 (38)
95% (RH) 2.5% (RH) 2.5% (RH)

fTCD60% (LH) 8% (LH) 32% (LH)

Whitehouse and
Bischop, 2009 [55]

Language Spatial memory 75 (30) 75% 0% 25% fTCD

Badzakova-Trajkov
et al. 2010 [56]

Language
Spatial attention
Face processing

155 (48) Majority 2% Rest fMRI

Rosch et al.,
2012 [57]

Language Spatial attention 20 (0) 65% 15% 20% fTCD

Groen et al.,
2012 [58]

Language Spatial memory 60 (13) 58% 5% 32% fTCD

Zago et al.,
2016 [59]

Language Spatial attention 293 (151) 80% 3.5% 15% fMRI

Estimated proportion ±70% ±10% ±20%

* Many “random-sample” studies included a proportionally higher number of left-handers to explore the effect of handedness; ** fTCD:
functional transcranial Doppler ultrasonography; fMRI: functional magnetic resonance imaging.
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4.2. Reversed Typical Functional Segregation

Together, these data confirm typical functional segregation in the majority of people,
but they also show that alternative arrangements are not uncommon [2]. One alternative
phenotype is a mirror reversal of typical functional segregation, which so far has been
documented exclusively in left-handers [51]. Brain-wise, the reversed typical segregation
phenotype is somewhat comparable with the visceral anomaly of situs inversus totalis,
although its human population prevalence seems at least 100 times higher. Most random
sample studies found no correlation between the laterality of different functions, suggest-
ing that functions lateralize independently from other functions’ laterality. Independent
lateralization seems difficult to reconcile with a complete or near-complete reversal of five
asymmetric functions in the same individual, let alone in 80% of a selective group. The
odds that five independently lateralizing functions would each assume dominance in the
atypical hemisphere in the same individual is extremely small. One way of reconciling
independent lateralization and the observation of reversed typical functional segregation is
achieved by assuming the existence of a generic blueprint of functional brain organization.
Functions can develop their degree of lateralization more or less independently from other
functions, but the origin of this process is seeded in a directional building plan that, on rare
occasions, seems to have been flipped [2]. This assumption can explain the phenotype of
the mirrored mind (mens inversus totalis, from mens, mentis (Latin) meaning mind) and at
the same time allows for the independence of functional laterality indices. The assumption
also predicts that the frequency by which functions occasionally deviate from the standard
pattern (crowding) is not very different between the typical and reversed typical conditions
as both mechanisms (independency of lateralization degree and reversal of the directional
blueprint) are likely to be unrelated.

4.3. Atypical Functional Segregation

A second alternative phenotype groups conditions that show a more chaotic pattern of
lateralization, as seen in individuals that have some functions showing typical and others
showing atypical asymmetry. In these cases, the habitual functional segregation seems
to be lost [2]. The visceral homolog of this phenotype category that we termed atypical
functional segregation seems more akin to heterotaxy, where a loss of left–right asymmetry
in the arrangement of the visceral organs is assumed, and that presents vast individual
differences in organ displacement. While this comparison may seem farfetched at first,
it has been raised before in the context of dissociated functional laterality [60], and there
are more similarities between both conditions than meet the eye: variability of presenta-
tion, functional impact, and isomerism. As described above, the individual presentation
of heterotaxy is very diverse, and the same gene mutation may cause severe heterotaxy
affecting different organs in one individual and isolated cardiovascular malformation with
no other visceral abnormalities in another. Similarly, atypical functional segregation can
result from one or multiple functions deviating from the prototypical constellation [51].
Heterotaxy impacts the relationship between organs and is associated with more frequent
and more severe medical problems than is situs inversus. Likewise, we reported evidence
that healthy participants who show increased deviation from standard brain functional
segregation perform significantly worse on a neuropsychological test battery compared
to participants with typical or reversed typical segregation, suggesting that atypical func-
tional segregation may be cognitively disadvantageous [51,61]. Finally, heterotaxy, at least
theoretically, presents as two possible categories or isomerisms that copy-mirrors the left or
right visceral morphology to both sides of the body. The brain functional homolog of this
manifestation might be bilateral functional representation. Although bilateral functional
representation has not been investigated at a multifunction level, it has received some
attention at the single-function level. Research has shown that a small group of right
and left-handers do not show clear-cut lateralization for language [62]. This group is
said to have mixed or bilateral representation for language. Analyzing the left and right
hemispheric activation patterns of these participants with a machine learning approach
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distinguished participants with a bilaterally dominant language representation from those
with a bilaterally non-dominant pattern [63]. These findings are in line with observations
from pre-surgical Wada-testing where some patients show speech arrest following sedation
of either hemisphere, and other patients do not show speech arrest following sedation of
either hemisphere [64–66].

In summary, alternative organizations of hemispheric functional segregation can be
distinguished in two broad phenotypical categories that show at least some common
properties with the main phenotypical subgroups of visceral anomalies. It remains to be
determined whether these similarities are merely the product of the finite set of options
imposed by our categorization or whether they reflect more fundamental principles that
share a biological mechanism.

5. Left–Right Brain Development

5.1. Neurulation

The origin of brain symmetry breaking remains to be determined, but here too, an
uneven distribution of molecules is believed to initiate left–right patterning [67]. During
gastrulation and opposite to the primitive streak, the ectodermic tissue thickens and flattens
to become the neural plate (about 19 days postovulatory). During that stage, the notochord
appears below where the primitive streak and node used to be in the mesodermic tissue,
and which will induce the start of neurulation. Neurulation is the process where the
ectodermal neural plate folds into a neural tube (about 25 days postovulatory). The
neural tube will later develop into the central nervous system (CNS). Primary cilia are
involved in neurulation by neural tube patterning and closure through regulation of Sonic
hedgehog signaling, and also in neural stem cell pool regulation, neural differentiation,
and migration [68]. During neural tube development, its most ventral part, adjacent to
the notochord, becomes the floor plate, and its dorsal part becomes the roof plate. The
floor and roof plates, respectively, project ventralizing (nodal, lefty, shh) and dorsalizing
(bone morphogenetic protein (bms) that suppress default neural differentiation and instead
promotes epithelial growth) inductive signals to the developing neural tube, of which
its most rostral part will develop into the forebrain (Figure 3). Asymmetric secretion of
morphogens from the floor and roof plates to the left and right sides of the neural tube is
believed to break the symmetry of neural patterning and induce asymmetric expression of
downstream genes [67,69]. In addition to the floor and roof plates, the most rostral part of
the neural tube has a third patterning center, the anterior neural ridge. The anterior neural
ridge is a major organizing center that emits rostralizing signals essential for developing
the secondary prosencephalon (that will form telencephalon, thalamus, hypothalamus, and
epithalamus) [67,69]. It has been suggested that the asymmetric expression of morphogens
secreted from this region could reflect asymmetrical topographic mapping of functional
regions in the cortex [70,71].

Figure 3. Changes during neurulation of the anterior neural section. Reprinted with permission from [72] and modified.
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5.2. Asymmetric Development of the Central Nervous System

Empirical data on the asymmetry of gene expression in the left and right forebrains
and midbrains of human embryos are available from 5 post-conception weeks onward [73].
By pooling data from voluntary medical abortions of healthy pregnancies and the Human
Developmental Biology Resource (UK), the authors observed transcriptomic laterality in
the anterior CNS regions of embryos between 5 and 14 weeks after conception. By joining
the anterior CNS data with previous results of the midbrain and spinal cord regions of 4
to 8 week-old human embryos, the authors further reported evidence of age-dependent
laterality of transcriptomic profiles for most structures indicating subtle differences in
maturation rates between left and right CNS structures [73,74]. While both sides go
through the same general developmental changes, one side appears to lead the other side at
certain stages, and the laterality of the faster side is different from structure to structure. At
5 to 5.5 weeks post-conception, the spinal cord shows faster maturation on the left side than
on the right, while the opposite pattern is observed for the midbrain and hindbrain [74].
By 7.5 weeks post-conception, the left choroid plexus, basal ganglia, diencephalon, and
temporal cortex show faster maturation rates, but the rest of the cerebral cortex matures
faster on the right side [73]. The observation of an early and differentiated pattern in the
asymmetry of CNS structures with different functional destinations has led the authors to
propose that brain asymmetry may be initiated/amplified at multiple locations [73]. For
example, if faster maturation of the left spinal cord reflects observations of predominant
right arm movements at 8 weeks post-conception (that is, prior to the innervation of the
descending corticospinal tracts into the spinal cord), this could set the stage for the later
cortical laterality of handedness, but would not necessarily influence the laterality of other
functions or regions [73]. This suggestion is consistent with the weak correlations between
the adult laterality of different brain functions like handedness and language [62] and
with the results of gene ontology analysis that support the idea that handedness and
language lateralization are ontogenetically independent phenotypes [75]. While subtle
brain asymmetries in gene expression are already measurable at 5 weeks post-conception
(i.e., approximately 7 weeks of gestational age), structural human fetal brain asymmetries
become visible with current methods by the 11th week of gestational age for the choroid
plexus [76], by the 16th week for the fetal cortex volume [77], by the 18th week for temporal
lobe morphology [78], by the 20th week for sulcal folding [79,80], and by the 26th week
for perisylvian hallmarks that have been associated with language [81]. The gap between
genetic and morphological or functional brain asymmetries remains to be detailed [60].

6. Are Asymmetries of Visceral and Brain Development Related?

Visceral and neural patterning commence in close temporal proximity during the third
and fourth week of human gestation, but it remains unclear whether the mechanisms that
regulate visceral asymmetry also impact brain asymmetry. Asymmetric gene expression
and the role of cilia seem potentially important factors for a link between visceral and brain
manifestations of asymmetry.

Although nodal and shh pathways are also expressed during neurulation (cfr. floor
plate induction), none of the reported 27 genes found to be differentially expressed in the
left and right hemispheres of 12–14-week-old human fetal brains have known essential
roles in visceral organ asymmetry [70]. Similar findings of lateralized gene expression with
the more modern technique of transcriptomic profiling in post mortem temporal cortex
from embryo to old age were reported, but here too, none of the reported genes have been
associated with visceral anomalies [82]. On the other hand, relative hand skill in a cohort
of individuals with a reading disability was associated with a variant in the gene pcsk6, an
enzyme that cleaves nodal into an active form [83]. Pcsk6 knockout mice display heterotaxy,
and human variants of this gene are associated with heterotaxy and situs inversus as well,
suggesting that handedness is at least in part controlled by genes that contribute to the
determination of visceral asymmetry [83]. Human genes, like GPC3, associated (though not
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significant at a genome-wide threshold) with relative hand skill in the general population,
cause situs anomalies when their orthologs are knocked out in mice [83,84].

Clinical evidence demonstrates the importance of cilia in human neurulation. Major
ciliopathy-associated hereditary cerebral anomalies include neural tube defects, corpus
callosum malformations, cerebellar hypoplasia, and hydrocephaly. Less severe neurological
features, including cognitive deficits, autism spectrum disorders, and seizures, are also
frequently observed in individuals with ciliopathies and hint at the possibility of more
subtle cortical deficiencies [68]. Concerning laterality, genes most strongly associated with
relative hand skill in a dyslexia cohort are involved in ciliogenesis, and their disruption
in mice causes situs inversus [83,84]. In addition, cilia-related gene sets are more highly
expressed in the right choroid plexus in the 7.5–13 post-conception age range [73]. The
choroid plexus is also the first brain structure showing morphological asymmetry and
is associated with the circulation of cerebrospinal fluid in the ventricles. Despite these
observations, there is no clear evidence that cilia play a role in the initiation or propagation
of central nervous system asymmetry [73].

7. Atypical Brain Asymmetry in Human Visceral Situs Anomalies

As the molecular regulation of brain asymmetry and its relationship with visceral
lateralization remains to be elucidated, an alternative strategy of investigation is to look for
evidence of atypical functional or structural brain asymmetry in people with situs anoma-
lies. If the prevalence of behavioral, brain functional, or brain structural asymmetry differs
between participants with typical and atypical visceral situs, then research would be better
informed to explore more specific pathways of a possible link between human visceral and
brain asymmetry. This approach is confronted with two major limitations: sample size and
heterogeneous causality. As situs anomalies are inherently rare, it is extremely difficult to
recruit many participants with atypical organ situs, especially if more intensive research
protocols like neuroimaging are applied. In the absence of striking relations, small samples
limit the statistical power to detect more subtle differences between typical and atypical
groups in particular when only a subsample of participants shows a relation and others do
not. This brings us to the second limitation of this approach, the heterogeneity of factors
(genetic and other) that contribute to brain and visceral asymmetries. Different manifesta-
tions of situs anomalies have been associated with different genetic mutations, suggesting
that genetic screening or at least a thorough description of the situs condition and family
history should be used for categorization. Many gene mutations and combinations thereof
have been associated with anomalies in visceral left–right patterning, and they are known
to affect different steps and mechanisms of this complex process. It is plausible that some
gene mutations bear no relation with brain asymmetrization, while others do. For example,
in primary ciliary dyskinesia, the resulting randomization of organ situs is due to genetic
mutations causing ciliary dysfunction. While cilia have a role in neurulation, it is unclear
whether this includes lateralization of morphogens that induce brain asymmetry. Hence,
a ciliopathy like primary cilia dyskinesia may not affect developing brain asymmetry
at all. It is also possible that in people with situs inversus that have no primary ciliary
dyskinesia, the origin of their situs anomaly is due to a temporary (or local) malfunction of
nodal cilia or is caused by a different mechanism altogether. Even within the subgroup
of situs inversus, etiological heterogeneity is substantial and extends beyond the role of
genes. This was illustrated in a recent genome sequencing study of 15 cases with situs
inversus totalis (SIT) [25]. The subgroup of six participants with primary ciliary dyskinesia
(PCD) all presented with likely recessive PCD-associated mutations. Similar mutations
were also detected in two of the non-PCD SIT participants, and in two other non-PCD
SIT participants, recessive mutations in genes linked to situs inversus outside the context
of PCD were found. In five of the nine non-PCD cases, however, no monogenic basis for
their situs anomaly was found, which led the authors to consider early environmental or
stochastic effects as possible causative factors.
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8. Systematic Review

In March 2021, we performed a systematic literature search to address whether visceral
situs anomalies have a different prevalence of brain and behavioral asymmetry [85]. The
following platforms were searched: Web of Science (indexes: SCI-EXPANDED, SSCI,
A&HCI, CPCI-S, CPCI-SSH, ESCI; range: 1972–2021), PubMed, and Google Scholar. In
all cases, we searched for articles with the following strategy 1. Topic: situs inversus OR
heterotaxy; 2. Topic: brain asymmetry OR brain functional asymmetry OR brain structural
asymmetry OR behavio(u)ral asymmetry OR hemispheric dominance OR brain laterality;
3. #1 AND #2. We obtained a total of 79 records (WoS n = 63; PubMed n = 11; Google
Scholar n = 5). Sixty-nine records were screened after the removal of duplicates. Records on
animal research (n = 25), genetics (n = 17), and medical papers on comorbidities or laterality
defects other than situs inversus or heterotaxy (n = 17) were excluded. Ten full-text articles
were addressed for eligibility. In the references of these articles 7 further (mostly older)
studies were identified that reported empirical data on the research question. While this
manuscript was under revision, an additional paper on brain asymmetry in fetuses with
laterality defects was accepted for publication and added to the review [86]. A total of
18 studies were included in the qualitative synthesis for this systematic review.

Many studies have not described the situs condition of their participants in detail, nor
have they differentiated their already small samples of participants into separate categories
or explored their genetic background. In the next section, we will summarize the behavioral,
brain structural, and brain functional data on atypical asymmetry in participants with situs
anomalies or, to be more precise, in participants with situs inversus as almost all brain and
behavior-related research in this field has been performed within this subgroup.

8.1. Handedness in Situs Inversus

Already in 1836, Sir Thomas Watson remarked that individuals with situs inversus (SI)
are no more left-handed than the rest of the population (reported in [87]). This observation
was empirically confirmed in several remarkably large-scaled studies of the early to mid-
20th century (Table 2) [88,89]. These early studies, however, suffer from poor behavioral
assessment of handedness and poor etiological description of the situs anomaly. In addition,
the reported prevalence of left-handedness around 6–7% is clearly lower than contemporary
estimates of 10% [90], suggesting that cultural pressure against left-hand use and forced
right-handedness may have underestimated natural left-hand preference in these cohorts.
As a result, their findings might not provide a clear answer to the question at hand. Then
follow two smaller studies based on hospital samples and reporting the low prevalence of
non-right-handedness in 6 and 16 SI participants, respectively [91,92]. Unfortunately, very
little information on recruitment and SI status or etiology was provided. In both studies
the authors concluded that there was little evidence for a relationship between handedness
and visceral position. Two later studies that focused on handedness and which recruited
quite sizeable cohorts included PCD-related SI participants only. Both studies came to
the conclusion that the prevalence of left-handedness in PCD-related SIT is no different
from the rest of the population [32,93]. Given the reports of a possible genetic association
between relative hand skill and ciliogenesis, typical handedness in PCD-related SIT may
seem surprising and has been explained in terms of compensatory mechanism that allow
the typical development of handedness to overrule the influence of ciliopathy [83,84]. For
non-syndromal SI, the issue of handedness is less clear given the paucity or incompleteness
of available data. Some information can be gathered from studies that investigated brain
functional asymmetry in SI and which predominantly featured non-syndromal cases of SIT
(Table 3). Together, these studies report on 22 sporadic cases that were explicitly reported
to be free of PCD-symptoms [94–98]. Seventeen of these participants were right-handed,
and 5 were left-handed (29% left-handedness). It needs to be remarked that all left-handers
were reported by the same study in which 5 out of 9 non-PCD-related SIT had a left-hand
preference (55% left-handedness) [98]. Interestingly, this study also recruited 6 PCD-related
SIT cases, only one of which was a left-hander, a result that was in line with previous
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findings on hand preference in PCD-related SIT. Is the seemingly random hand preference
in the non-PCD-related SIT participants of the Ghent-cohort an accidental finding? It may
well be as none of the other studies even remotely suggested anything of the kind. Future
research, preferably in a larger cohort of PCD and non-PCD-related SIT, is necessary to
determine if the differential effect of situs inversus on handedness can be replicated. At the
same time, the possibility that the etiology of the SI anomaly may differentially influence
brain-related asymmetry underlines the importance of providing a detailed description of
the SI participants’ phenotype and, if possible, also take the genotype into account.
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Table 2. Overview of handedness studies in situs inversus.

Author and Year Sample Size Situs Anomaly Etiology Source
Percent Left
Handedness

Handedness
Determination

Cockayne et al., 1938 [88] 115 Situs inversus Not provided

From literature and the
author’s own series; most

included were examined on
account of illness or a

congenital malformation

6.1% LH and 1.7%
ambidexter

Unknown

Torgersen et al., 1950 [89]
Convenience sample of
160 from a total sample

of 270
Situs inversus Not provided

Mass X-ray photographs of
the Norwegian population

(200) + additional cases
through hospitals and

municipal health
departments (70)

6.9% in SI compared to
3.5% in (715) siblings

and 5.3% in (320) parents

Self-report obtained
from the

individual with SI

Everett et al., 1963, [91]
Convenience sample of 6
from a total sample of 10

Situs inversus totalis Not provided Hospital records search 0%
Self-report or hospital

records

Matsumoto et al., 1997 [92] 16 Situs inversus Not provided Not reported 6.3%
Writing, drawing,

throwing

McManus et al., 2004 [93]
46 PCD-SI and 42

PCD-SS, 334 controls
PCD-related situs

inversus
PCD only Family PCD-support group

15.2% in PCD-SI and
14.3 in PCD-SS, 8.1 in

controls

Writing hand and
laterality questionnaires

Afzelius and Stenram
et al., 2006 [32]

Convenience sample of
112 from a total sample
of 239 PCD patients (105
PCD-SI and 134 PCD-SS)

Situs inversus PCD only
Obtained from contacting
many Swedish clinicians

12.5% LH and 3.6
ambidexter in PCD,

14.3% LH in subgroup
with PCD-SI

Self-report
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Table 3. Overview of brain functional asymmetry studies in situs inversus.

Author and Year Sample Size Hand Preference * Situs Anomaly Etiology Source Method ** Function Laterality ***

Woods et al., 1986 [94] 1 SI RH Situs inversus totalis Sporadic case, no
PCD-symptoms Stroke patient Lesion Language Aphasia following left stroke

Cohen et al., 1993 [99] 1 SI RH Heterotaxy
(polysplenia) Sporadic case Stroke patient Lesion Language Aphasia following right stroke

(crossed aphasia)

Tanaka et al., 1999 [95] 9 SI and 24 controls 9 RH Situs inversus totalis 8 sporadic cases,
1 PCD-SIT Hospital search DLT Language 88.9% of SIT shows REA, 79.1%

of controls shows REA

Kennedy et al., 1999 [96] 3 SI and 15 controls 3 RH (Annett
handedness battery) Situs inversus totalis 3 sporadic cases,

normal general health Hospital records search fMRI Language

100% of SIT show left-lateralized
activation on each of two

language tasks (word stem
completion and semantics)

Ihara et al., 2010 [100] 3 SI and 11 controls
1 weak RH (EHI = 38),

1 weak LH (EHI = −20),
1 strong RH (EHI = 100)

Situs inversus totalis
Unknown, 1 SIT case

has left temporal
epilepsy

Unknown MEG Language

33% of SIT show left-lateralized
activation during reading task,

66% show right-lateralized
activation

Schuler et al., 2017 [97] 1 SIT and 1 control RH (EHI = 100) Situs inversus totalis Sporadic case, no
PCD-symptoms Fetal screening fMRI Language Typical left lateralization

(LI = 0.48)

Vingerhoets et al., 2018 [61] 15 SIT and 15 controls

9 RH, 6 LH; 20% LH in
PCD-SIT, 55% LH in

non-PCD SIT, 40% LH
overall (EHI)

Situs inversus totalis 9 sporadic cases,
6 PCD-related Hospital records search fMRI Language 80% of SIT left lateralized (93%

in controls)

Praxis 73% of SIT left lateralized (87%
in controls)

Spatial attention 73% of SIT right lateralized (93%
in controls)

Face recognition 80% of SIT right lateralized (87%
in controls)

* EHI: Edinburgh handedness inventory; ** DLT: dichotic listening test; fMRI: functional magnetic resonance imaging; MEG: magneto-encephalography; *** REA: right ear advantage.
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8.2. Brain Functional Asymmetry in Situs Inversus

As mentioned in the previous paragraph, brain functional asymmetry was predomi-
nantly investigated in participants with a non-syndromal manifestation of SI (Table 3). The
discussion starts in the late 1980s–early 1990s with the report of two right-handed stroke
patients with visceral anomalies, one of which became aphasic following a left hemisphere
cerebrovascular lesion [94] while the other, a patient with left isomerism heterotaxy, showed
crossed-aphasia after a right hemisphere stroke [99]. More convincing evidence for typical
language lateralization came from 9 SIT participants (only one with PCD-related SIT), who
performed a dichotic listening paradigm and showed typical right ear advantage in all,
but one case [95]. The advent of MRI research provided the opportunity of visualizing
neural activation during cognitive tasks. A first fMRI study corroborated Tanaka’s dichotic
listening findings by showing typical left hemisphere lateralization for language in three
non-syndromal SIT participants [96], but a decade later, a second fMRI study reported
atypical right hemisphere lateralization for language in two out of three SIT cases [100].
Until now, all studies, including a longitudinal case study that used fMRI [97], had focused
on language. Recently, research broadened to other lateralized functions, including praxis,
spatial attention, and face recognition, in an fMRI study of 15 SIT participants, of which 6
had PCD-related SIT, and 9 had non-PCD-related SIT [61]. While 80% of this cohort had left
hemisphere language dominance, suggesting generally typical language lateralization, a
control group matched for handedness showed 93% leftward lateralization. The same trend
was found for the three other tested functions that all showed more typical asymmetry
in the matched controls compared to the SIT participants. The authors concluded that
atypical functional segregation, that is, the likelihood that brain functional organization
does not show the typical population pattern, is more frequent in SIT participants. No
obvious difference in the level of deviation from typical functional segregation was ob-
served between PCD and non-PCD-related SIT, but the small sample size limits proper
statistical comparison. It can be argued that results on functional lateralization have been
influenced by the unexpectedly high number of left-handers in this sample as left-handers
have a higher prevalence of atypical functional lateralization [2], but atypical lateralization
occurred equally frequently in the right-handed SIT participants. Together, the available
data suggest that, while most people with SIT will show typical patterns of functional asym-
metry, atypical lateralization of language and other asymmetric functions may be more
frequent in SIT. It remains to be determined whether this is a general trend or associated
with specific etiological characteristics.

8.3. Brain Structural Asymmetry in Situs Inversus

An overview of studies reporting on brain structural asymmetry in SI is provided in
Table 4. If there is one consistent finding on brain asymmetry in SI, it is the observation
that their cerebral torque is generally reversed than the typical human population bias.
The cerebral or “Yakovlevian” torque is a gross anatomical and morphologically complex
characteristic [101] that refers to an anti-clockwise twist of the brain about the ventral-
dorsal axis. It is most often described in terms of its petalia, whereby the right frontal pole
protrudes anteriorly to the right frontal pole, and the left occipital pole protrudes posteriorly
to the right occipital pole. Typical petalia asymmetry is observed in 44% of modern human
brains [102] and appears to be absent in non-human primates [101]. Reversed petalia were
reported in 15 out of 23 SIT participants (65%), most of which were sporadic cases. Again,
a possible distinction arises between syndromal and non-syndromal SIT as a recent study
documented complete reversal of the petalia in 7 out of 9 non-PCD-related SIT participants
(78%) and in none of the 6 PCD-related SIT participants [98]. It remains to be confirmed
whether the reversed cerebral torque pairs with the reversal of intracranial vasculature and
bony landmarks as suggested by one post-mortem study [103]. If it does, it would be an
important argument for a link between different brain morphological asymmetries and a
link between lateralized gradients of brain structural and visceral development.
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Table 4. Overview of studies on brain structural asymmetry in situs inversus.

Author and Year Sample Size Hand Preference Situs Anomaly Etiology Source Method *
Cerebral Torque

(Petalia)
Planum

Temporale
Sylvian Fissure Other **

Kennedy et al.,
1999 [96]

3 SIT and 15
controls RH (AHB = 1.24) Situs inversus

totalis

Sporadic cases,
normal general

health

Hospital records
search MRI Reversed in all SIT

Volume L > R in
2 SIT and R > L in

one SIT

Higher R > L in
2 SIT

Tubbs et al.,
2003 [103] 1 SIT Unknown Situs inversus

totalis

Unknown, died
from “natural

causes”
Unknown Autopsy Reversed Higher L > R Reversed intracranial

vasculature

Ihara et al.,
2010 [100]

3 SIT and 11
controls 2 RH, 1 LH Situs inversus

totalis

Unknown, 1 SIT
has temporal lobe

epilepsy
Unknown MRI Reversed in all SIT Volume L > R in

3 SIT
IFG volume L > R in
2 SIT, R > L in1 SIT

Leroy et al.,
2015 [104]

6 SIT and 95
controls (48 RH) 5 RH, 1 LH Situs inversus

totalis

Cases from the
Kennedy et al. and
Ihara et al. studies

Cases from the
Kennedy et al. and
Ihara et al. studies

MRI STS deeper on right
(typical)

Schuler et al.,
2017 [97] 1 SIT and 1 control RH (EHI = 100) Situs inversus

totalis
Sporadic case, no
PCD-symptoms Fetal screening MRI Reversed in SIT Absent

asymmetry in SIT
STS deeper on right

(typical)

Vingerhoets et al.,
2018 [98] and

Mannaert et al.,
2019 [105]

15 SIT and
15 controls 9 RH, 6 LH Situs inversus

totalis
9 sporadic cases,
6 PCD-related

Hospital records
search MRI

Reversed in 78%
of non-PCD SIT

and in 0% of PCD
SIT

Not different from
controls Same as controls

IFG volume same as
controls;

Heschl’s gyrus and
anterior insula volume

same as controls;
Arcuate fasciculus

volume same as
controls;

Uncinate fasciculus
lower volume in SIT

than controls

Kienast et al.,
2021 [86]

5 fetuses with
ciliopathies and
21 fetuses with

laterality defects;
26 age-matched

controls

Not applicable

4 SIT; 8
dextrocardia;

4 situs ambiguus;
5 situs inversus

abdominalis

Prenatal diagnosis
reports

Hospital records
search MRI

Perisylvian fetal
patterns and

asymmetry indices do
not differ between

cases with laterality
defects, ciliopathies,
and normal controls

* MRI: magnetic resonance imaging; ** IFG: inferior frontal gyrus; STS: superior temporal sulcus.
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No systematic reversals in other structural brain asymmetries have been reported in
SI. Alleged language-related markers like the planum temporale, Sylvian fissure, inferior
frontal gyrus, depth of the superior temporal sulcus, and the arcuate fasciculus show the
same variability and directional bias as the general population. The available data are
scarce, though, and the discovery of more subtle effects or between SIT-type differences
awaits further research.

9. Discussion

The low prevalence and substantial phenotypical variability of human visceral later-
ality anomalies postpone consensus on clear classification criteria for subgroup determi-
nation. Still, two broad categories of anomalies are generally distinguished, situs inversus
characterized by a complete or near-complete mirror reversal of typical visceral asymmetry,
and heterotaxy described as a duplication of one of either asymmetric sides. Both pheno-
type categories are believed to result from different deficits in the complex developmental
cascade of visceral left–right differentiation, but the exact causal implications for each step
and each genetic mutation in that process remain to be elucidated. The same is true for the
brain. While the prevalence of nonconventional brain organization is roughly 100 times
more frequent than atypical visceral organization, it is more difficult to assess, and data
are scarce. However, here too, two main categories of unconventional brain organization
are advanced, reversed functional segregation presenting as a mirror image of the usual
hemispheric task division, and atypical functional segregation characterized by functional
crowding.

The substantial difference in the prevalence of atypical visceral and brain organization
also brings the effect of evolutionary canalization to mind, the increased resistance of a
trait to genetic and environmental perturbations over evolutionary time. Left-sided heart
anatomy is a preserved trait in all living vertebrates, but the incidence of spontaneous
reversal declines throughout vertebrate evolution from 5% in fish, 1–2% in amphibians,
0.1% in mammals, and 0.01% in humans [9]. Explanations for the evolutionary increase
in canalization include increased predictability of symmetry breaking by cilia-controlled
nodal flow or the more stable conditions of the placental environment [9]. Cladistic
estimates of reversals in brain organization are not available, but the concept of evolutionary
canalization may provide an interesting venue to explore the origin and timing of brain
structural and functional asymmetries in humans by comparing prevalence measures of
atypical laterality.

Apart from similarities in the overall appearance of the main phenotype subgroups
of visceral and brain laterality anomalies, we should keep in mind that the visceral and
neural systems serve fundamentally different biological functions and that the reasons for
developing asymmetry in each system are likely to be dissimilar. Nevertheless, selfsame
basic mechanisms for left–right differentiation may be employed by both systems to
generate and/or propel asymmetry [9]. This possibility is hinted at by some mutant lines
in vertebrate species that appear to align atypical visceral with atypical brain structural
asymmetry and which also appears to impact their behavioral asymmetries [3,5]. One
way to explore such a relation in humans is to investigate and compare the developmental
cascades of visceral and brain laterality and scrutinize the molecular genetics underlying
both mechanisms for biological links or similarities. The road toward asymmetry appears
very complex and much of it, particularly concerning the brain, remains to be discovered.

An alternative way to explore possible relations lies in the direct comparison of
phenotypes by investigating brain and behavioral asymmetries in individuals with situs
anomalies. Delineation of atypical manifestations could provide molecular genetics with
more specific targets to find associations between the developmental cascades of visceral
and brain asymmetry. While this approach is hampered by the low prevalence of situs
anomalies and the laborious assessment of brain asymmetries, several studies have con-
tributed to this endeavor. However, samples are often small, and the range of phenotypes
is restricted or poorly defined.
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Most, if not all, studies on behavioral and brain asymmetry in situs anomalies focused
on situs inversus (totalis). Probable reasons for this selective approach are the anticipation
of more straightforward results and the better medical condition of participants with
situs inversus compared to those with heterotaxy. In general, the studies appear to agree
that situs inversus in humans is not inseparably associated with a reversal of brain and
behavioral asymmetries as seen in some other species. On the contrary, most people with
situs inversus seem to present with typical patterns of hemispheric specialization, although
a higher prevalence of functional crowding in this group remains a possibility. At the
same time, the findings hint at some more subtle effects that distinguish between types
of situs inversus with different etiologies. More in particular, in PCD-related syndromal
situs inversus, handedness and probably also brain torque reveal the same laterality bias as
the general population. This finding can be taken to suggest that nodal ciliopathy and the
eventually reversed subsequent molecular cascade that gives rise to visceral laterality has
only little effect on hand preference and gross brain morphology. By contrast, situs inversus
caused by non-ciliary, perhaps earlier, factors does seem to be accompanied by a reversal
of the brain torque. This finding is reported by several independent studies from North
America, Japan, and Europe and indeed hints at a possible relation between human visceral
asymmetry and the asymmetrical shape of the brain organ. A possible venue to investigate
a direct relation between both manifestations of directional asymmetry in humans would
be to determine signed fluctuating asymmetry of the visceral and brain torque modules
in a sample of humans, which do not necessarily need to have a visceral anomaly [8].
To corroborate and extend findings on brain asymmetry in visceral anomalies, future
research should provide detailed phenotypical information of participants supplemented
by genetic data if possible. Ideally, a consensus should be reached on core information
to be reported that will allow open science and meta-analytic initiatives to gather larger
samples of participants with situs anomalies and further understand possible interactions
between human visceral and brain asymmetry.
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Glossary

Anterior neural ridge: The anterior neural ridge is a region in the neural plate and
later neural tube, which secretes signaling molecules essential for developing the forebrain.
Antisymmetry: Dextral and sinistral forms are equally present within a population. Atypi-

cal hemispheric functional segregation: Phenotype of hemispheric functional segregation
in which the typical left–right segregation is lost due to one or more functions showing
atypical dominance, while other functions do not. Autosomal dominant disorder: A pat-
tern of inheritance in which an affected individual has one copy of a mutant gene and
one normal gene on a pair of autosomal (one of the numbered, non-sex) chromosomes.
Autosomal recessive disorder: A pattern of inheritance in which an affected individual
requires two copies of a mutant gene on a pair of autosomal (one of the numbered, non-sex)
chromosomes. Behavioral asymmetry: Left–right difference in behavior, like hand or foot
preference, or the increased probability to retain words presented to the right ear versus
those presented to the left ear. Brain asymmetry: Left–right differences in functional
or structural (anatomical) characteristics between the two hemispheres. Canalization

(evolutionary canalization): Increased resistance of an established trait for genetic or en-
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vironmental perturbations over evolutionary time. Cascade capture: The recruitment of
genes or gene cascades for another duty. Cilium/Cilia: Small hair-like organelles that pro-
trude from the larger cell body. Cilia can be motile or non-motile. Non-motile cilia serve as
sensory organelles, much like a cellular antenna. Cells of the transient primitive node have
singular motile cilia known as nodal cilia, critical for the establishment of left to right body
asymmetry. Ciliogenesis: The building of the cell’s cilium/cilia. Defects in ciliogenesis can
lead to numerous human diseases related to non-functioning cilia (ciliopathies). Ciliary

motility: The ability of some cilia types to produce motion by a molecular motor that drives
its beating. Motile cilia have a function in the transport of fluids over the surface of cells.
Dextrocardia: A rare congenital condition in which the heart’s apex is located on the right
side of the body. Directional asymmetry: Most individuals in a population are asymmetri-
cal in the same direction (population bias). Floor plate: Located on the ventral midline of
the embryonic neural tube, the floor plate is a glial structure that serves as an organizer to
ventralize tissues in the embryo as well as to guide neuronal positioning and differentiation
along the dorsoventral axis of the neural tube. Fluctuating asymmetry: The amount of
deviation from perfect bilateral symmetry as reflected by small differences between the left
and the right sides due to random errors in the individual development. fMRI: Functional
magnetic resonance imaging is a non-invasive technique to measure and map changes
in the brain’s blood flow that coincide with brain activity. Forebrain (prosencephalon):
The rostral (forward-most) portion of the brain that will develop into the diencephalon
(thalamus, hypothalamus, subthalamus, and epithalamus) and the telencephalon, which
develops into the cerebrum. fTCD: Functional transcranial Doppler ultrasonography is a
non-invasive technique to measure changes in the blood flow velocity of the basal segments
of the cerebral arteries that coincide with brain activity. Gastrulation: A phase in early
embryonic development during which the single-layered hollow sphere of cells (blastula)
is reorganized into a multilayered structure (gastrula). By the end of gastrulation, the
embryo has begun differentiation to establish distinct cell lineages and set up the basic
axes of the body. Genetic assimilation: An alternative mechanism of variation (compared
to mutations, in which genotype precedes phenotype) in which developmental plasticity
creates novel phenotypes before heritable variation exists (phenotype precedes genotype).
Genetic control over the new phenotype arises later through random mutations. Genotype:
The particular type and arrangement of genes of an organism. Hemispheric dominance:
The phenomenon that cognitive processes tend to be specialized to one side of the brain or
the other, as demonstrated by aphasia following left hemisphere lesions and spatial neglect
following right hemisphere lesions in most people. Hemispheric functional segregation:
The division of labor in cognitive tasks between both hemispheres. In humans, hemispheric
functional segregation shows a strong population bias toward prototypical segregation
in which the left hemisphere is known to be dominant for language, fine motor control,
and praxis (learned gestures), whereas the right hemisphere supports spatial attention,
face recognition and prosody of speech. Heterotaxy: The loss of typical left–right laterality
in the arrangement of the visceral organs along the superior–inferior axis, also referred
to as situs ambiguus. Kartagener syndrome: A rare, autosomal recessive genetic ciliary
disorder comprising the triad of situs inversus, chronic sinusitis, and bronchiectasis. Lat-

eral plate mesoderm: A type of mesoderm that is found at the periphery of the embryo.
Lefty: A class of proteins related to the superfamily of growth factors that play a role in
left–right asymmetry determination of organ systems during development. Levocardia:
A condition where the heart is on the left (typical) side of the thoracic cavity. Neural

tube: The embryonic precursor to the central nervous system, which is made up of the
brain and spinal cord. Neurulation: The folding process in vertebrate embryos, which
includes the transformation of the neural plate into the neural tube. Nodal: A protein
that is encoded by the human NODAL gene, which belongs to the transforming growth
factor-beta superfamily. It is involved in cell differentiation in early embryogenesis, playing
a key role in signal transfer from the primitive node, in the anterior primitive streak, to
the lateral plate mesoderm. Nodal flow: The (leftward) movement of fluid at the prim-
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itive node caused by ciliary movement and taken to be a central process in symmetry
breaking on the left–right axis. Ortholog: A homologous gene found in different species
related by linear descent. Phenotype: The sum of an organism’s observable characteristics
or traits. Pitx2: A protein that in humans is encoded by the PITX2 gene. This protein
acts as a transcription factor and is involved in developing the eye, tooth and abdominal
organs. Pleiotropy: Occurs when one gene influences two or more seemingly unrelated
phenotypic traits. Mutation in a pleiotropic gene may affect several traits simultaneously.
Primitive node: The organizer for gastrulation in the vertebrate embryo. Primary ciliary

dyskinesia: A rare, ciliopathic, genetically heterogeneous disorder that causes defects in
the action of cilia lining the respiratory tract (lower and upper, sinuses, Eustachian tube,
middle ear), fallopian tube, and flagellum of sperm cells. Reversed typical hemispheric

functional segregation: Phenotype of hemispheric functional segregation in which the
left–right laterality of functions is reversed than the typical organization seen in the popu-
lation. While the habitual functional segregation is maintained, the phenotype is a mirror
image of the usual functional brain organization. Roof plate: An embryonic organizing
center consisting of specialized glial cells that occupy the dorsal midline of the vertebrate
neural tube. The roof plate generates morphogenic signals along the length of the neuraxis,
which control the specification and differentiation of dorsal neuronal cell types. Shh: Sonic
hedgehog (Shh) is a protein that, in humans, is encoded by the SHH gene. Shh plays a key
role in developing many animals. In vertebrates, it is involved in organogenesis. Signal-

transducing pathway: Signal transduction is the process by which a chemical or physical
signal is transmitted through a cell as a series of molecular events, which ultimately results
in a cellular response. The changes give rise to a chain of biochemical events known
as a signaling pathway. Situs ambiguus: Medical term referring to a loss of the typical
left–right positioning of thoracic and abdominal organs, also called heterotaxy. Situs in-

versus (totalis): Medical term referring to a reversal of the typical position of thoracic and
abdominal organs. Situs solitus: Medical term referring to the typical position of thoracic
and abdominal organs. Transcriptomics: The study of the transcriptome—the complete
set of RNA transcripts that are produced by the genome—using high-throughput methods,
such as microarray analysis. Typical hemispheric functional segregation: Phenotype of
hemispheric functional segregation that, due to a population bias, is most common in the
human population. Visceral asymmetry: Refers to the asymmetry in left–right positioning
of thoracic and abdominal organs.
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Abstract: Humans belong to the vast clade of species known as the bilateria, with a bilaterally

symmetrical body plan. Over the course of evolution, exceptions to symmetry have arisen. Among

chordates, the internal organs have been arranged asymmetrically in order to create more efficient

functioning and packaging. The brain has also assumed asymmetries, although these generally trade

off against the pressure toward symmetry, itself a reflection of the symmetry of limbs and sense

organs. In humans, at least, brain asymmetries occur in independent networks, including those

involved in language and manual manipulation biased to the left hemisphere, and emotion and face

perception biased to the right. Similar asymmetries occur in other species, notably the great apes. A

number of asymmetries are correlated with conditions such as dyslexia, autism, and schizophrenia,

and have largely independent genetic associations. The origin of asymmetry itself, though, appears

to be unitary, and in the case of the internal organs, at least, may depend ultimately on asymmetry at

the molecular level.

Keywords: bilateria; cerebral asymmetry; handedness; language; molecular asymmetry; situs

1. The Symmetrical Background

The evolution of asymmetry should be understood in relation to its opposite, the
overwhelming bilateral symmetry which characterises the vast clade of organisms to which
we belong. These are the bilateria. They go back at least to the Cambrian, beginning some
541 million years ago, and probably slightly earlier into the late Protozeroic [1]. Bilateral
symmetry emerged in species that move in space, and depends on the prior establishment
of two bodily axes. The antero–posterior axis may have arisen first in relation to feeding,
involving openings at head and tail separated by a through-gut [2], as in worms that burrow.
The demands of locomotion led further to sense organs, such as eyes and nose, oriented
toward the direction of motion, and the limbs were shaped to facilitate linear motion in
a consistent direction, further defining the antero–posterior axis. The dorsal–ventral axis
evolved later through the influence of gravity and the demands of locomotion, creating
consistent differences between top and bottom, such as eyes placed high for distance vision
and feet touching the ground. The formation of these two axes, with their distinctive
asymmetries, appears to be highly conserved genetically, at least across vertebrates and
arthropods [3].

Only when these two axes are established can the left–right axis be defined, and
the body remains highly symmetrical along this axis. The great British scientist Sir Isaac
Newton remarked that this symmetry, with the exception only of the bowels, proved “the
counsel and contrivance of an Author.” There is no need, though, to appeal to a deity;
bilateral symmetry can be understood in evolutionary terms. As an animal moves around,
the environment it encounters is largely indifferent to whether things are on the left or
right. Predators and prey and obstructions to movement can occur on either side. With
respect to movement and orientation in space, there seem to be no contingencies favouring
differences between the left and right sides of animals.

Bilateral symmetry, though, is not merely a matter of default; it also enhances bio-
logical fitness. In animals that move freely, locomotion is almost universally dependent
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on paired limbs, be they legs, flippers, or wings, and symmetry ensures linear movement,
which provides the most efficient way to journey between two points. Having one leg
longer than the other, or functionally more efficient, might leave an animal moving in
circles, or at least making multiple corrections. Animals also need to be as sensitive to
features on their left as on the right if they are to respond optimally to danger or to exploit
what the environment has to offer. This means that sense organs, such as eyes, ears, and
skin receptors, are symmetrically placed.

Much of behaviour is a matter of programming movement or processing information
provided by the senses, creating evolutionary pressure for the brain itself to be symmetrical.
Indeed, for much of human history the two sides of the brain were considered duplicates,
albeit mirror images. Descartes [4], for example, observed “the brain to be double” (p. 275).
In terms of gross anatomy, at least, the left and right sides did seem to be mirror images,
causing the French physician Marie Francois Xavier Bichat (1771–1802) to formulate the
“law of symmetry.” Bichat died at the age of 30 and was not widely known at the time,
but his law of symmetry gained wide currency in the 19th century, especially through the
influence of Franz Joseph Gall (1758–1828) [5].

There is even pressure for the brain to preserve its bilateral symmetry in the face of
asymmetrical experience. It is well established that animals have more difficulty learning
to distinguish left–right mirror images than up-down mirror images, and tend to treat
left–right mirror images as though they were the same [6]. In one classic experiment,
people shown 2500 pictures were later able to recognise them with surprising accuracy,
except that they were as likely to report a picture as familiar when it was the left–right
reverse of the original as when it was the original itself [7]. So-called left–right equivalence
is especially evident in young children learning to read; up until the age of six or so, they
frequently write letters or words backwards, despite being shown them only in correct
orientation [8]. Animals, too, have much more difficulty discriminating left–right mirror
images than in discriminating up-down mirror images. Left–right equivalence is adaptive
in the natural world, where objects or animals can occur in opposite profiles, and events on
one side of the body might next time occur on the other side.

The equivalence of left–right mirror images can be attributed to a process of inter-
hemispheric reversal in the formation of memories, so that memories are held both in the
veridical format and the mirrored one [9]. Logothetis et al. [10] found that some single
cells in the inferotemporal cortex of two adult rhesus monkeys responded equivalently
to meaningless mirror-image shapes, and remarked that “Distinguishing mirror images
has no apparent usefulness to any animal” (p. 360). It can be an impediment, though, in
some human activities, notably in learning to read and write scripts written in a consistent
left–right direction. With specific training, it can be overcome. Torres et al. [11] found that
three weeks of training first-grade children to discriminate mirror-image letters, such as b
and d, led to a doubling of reading speed: “a simple and cost-effective way to unleash the
reading fluency potential of millions of children worldwide” (p. 742).

2. Emerging Asymmetries

2.1. Internal Organs

Bilateral symmetry, then, is a striking feature of nearly all animals, but there are also
longstanding asymmetries. The most extreme example is situs solitus, the asymmetrical
placement of thoracic and abdominal organs. In the vast majority of humans, for example,
the heart is displaced to the left, along with the stomach, spleen, and aorta, while the liver,
gall bladder and trilobed lung are displaced to the right. Approximately one in 10,000 indi-
viduals have situs inversus totalis, in which these asymmetries are reversed [12] and where
it does occur, it seems to arise as a matter of chance when the normal directional influence
is lacking [13,14]. The asymmetries are fundamentally the same in all vertebrates [15], and
more generally in chordates, suggesting that they have a common origin and go far back in
evolution [16].

122



Symmetry 2021, 13, 914

In vertebrates, at least, imposing asymmetry on internal organs is adaptive. For exam-
ple, a mass of muscle such as the heart, achieves much greater efficiency of pumping from
a spirally coiled form than from a simple tube [17]. Beyond that, it is probably essentially a
matter of efficient packaging in the human body. Just as it would be inefficient to pack a
suitcase while maintaining perfect symmetry of the contents, so it is that the internal organs
are arranged asymmetrically in the body. Similarly, design of an automobile abandons sym-
metry in its internal engine and controls, while largely maintaining symmetry of external
body shape. Manufacturing has adopted a design long evident in biological evolution.

Deviations from bilateral symmetry can occur through random influences—no animal
is perfectly symmetrical, even discounting the asymmetries of the internal organs. However,
reliance on random or fluctuating asymmetry for internal organs would run the risk of
error, so consistent asymmetry was stamped in early in evolution. Situs solitus, is clearly an
ancestral condition, and is all but universal. Bilateral symmetry and asymmetry therefore
coexist in a trade off, with pressure toward one vying with pressure toward the other.

2.2. Handedness

The clearest evidence of a trade off comes from use of the hands or forelimbs, which
in some species is symmetrical while in others there seems a clear species-wide preference
for one or the other in certain actions. For most animals, bilateral symmetry of the limbs
is adaptive, especially in movement, but in bipedal animals the forelimbs are freed from
locomotion and are potentially open to specialization. Symmetry of action can still be
adaptive in reaching and grasping with the hands, but in more complex actions, biological
fitness may benefit if the hands adopt complementary roles, such as one hand holding an
object while the other operates on it. In some cases, one hand assumes a dominant role.
For example, bipedal marsupials, such as kangaroos, show a 90 percent preference for
the left hand when feeding, whereas quadrupedal marsupials, such as the sugar glider
or grey short-tailed opossum, show no preference at the population level [18]. Cats and
dogs, too, show no bias at the population level, but individual animals often show a
consistent preference for one or other paw in activities such as reaching [19]. (For a more
general review of limb preferences in non-human vertebrates, see [20].) Our closest non-
human relatives, chimpanzees, are less consistently bipedal than are we humans, and
correspondingly show lower right-hand preference, at approximately 65–70 percent, in
intricate manual actions [21]. Gorillas are predominantly right-handed in bimanual actions,
where the non-dominant hand holds a food-related object and the dominant hand performs
actions on it, such as dipping, stripping, or extracting [22].

At least one study has shown a slight right-hand advantage for rhesus monkeys but
no bias in capuchins [23]. It is not restricted to primates; for example, some 77% of walruses
display a preference for the right flipper when feeding [24]. Some creatures, though, are
clearly left-handed—or left-“limbed.” In some species of parrot, approximately 90% of
individuals show a preference for using the left foot when picking up pieces of food [25],
and as we have seen bipedal kangaroos are predominantly left-handed. The preference for
one or other limb being dominant is seldom if ever absolute, with the dominance ranging
from approximately 65 to approximately 90 percent [26].

In humans, bipedalism is obligate and the hands are correspondingly less involved
in locomotion and more available for asymmetrical activities such as tool manufacture,
throwing, and writing, in all of which the right hand is dominant in some 90 percent of
the population. Yet, the symmetry between the hands is largely preserved in their basic
anatomy as well as in simple operations, such as reaching and grasping, and even catching.
People can intercept a moving object equally well with either hand, but throw much more
efficiently with just one hand, usually the right [27]. Most cricketers or baseball players,
for example, can make one-handed catches with either hand, but few can throw even
adequately with the non-preferred hand. The trade off between symmetry and asymmetry
is therefore well illustrated in the way we use our hands.
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2.3. Cerebral Asymmetry in Humans

Perhaps the first intimation of an exception to the law of symmetry as applied to
the brain arose at a meeting in Montpellier in 1836, when an obscure French physician
called Marc Dax produced evidence that speech was localised in the left hemisphere.
This was largely disregarded, but some twenty-five years later, a more eminent physician
called Paul Broca [28,29] showed that speech was disrupted following damage to the
portion of the left prefrontal cortex since labelled as Broca’s area, confirming the left-
hemispheric dominance for speech. At that point, Dax’s son recognised the significance
of his father’s work and arranged to have the early manuscript published, along with
further evidence from 140 patients [30]. Evidence also emerged that comprehension of
speech was impaired after damage in the left superior temporal gyrus, in the area since
known as Wernicke’s area. [31]. By the late 19th century, then, the brain was understood
to exhibit some fundamental asymmetries, at least in function, in spite of its seeming
anatomical symmetry. At this point, it was recognised that handedness itself was due to
brain asymmetry, adding to the notion that the left hemisphere was the dominant or major
hemisphere, with the right relegated to minor status. With some hesitation from the French
medical establishment [32], the law of symmetry was overturned.

These developments also led to the view that the two sides of the brain were not simply
uneven, but functioned in some ways as complementary opposites. In the most extreme
versions, the left hemisphere was said to harness humanity, volition, masculinity, and
reason, while animality, instinct, femininity, and madness were closeted in the right. This
phase of speculation is well described by the historian Anne Harrington [33], who observed
that it probably owed more to the social prejudices of the time than to the neurological
facts. She wrote, “It is interesting that, once one has given the two hemispheres sexual
identities, the idea of cerebral dominance becomes a rather apt metaphor for the social and
economic domination of men over women in 19th-century Europe” (p. 624).

These extreme notions seemed to subside after the turn of the 20th century, but a
second wave of speculation followed the split-brain research of the 1960s, when a series of
patients underwent section of the forebrain commissures for the relief of intractable epilepsy.
Again, the left hemisphere was shown to be dominant for language [34], and in 1981, Roger
W. Sperry belatedly received the Nobel Prize in Physiology or Medicine “for his discoveries
concerning the functional specialization of the cerebral hemispheres.” There again followed
a barrage of speculation about the duality of mind, with the left brain described as logical,
rational and mechanistic, and the right brain intuitive, emotional and creative [35]. The
social and political pressures of the time were different from those of the previous century,
and the protests against the war in Vietnam, feminism, and anti-establishment movements
seemed generally to anoint the right brain as favoured over the militaristic left. In his
Nobel address, Sperry [36] himself noted, “The left-right dichotomy in cognitive mode is
an idea with which it is very easy to run wild” (p. 1226). The dichotomy is still with us in
popular culture—and indeed often runs wild.

Brain asymmetry, then, was a comparatively recent discovery in human history,
and a revelation against the general assumption of bilateral symmetry. It was linked,
moreover, to specifically human aspects of thought. This has led to a tendency to regard it
as uniquely human (e.g., [37]), and perhaps even a species-defining feature [38]. This is
also implicit in the view that language itself is unique to our species (e.g., [39]). The idea
that brain asymmetry emerged only in Homo sapiens has no doubt dampened efforts to
understand its evolutionary origins, although this has begun to change with the realisation
that asymmetries are ubiquitous in biology.

It is also commonly assumed that brain asymmetry is unidimensional, to the extent
that individuals are often described as being either left- or right-brained, implying that
the dominance of one or other hemisphere operates as a whole. It has become clear,
though, that there are several, perhaps many, dimensions of laterality. Handedness, too,
is effectively a cerebral asymmetry, not a manual one, and is commonly associated with
the left-hemispheric dominance for speech. The correlation is in fact much weaker than
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previously assumed [40]. Some 95 percent of right-handers are left-cerebrally dominant for
language, but so are 70–80 percent of left-handers [41]. Situs inversus totalis does not seem
to reverse normal handedness or functional brain asymmetry, with the exception of the
Yakoklevian torque—an anatomical asymmetry normally characterised as a protrusion of
the frontal lobe on the right and occipital lobe on the left. This is reversed in cases of situs
inversus [42].

Overall, the brain shows multiple anatomical asymmetries. In a study of 171,141 brains
scans derived from 99 data sets worldwide, Kong et al. [43] divided the brain into 34 distinct
regions, with overall thickness of the cortex larger on the left and overall surface area larger
on the right. On both measures, as many regions showed leftward as showed rightward
asymmetry, with only a small minority showing no measurable asymmetry. The two
measures, though, showed different associations. The frontal regions tended to be thicker
on the left while the posterior one tended to be thicker on the eight, a pattern which the
authors suggest may derive from the Yakoklevian torque. It was surface area, though,
which showed greater association with functional asymmetries. The largest asymmetries
in surface area were within language-related areas, including a leftward advantage in a
posterior region of Broca’s area and the transverse temporal gyrus (part of Wernicke’s area),
and a rightward advantage in an anterior region of Broca’s area. The opposite asymmetries
within Broca’s area suggest two different circuits involved in language, with the leftward
circuit connecting Broca’s and Wernicke’s areas involved in phonology and syntax. The
role of the rightward circuit is not so clear.

Functionally, too, it is becoming increasingly evident that there are several, perhaps
many, independent dimensions of laterality. Liu et al. [44] factor analysed laterality indices
derived from intrinsic brain activity in the resting brain, revealing four independent factors.
Two were left-lateralized, one corresponding to the language network and the other the
default-mode network, and the other two were right-lateralized corresponding to a visual
network and an attentional one. Badzakova-Trajkov et al. [45] similarly carried out a
factor analysis of functional asymmetries while participants undertook language tasks,
an attentional task, and a face-recognition task, which yielded three independent factors,
a left-lateralized one corresponding to the language network and two right-lateralized
networks corresponding to the face-processing network and the attentional network. The
right-lateralized face-processing network was largely homologous with the left-lateralized
language network, yet uncorrelated with it.

Häberling et al. [46] undertook a further factor analysis of laterality indices while
participants performed various left-lateralized tasks, and found three independent factors,
representing a language circuit, a gesture-related circuit associated with handedness,
and another gesture-related circuit independent of handedness. These finding raised
speculation as to how the mirror-neuron system might have lateralized and fissioned into
separate subcircuits in the process of hominin evolution.

Orthogonal factor analysis provides a convenient way to identify lateralized networks
that are independent of one another and, at least as a first approximation, provide a useful
means of determining just how many dimensions of laterality there are.

2.4. Cerebral Asymmetry in Animals

Evidence for cerebral asymmetries in a wide variety of animals is now abundant
(see [47] for review). One general finding is a right-hemisphere dominance for emotion,
which seems to be present in all primates so far investigated, including humans [48]. It
seems to be true of other animals as well, including dogs [49], horses [50], and birds [51],
and probably goes far back in the evolution of vertebrates. Right-hemisphere biases also
appear to be unrelated to handedness or motor asymmetries [51]. From an evolution-
ary perceptive, it may reflect a left-hemispheric disposition to approach and the right
hemisphere to avoidance [52].

In humans, the planum temporale overlaps with Wernicke’s area, one of the major
language areas, and is larger on the left than on the right [53], but the same asymmetry

125



Symmetry 2021, 13, 914

is present in great apes [54–56], and in both adult [57] and infant baboons [58]. This
asymmetry may therefore date back at least to the common ancestor of humans, great
apes and Old World monkeys, 30–40 million years ago, and is not specifically connected
to language.

The other major cortical language area, Broca’s area, is more complex. Its anterior
portion, area 44 (pars opercularis) is part of the language network in humans, and is larger
on the left [59] (According to Kong et al. [43] the other portion, area 45 (pars triangularis)
is larger on the right, while Keller et al. [59] find no asymmetry). Cantalupo and Hop-
kins [60] report that the homolog of Broca’s area in chimpanzees is also larger on the left.
Graïc et al. [61] report a structural asymmetry in area 44 of the chimpanzee characterised
by smaller neurons, perhaps suggesting increased computational capacity. In this and
other respects, the cyto-architectural structure of area 44 seems to resemble closely that
in humans.

The emergence of language in humans, though, may be not so much a question of
the size of Broca’s or Wernicke’s areas as of their connectivity. Berwick and Chomsky [39]
suggest that two circuits connecting these areas, both present in the chimpanzee, are
connected (“a slight rewiring”) in the human brain to create a loop that gave us syntax.
This occurred, they say, uniquely in humans within the last 100,000 years, “in barely a
flick of an eye in evolutionary time” (p. 67). This seems to be more or less pure conjecture.
Friederici [62] has suggested similarly but more cautiously that humans evolved a stronger
left dorsal connection between these areas than in non-human primates, and that it was
this left-sided circuit that enabled the hierarchical structure of language.

From a functional perspective, Friederici’s analysis is based on studies showing that
humans can detect the hierarchical embedding in sequences of the form (A3(A2(A1B1)B2)B3)
(double embedding of this type, when applied to sentences, can be very difficult even for
humans to process—an example is The cat that the dog that the man kicked chased miaowed),
whereas non-human primates cannot [63], and that human processing of such sequences
activates area 44. A difficulty with this analysis is that processing sequences of this kind
need not involve any understanding of embedding at all; one might simply note that three
As are followed by three Bs [64,65]. It is not yet entirely clear how seemingly similar fronto-
temporal circuits can give rise to language in humans but not in non-human primates, or
whether there is indeed a critical difference between apes and humans in this circuitry.

2.5. Cerebellar Asymmetries

The cerebellum is often neglected in accounts of brain asymmetry, but it too shows
functional and structural asymmetries, which tend to mirror asymmetries of the cerebrum;
that is, leftward activity accompanies rightward activity in the cortex, and vice versa. In
a follow up from the study by Liu et al. [44] of cortical asymmetries in the resting brain,
activity on each side of the cerebellum correlated with activity in the association cortex
on the opposite side [66]. This implied large-scale circuits combining cerebellum and
cortex, with the cerebellum mapping in roughly homotopic fashion onto the association
cortex. Cerebellar asymmetry also mirrored cortical asymmetry during a language task,
but did not map onto asymmetries of the motor cortex itself. In a similar follow up from
the study by Badzakova-Trajkov et al. [45], factor analysis of asymmetrical brain activity
induced by language tasks and observations of manual gestures revealed two independent
networks, one right lateralized in the cerebellum and left lateralized in the language areas
of the brain, and the other associated with handedness and gesture but with no cerebellar
involvement [67].

The role of the cerebellum in the hemispheric asymmetry for language gains further
support from a recent study showing a correlation between left-hemispheric dominance for
perception of dichotically presented syllables, and a rightward asymmetry in the number
of voxels in lobule VI of the cerebellum [68]. The dichotic asymmetry also correlated with
a leftward asymmetry of the number of voxels in the amygdala, and to a lesser extent
with a leftward voxel asymmetry posterior superior temporal cortex. Although dichotic

126



Symmetry 2021, 13, 914

listening provides a less reliable index of functional asymmetry than does brain imaging
itself, the results suggest that subcortical areas contribute more to brain asymmetries than
is commonly realised. The authors also note that the human cerebellum has a surface
area approximately four-fifths of the neocortex, whereas the proportion in the macaque
is only about one-third [69]. This invites the speculation that the cerebellum, generally
considered to have its primary role in motor coordination, may have expanded in the
course of hominin evolution to play a part in the emergence of language.

In chimpanzees, the cerebellum generally follows the pattern of the Yakoklevian
torque observed in the human brain [70]. In a sample of chimpanzees studied by Phillips
and Hopkins [71] this pattern was reversed, and there was a rightward bias in the volume
of the posterior cerebellum in chimpanzees. This was unrelated to handedness as measured
in a coordinated manual task. (Curiously, using the same measures, the authors did find
that a leftward bias of the posterior cerebellum was associated with right-handedness in
capuchins. Unlike chimpanzees, though, capuchins do not appear to show species-wide
handedness, nor do they show the Yakoklevian torque.) A subsequent analysis, though,
showed an association of this asymmetry with handedness determined from a tool-using
task designed to simulate termite fishing [72]. The authors speculate that the asymmetry
associated with tool use may have served as the foundation for the emergence of language.

Aside from the question of asymmetry, a recent study reports epigenetic modifications
of DNA in the human cerebellum that sets it apart from that in the chimpanzee or macaque,
and may suggest a role in the development of language and cognition [73]. GPS methylation
at genes known to be involved in neurodevelopment and synaptic plasticity was even more
distinctively human in the cerebellum than in the prefrontal cortex. The author suggest
that their results “highlight the value of tissue-specific species comparisons of methylation
and are consistent with an important role for the cerebellum in human brain evolution.

3. The Genetics of Laterality

3.1. Handedness

Historically, attempts to discover the genetic basis of functional laterality have focused
largely on handedness, presumably because it is easier to measure than brain asymmetry.
Although left-handedness is associated with cultural influences, it is also highly poly-
genic, as indicated by genome-wide studies of the association between handedness and
genetic loci, e.g., [74–76]. These studies clearly rule out single-gene models that have
hitherto been popular, e.g., [77,78]. The largest study to date examined individuals from
1,766,671 individuals, combined from the UK Biobank [79] and the International Hand-
edness Consortium, found 41 loci associated with left-handedness, and 7 different loci
associated with ambidexterity [80]. A total of 11.9 percent of males were left-handed or
ambidextrous, compared with only 9.3 percent of females, a difference comparable to
that found in other large-scale studies. Left-handedness was also associated with genetic
loci implicated in a number of phenotypical conditions, including schizophrenia, autism,
bipolar disorder, neuroticism, mood swings, and educational attainment.

Using an additive model, the authors estimated that genetic effects accounted for
11.9 percent of the variance, shared environment accounted for 4.6 percent, but the largest
portion, 83.6 percent, came from individual environmental effects. Dropping shared
environment from the model raised the genetic component to 19.7 percent, closer to the
25 percent estimated from twin studies [75,81]. There appears to be still some uncertainty
as to how to assess the genetic contribution.

Ambidexterity has often been lumped together with left-handedness, but the two
were unrelated genetically. Ambidexterity also showed a different profile of associations
with other traits, including a negative genetic correlation with educational attainment.
Earlier studies had shown decrements in educational attainment among the ambidextrous
relative to left- or right-handers [82,83].

In an overlapping analysis of 501,730 individuals from the UK Biobank,
de Kovel et al. [84] revealed that left-handedness was higher in those with lower birth-
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weight, among multiple births, those born in certain seasons of birth, children with lower
incidence of breastfeeding, and males, with each of these effects being significant inde-
pendently of all the others. Others have reported an association of left-handedness with
schizophrenia [85], autism [86] and dyslexia [87]. De Kovel et al. refer to a similar analysis
based on a large US cohort showing similar association, with the addition of increased
left-handedness, among African Americans and those with an older mother [88]. As in the
larger study described above, a genome-wide association analysis showed left-handedness
to be significantly but only weakly heritable genetically. The bias toward right-handedness,
then, may be universal, but subject to variation and possible reversal through extraneous
influences, some cultural, some pathological, and some genetic.

This idea of a universal bias is not without precedent. Laland [89,90] suggested
that all humans are born with a biological bias to be right-handed, but that deviations
result from external pressures. The primary pressure comes from parents, consistent with
evidence that the incidence of left-handedness is increased if one parent is left-handed, and
more so if both are left-handed. This association has also been taken to support a genetic
basis for left-handedness (or the absence of right-handedness), but may equally be due
to parental influence. Given the evidence summarised above, though, there are probably
additional influences. As a first approximation, then, there may be a universal bias toward
right-handedness, but malleable enough to permit variations without undue disadvantage.

Although genetic studies show multiple genetic associations with handedness, these
genes may represent different conditions that influence handedness, rather than being
intrinsic to handedness itself. An example is the LRRTM1 gene, a maternally suppressed
gene associated paternally with handedness and dyslexia; when inherited through the
father a particular haplotype consisting of minor alleles at three locations significantly
shifted handedness toward the left [91]—a finding partially confirmed elsewhere [92], This
same haplotype was over-transmitted paternally in those with schizophrenia. These effects
were discovered in dyslexic samples, and were not evident in a Chinese sample or in other
samples from the general population, including the large-scale study described above [79].

3.2. Cerebral Asymmetry

Estimates of cerebral asymmetry based on brain imaging paint a similar picture. In a
brain-wide genome-wide analysis in 32,256 individuals, Sha et al. [93] found 41 locations for
cerebral asymmetry, parcellated into 34 cortical regions per hemisphere and 7 subcortical
regions. Among these, they found 21 distinct, highly significant genomic loci for the
different aspects of brain asymmetry. Ten of these were associated with cytoskeletal
development, while the remaining 11 were mostly with brain development. These included
significant genetic overlaps with autism, schizophrenia, and educational achievement.
Earlier studies had shown direct associations of cerebral asymmetry with dyslexia [94],
Alzheimer’s disease (e.g., [95], ADHD [96], and depression [97]. In all cases, the negative
aspects were associated with deviations away from normal asymmetries. Although some of
these variables also correlated with handedness in Sha et al.’s study, there was no significant
genetic overlap between handedness and structural brain asymmetries, although five
individual markers (SNPs) were associated with both. Many of the asymmetries were
strong, but their heritabilities were low. As mentioned earlier, situs inversus does not
systematically reverse handedness or the normal cerebral asymmetries, with the exception
of the Yakoklevian torque.

Again, these findings concur with those based on handedness in suggesting a funda-
mental but universal bias, with variations imposed by environmental and other conditions,
some of possibly genetic origin. Sha et al. conclude from their findings that the develop-
ment of brain asymmetry is “tightly constrained and largely genetically invariant in the
population.” The most parsimonious conclusion is that this universal bias also underlies
the situs of the internal organs; Brandler and Paracchini [98] suggest that “the mechanisms
for establishing LR asymmetry in the body are reused for brain midline development,
which in turn influences traits such as handedness and reading ability” (p. 88).
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This scenario need not contradict the evidence of relative independence among hand-
edness, different dimensions of cerebral asymmetry, and situs of internal organs. The
fundamental asymmetry is invoked where it proves adaptive, even though against the
pressure toward symmetry in the bilateria. This is especially true of situs, but less so in
handedness and or the various aspects of brain asymmetry where there may be some ad-
vantage to maintaining variation—a possibility explored by Ghirlanda and Vallortigara [26].
Evolution itself depends on variation, and within social species such as our own, variations
in demeanour, cognition, skill, and personality provide for effective social living, allowing
individuals to take multiple specialized roles. Száthmary [99] writes that language, itself
strongly lateralized and subject to individual variation, was one of the seven major transi-
tions in evolution, offering something unprecedented—the “negotiated division of labour”
(p. 10,109). Whether it was indeed a major transition, or simply a result of progressive
evolution is a moot point, and the evolution of complex societies depends not only on
language but also on individual differences in other domains as well, including spatial
abilities, creativity, athleticism, and computational abilities. We need, or have needed,
butchers, bakers, candlestick makers, and software engineers. Genetically, such diversity
need not be construed as group selection, but rather as a loosening of genetic determinism.

The universal bias toward asymmetry, then, appears to be most strongly expressed
in the situs of internal organs, where deviations from asymmetry are maladaptive. It
is also strongly expressed in cerebral asymmetry for language, where deviations may
result in language disorders. The bias itself may be universal with deviations only due to
extraneous conditions, some pathological, some cultural, and some themselves genetic. For
example, a mutation of the FOXP2 gene results in a severe speech impediment, and brain
imaging showed that members of an extended family affected by the mutation, unlike
their unaffected relatives, showed no activation in Broca’s area while covertly generating
verbs [100]; the activation seemed to be scattered and to exhibit no consistent asymmetry.
Handedness, though, seems to be largely unaffected, with one study showing 12 of the
15 members of the family to be right-handed [101].

The universal bias seems to be less strongly expressed in handedness, where devi-
ations may be adaptive if maintained in a minority. It probably varies across species,
but is absent in most animals, where there is no species-wide difference in dominance or
preference between left and right forelimbs. That is, the ratio is approximately 0.5, with
variations from around equality due only to chance. Laland [89] estimates a bias of 0.78
in humans, so that in the absence of extraneous influences 78 percent of the population
would be right-handed, but parental or cultural influences increase it to approximately
90 percent overall. He suggests ratios of 0.8 to 0.9 in Neanderthals, 0.61 in Middle Pleis-
tocene hominins, 0.57 in Lower Pleistocene hominids, and 0.56 in chimpanzees. The bias
may be overestimated in Neanderthals, who may have been sufficiently human-like for
a cultural influence increasing the overall incidence of right-handedness itself. The bias
runs counter to the otherwise general bilateral symmetry of the limbs, and may be largely
restricted to bipedal species.

If there is indeed a fundamental bias underling situs as well as handedness and
cerebral asymmetries, what is its origin? Morgan and I [102] (readers tempted to consult
this article should ignore the Abstract, which was inadvertently substituted from another
article) once suggested that it was coded in the oocyte rather than in the genes themselves,
and favoured development on the left. It may even depend on the chirality (left–right
asymmetry) at the molecular level [103–105]. The asymmetries of the internal organs are
governed at the earliest stages by an asymmetry of the cilia, hair-like organelles on the
surface of cells, and this directs the asymmetry of a genetic sequence (the Nodal-Lefty-
Pitx2 cascade) [106]. Cooke [107] outlines a scenario whereby the asymmetry of the cilia
themselves is governed by the alignment of chiral molecules, creating a leftward flow of
morphogenes across the embryo, which in turn guides the asymmetrical morphogenes of
internal organs through a cascade of genetic influences. These ideas remain speculative,
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but imply that asymmetry—or symmetry breaking—is not restricted to humans, or even to
vertebrates, but is a fundamental property of living matter.

Whether the asymmetry of the cilia can account for right-handedness, though, remains
uncertain. Afzelius and Stenram [108] report on 239 cases of immotile-cilia syndrome, a rare
condition in which the cilia are either absent or stationary. In these cases, one might expect
random asymmetry, such that 50 percent would have situs inversus and be left-handed.
In fact the figures were 44 percent and 14 percent, respectively. This suggest a bias other
than that due to ciliary motility, especially in the case of handedness, where the bias was
only slightly above the 10–12 percent found in the normal population. Cultural or familial
influences may be strong even in the absence of a biological bias.

That said, asymmetries of the hands and brain are clearly more variable than that
of situs, where departures from normal asymmetry are often maladaptive. Immotile
cilia syndrome, with its high incidence of situs inversus, is accompanied by disorders
of the respiratory tract, including sinusitis, rhinitis and bronchitis, and the combination
of these with situs inversus is known as Kartagener syndrome, afflicting approximately
one in 22,000 [108]. Departures from right-handedness and left-cerebral representation of
language are far less drastic, and may even be adaptive in giving rise to special minority
talents, as suggested earlier.

This raises the question as to whether disorders associated with lateralization are
truly “disorders,” or simply part of the fabric of human existence. Dyslexia is often
associated with creativity, and even a number of well-known authors, such as Agatha
Christie, Gustave Flaubert, and Evelyn Waugh, are said to have been dyslexic. Normal
reading depends on an area known as the visual word form area usurping the left side of
the occipito-temporal region brain concerned with visual shape analysis. This implies that
visual processing can be diminished, or at least altered, when children learn to read [109].
This might explain the special talents of artists, such as Andy Warhol, Pablo Picasso o0
Robert Rauschenberg, who are also said to have been dyslexic. Leonardo da Vinci is often
mentioned as another example, although his mirror writing might have been not so much
a disability as a disguise. He was, however, left-handed, at least when writing.

Even mental illnesses may be adaptive, or once were so. Kauffman [110] points out
that hallucinations were at one time considered normal, and played a part in the lives of vi-
sionaries, such as Jesus of Nazareth, St Paul of Tarsus, and even Socrates, and suggests that
it was through the writing of Voltaire, Darwin, and Freud that they began to be associated
with psychiatric illness. Creativity, too, has long been associated with schizophrenia and
bipolar disorders, and research also suggests a genetic link [111]. Nature and culture may
have combined to maintain a diversity and creativity of benefit to the species.

4. Conclusions

The emergence of animals that move created pressure toward bilateral symmetry, and
the establishment of the vast clade of animals known as the bilateria. This pressure was
due largely to the absence of asymmetrical influences from the natural environment—or
what physicists call the conservation of parity. Departures from bilateral symmetry in
movement or sensory input could be perilous; Martin Gardner [112] once put it like this:

The slightest loss of bilateral symmetry, such as the loss of a right eye, would
have immediate negative value for the survival of any animal. An enemy could
sneak up unobserved on the right!

(p. 70).

Nevertheless, bodily asymmetry is ubiquitous, especially in the placement of internal
organs. It applies to all chordates and presumably far goes back in evolution. Its fundamen-
tal basis may even go back close to the origins of life itself, with the emergence of chiral
molecules. At the molecular level, we are steeped in asymmetry.

The brain has largely retained its bilaterian symmetry. Over the course of evolution,
though, it has also evolved computational functions not directly constrained by inputs
from, or outputs on, the immediate environment. This may include emotion, which seems
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to be universally characterised by a bias toward the right hemisphere. Operations on the
environment seem more likely to be asymmetrically programmed than are reactions to it,
and generally favour the left hemisphere. Examples include throwing, the manufacture
and use of tools, and language, whether in the form of speech, gesture, or writing. Again,
there may be packaging constraints, with face recognition and perhaps music shifted to
the right as compensation for the left-sided representation of language. In the large-scale
brain-imaging study by Kong et al. [43], the great majority of the 34 regions examined were
asymmetrical one way or the other, yet each region was identifiable on either side, and
they were all packaged in such a way as to retain an overall symmetry. Indeed for most of
the history of medicine the brain was thought to conform to the law of symmetry.

The genetic orchestration of the asymmetries remains elusive. The most parsimonious
solution is that they are ultimately dependent on the same fundamental bias that underlies
situs of the bodily organs, but are then expressed by the genetic cascades that create
the various specializations, each of which may be expressed or perturbed independently.
Even if the various cerebral asymmetries so far identified are not dependent on a single
underlying event, they may still hark back to the chirality of biological molecules.
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Abstract: Asymmetries in the functional and structural organization of the nervous system are

widespread in the animal kingdom and especially characterize the human brain. Although there is

little doubt that asymmetries arise through genetic and nongenetic factors, an overarching model

to explain the development of functional lateralization patterns is still lacking. Current genetic

psychology collects data on genes relevant to brain lateralizations, while animal research provides

information on the cellular mechanisms mediating the effects of not only genetic but also environ-

mental factors. This review combines data from human and animal research (especially on birds)

and outlines a multi-level model for asymmetry formation. The relative impact of genetic and

nongenetic factors varies between different developmental phases and neuronal structures. The basic

lateralized organization of a brain is already established through genetically controlled embryonic

events. During ongoing development, hemispheric specialization increases for specific functions

and subsystems interact to shape the final functional organization of a brain. In particular, these

developmental steps are influenced by environmental experiences, which regulate the fine-tuning of

neural networks via processes that are referred to as ontogenetic plasticity. The plastic potential of

the nervous system could be decisive for the evolutionary success of lateralized brains.

Keywords: avian brain; brain asymmetries; hemispheric lateralization; ontogeny; epigenetic; neu-

ronal plasticity; visual system

1. The Functional Organization of Brain Asymmetries and Its Development

“A number of embryonic events make up an integrated overture to the post-
hatching expression of lateralization” Lesley Rogers [1]

1.1. Lateralization Patterns of Neuronal Systems across the Animal Kingdom

A fundamental organizational principle of our brain is its asymmetries, which en-
compass both structural and functional differences between the two hemispheres. This
characteristic has led to numerous hypotheses and research projects, which have attempted
to elucidate the evolutionary and developmental origins of this specific trait [2,3]. However,
lateralization of the brain is not specific to humans, but is present in many species across the
animal kingdom. Not only vertebrates, but also many invertebrates, such as flies, bees, octo-
puses or nematodes, show left–right differences in neural organization and behavior [3–9],
which suggests that lateralization is a common feature of metazoan nervous systems [10].
Neuronal asymmetries can be observed in all areas of information processing, including
perception, cognition, emotion, homeostatic regulation or motor control and are based on
neuroanatomical as well as physiological left–right differences [7,11,12]. Lateralization can
be present at the individual level, with left-sided dominance for a certain function in half
of a population and right-sided dominance in the other half. In other cases, the direction
of a lateralized function within a population is aligned, so that lateralization is present at
population level [2,11,13]. Comparative studies indicate that some aspects of functional
brain lateralizations share a common evolutionary history [3,7,8,14]. It has been suggested
that the vertebrate brain is characterized by specific functional dichotomy, with the left
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hemisphere more strongly involved in routine and approach behavior, while the right
hemisphere dominates detection and response to unexpected, novel and potentially pivotal
stimuli [15–17]. For example, several species of fish, amphibians and birds react faster
when a predator approaches from the left, indicating that right-hemispheric networks are
specialized for the detection of potential dangers, while foraging is controlled by the left
hemisphere [3,7,8,18]. The processing of social stimuli, such as faces, is also dominated by
the right hemisphere [19] in humans [20], sheep [21,22] and chicks [23]. On the other hand,
at least in mammals, communicative signals, such as spoken language in humans [24] or
other forms of conspecific vocalizations [25,26], are typically processed within the left hemi-
sphere. A widespread behavioral indicator of hemispheric lateralization is the preferred
use of one extremity, which has been documented in a variety of vertebrate and invertebrate
species at individual and population levels [5,27–31]. In humans, handedness is the most
obvious asymmetry with about 90% of individual preferring to use their right hand for
complex manual tasks like fine-tuned object manipulation or writing [32]. Handedness is
related to other behavioral asymmetries, like preferential foot use [33] or cradling bias [34],
while deviations from the typical pattern are associated with psychiatric or developmental
disorders [2,35–37]. Therefore, handedness is used as the favorite measure for correlat-
ing functional lateralization with structural left–right differences and genetic variations
([e.g., [12,32,36,38]).

1.2. Understanding Ontogeny of Neuronal Asymmetries—An Unfinished Business

Despite increasing knowledge about the relationships between different functional
lateralizations and their structural foundations, our understanding of the underlying
ontogenetic mechanisms is still limited. The presence of population-level lateralizations and
cross-species similarities makes it likely that neuronal asymmetries have developed under
phylogenetic pressure and, therefore, have a genetic basis [7,8,39,40]. However, human
and animal research currently differ in the approaches and methods used in investigating
the mechanisms guiding the development of a functional lateralized brain and, therefore,
there has only been limited integration of knowledge between research approaches [41].
In some animal models, the genetically controlled events that drive the development of
neuronal asymmetries have been studied in detail. In the nervous system of the nematode
Caenorhabditis elegans, for example, there are pairs of chemoperceptive neurons, which are
characterized by molecular left–right differences and different connectivity patterns that
are related to their differential functional embedding [42,43]. Molecular genetic studies
identified a complex regulation network comprising transcription factors, microRNAs,
chromatin regulators and intercellular signals, which determine the asymmetric features of
these specific neurons [44]. A second well-studied example is the epithalamus of vertebrate
brains, which connects limbic regions of the forebrain with hindbrain motor circuits and
which is characterized by evolutionarily conserved asymmetries within the pineal complex
and the adjacent habenular nuclei. The molecular pathways that control these asymmetries
have mainly been elucidated in studies with larvae of the zebrafish. Here, too, it is a
chain of gene expression cascades that underlie the development of lateralization in this
area [42,45,46]. Other genes are persistently expressed asymmetrically within the adult
forebrain of zebrafish [47].

In human research, however, the first popular models, such as the right shift [48] or
dextral chance [49] theory, suggested a single gene origin for human brain lateralization and
attributed the left-hemispheric dominance for language processing and hand use to a com-
mon genetic factor. Their predictions fit data on the prevalence of handedness and language
lateralization, but they did not explain the nature, as well as the action, of such a factor.
However, recent meta-analysis studies have shown that the associations between language
lateralization and motor asymmetries are much weaker than previously assumed [50].
Currently, research concentrates on the identification of genes that regulate functional and
structural lateralization using large-scale heritability and genome-wide association (GWAS),
or single nucleotide (SNP) variation studies to find associations between gene variants and
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phenotypic lateralizations. These studies have reported an increasing number of genes and
their variants related to lateralization pattern. One recent study even identified multifaceted
gene networks associated with different aspects of anatomical brain asymmetries [51]. It has
also been suggested that the impact of single genes is small and functional lateralizations
are polygenic traits [38,52–56]. A recent study, for instance, detected 41 gene loci associated
with left-handedness and seven associated with ambidexterity [52]. This also suggests
that different manifestations of a trait can be controlled by different types of genes, which
are either relevant during different phases of development or which influence discrete
differentiation processes of the underlying neural networks.

In general, additive genetic effects account for less than one quarter of the variance in
human handedness data, while nonshared environmental factors explain the remaining
variance [52,57]. This is not surprising since neuronal systems always differentiate in close
interactions with environmental experiences and genes alone do not explain the functional
organization of neuronal systems [58]. This implies that the emergence of a functional
lateralization pattern can only be understood by elucidating how genes and the environ-
ment interact to shape the functional organization of a lateralized brain [2,3,14,59–63]. It
must also be considered how noncoding microRNA [64], or epigenetic mechanisms, which
affect gene activity and expression by modifying DNA accessibility or chromatin structure,
mediate long-term effects of gene–environment interactions [37,63].

Research has reported a potpourri of environmental factors influencing lateralization
patterns in humans, including sex hormones [65], stress experience [66], sensory input, learn-
ing, birthweight, location and season of birth, breast feeding and cultural constraints [32,53].
These influences underline, on the one hand, the general role of environmental factors,
while on the other hand, the lack of specificity of some factors suggests that deviations from
genetically controlled patterns simply reflect random stochastic asymmetry [67].

1.3. Structural Foundations of Functional Asymmetries

Since neuronal functions are based on the organization of specific neuronal networks
or cells, it is necessary to clarify how exactly structural and functional asymmetries are
related. An increasing number studies have reported structure–function associations,
but have also provided an inconsistent pattern. However, it is important to differentiate
that left–right differences in the structure of neural circuits can be realized on different
organizational levels, from the cellular to the macroscopic level.

An obvious global shape asymmetry of the human brain is the so called “cerebral
torque”, which refers to a counter-clockwise twist of the whole brain along the anterior–
posterior axis [68,69]. At macroscopic level, the left hemisphere has a thicker cortex but
a smaller surface area relative to the right hemisphere [70]. Region-specific left–right
differences are reported in size and shape [70–72] and connectivity [73,74], as well the
cellular and molecular organization [75,76]. Similar cortical asymmetries are also present
in chimpanzees [77–79]. The left-hemispheric dominance of language processing is related
to left–right differences in the microcircuitry of cortical columns in the posterior part
of the superior temporal gyrus [80]. Moreover, there are function-related asymmetries
in the hippocampus and subcortical structures in humans [71] and other mammals [81].
Handedness for instance is related to asymmetries within the nigrostriatal dopaminergic
system in humans [82] and rodents [83–85].

Cortical left–right differences emerge early during development in humans [86,87], but
also in nonhuman primates [88]. The cortical torque can be detected by the second trimester
of gestation [68,89], while asymmetry of perisylvian language-related cortical regions
appears during the third trimester [90–92]. Motor asymmetries can be observed even earlier.
Human fetuses tend to make more movements with their right arms and preferentially suck
the right thumb from the 12th gestational week onwards [93]. These motor asymmetries are
related to postnatal handedness [94]. In relation to this behavioral lateralization, the fetal
spinal cord segments innervating hands and arms display asymmetries in gene expression
and DNA methylation at the end of the first trimester [95].
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In sum, average left–right differences of global brain anatomy, which emerge early
during development, suggest a developmental program that is genetically determined [96].
However, when analyzing specific cognitive functions, gene–structure interrelations are
less detectable. Twin studies, for instance, indicate that pre- and postnatal events can affect
asymmetry during development of the planum temporal [97,98]. Accordingly, a recent
large-scale study did not find significant associations between cortical asymmetries and
language lateralization [99]. There is also no significant relation between cortical asymme-
tries and handedness [70]. The lack of correlations may not come as a surprise since the
macroscopic cortical features do not necessarily represent the internal microscopic organi-
zation. It is conceivable that functional asymmetries only emerge on the cellular, synaptic
or neurophysiological level. This means that it is necessary to understand how neuronal
asymmetries arise at precisely this cellular level. To this end, findings from developmental
neurosciences have to be integrated into models of asymmetry formation. Experiments
with animal models have shown that activity-dependent processes triggered by internal or
external signals are decisive for the functional maturation of neural networks [100–103]. In
the following, I will, therefore, first summarize what is known about the role of genetic fac-
tors for asymmetry formation during different developmental phases. I then illustrate the
possible effects of environmental factors as suggested by the light-dependent development
of visual asymmetries in birds.

2. Potential Roles of Genetic Factors for Asymmetry Formation

The relative importance of genes and the environment depends on the species exam-
ined, the specific neuronal function and their developmental trajectories, as well as the level
of analysis [61]. This means that we have to differentiate the action of gene–environment
interactions depending on the development phase. The development of the nervous sys-
tem can be roughly divided into three phases, during which the degree of hemispheric
specialization increases (Figure 1). The first phase comprises the earliest embryological
steps, in which the axes of the body plan are determined. The second phase includes the
differentiation of neural systems and networks, while processes mediating the refinement
of neural connections dominate the third phase. During these phases, different cellular
processes dominate development and genes can influence the action of epigenetic factors
in different ways, which affect the developing organism (Figure 1):

 

Figure 1. Model of the hierarchical development of brain lateralization—the three main phases of neuronal development
are dominated by different cellular processes, which lead to an increasingly lateralized functional organization of the two
hemispheres (indicated by the green and orange triangles). In each phase, certain types of genes regulate differentiation
and, thus, asymmetry formation.
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I. Specific genes can account for left–right differences in the amount of neuronal
substrate. An asymmetrical number of neuronal and/or glial precursor cells can
result in gross morphological asymmetries and can be related to differences in
cellular identity or cell-type-specific proteins.

II. Specific genes can control left–right differences in developmental dynamics. Differ-
ences in the maturation of left- or right-hemispheric neurons or networks could
lead to asymmetries in the susceptibility to epigenetic factors like hormones, sen-
sory input or motor activity.

III. Specific genes can regulate asymmetrical morphogenetic events leading to asym-
metric body positions or craniofacial asymmetries, which bias sensory experiences.

IV. Specific genes can control asymmetrical differentiation of neuronal elements like
growth or arborization of axons and dendrites or development of synapses.

V. Specific genes involved in synaptogenesis or signal transmission can lead to left–
right differences in the degree of neuronal plasticity.

In the meantime, a number of genes have been discovered that mediate at least one of
these actions during asymmetry formation:

2.1. Embryonic Patterning

Asymmetry formation within neuronal systems starts with breaking the symmetry of
the body plan during early embryogenesis in all bilaterian animals, when the primary axes
and tissue layers form. Complex cascades of genetic and epigenetic interactions lead to an
asymmetrical placement of internal organs, but also induce asymmetries of paired organs
like the lungs or the nervous system [104–109]. Determination of the left–right body axis is
coordinated by a midline structure called the node. In several species, including humans,
symmetry is broken by the rotation of motile cilia, which generate a directed flow that acts
as a signal for the asymmetrical expression of a gene cascade, the Nodal signaling pathway.
This pathway is remarkably conserved within bilaterian evolution [10,106,108].

This implies that asymmetry formation of body and brain starts with the action of cilia
and, therefore, genes controlling generation and motility of cilia could play an early role in
the development of neuronal asymmetries [38,110]. Some studies have actually provided
evidence for the involvement of cilial genes for handedness—however, only in specific
humans populations [38,54,111].

A second critical mechanism during this early phase is the lateralized action of the
Nodal pathway. One key player in this signaling cascade is PCSK6, which cleaves the
Nodal protoprotein into its biologically active form [10,110,112]. PCSK6 polymorphism has
been associated with human handedness [38,113], but also with structural asymmetries in
temporal cortical areas, indicating a potential role of PCSK6 not only for motoric but also
language networks [114].

However, when symmetry breaking processes of visceral and neuronal structures
share the same developmental route, one should assume that individuals with reversed vis-
ceral organization also display reversed brain asymmetries. A test case involves individuals
with situs inversus, where the visceral organs are organized as a mirror image of the default
organ position. Situs inversus can occur in, but does not depend on, ciliary dyskinesia [115].
While the typical gross morphological asymmetry of the human brain–cerebral torque is
actually reversed in situs inversus, functional and cortical lateralizations are not [115–119],
although atypical functional segregation can be more frequent in participants with visceral
reversal [115,120]. Similarly, in less complex animals, such as the nematode C. elegans, mo-
tor lateralization is independent from left–right body asymmetry [121] and zebrafish with
situs inversus develop reversed lateralization of some but not all structural and behavioral
lateralizations [122]. This suggests that early embryonic patterning processes regulate, to
some degree, the establishment of basic brain asymmetries, but lateralization of specific
functional modules are presumably shaped by specific cellular mechanisms later during
development [119,123].
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2.2. Regionalization of Neuronal Substrate

When the neuronal anlage starts to differentiate region-specific differences, genes
playing a role in symmetry breaking of the embryo are also involved in the generation
of specific brain asymmetries. The best known example is the Nodal pathway, whereby
asymmetrical left-sided Nodal signaling within the developing dorsal diencephalon is
required for determining the direction of epithalamic asymmetries [42,45,112,124]. It
is conceivable that laterality signals result in asymmetrical expression of neuron-type-
specific gene batteries, which are responsible for cell-type-specific structural and functional
properties [125].

2.3. Differential Developmental Dynamics

One consequence of the early left–right patterning is that the left and right hemispheres
develop at different speeds. In human embryos, the right hemisphere tends to develop a
little earlier than the left one [86] and the lateralized gradient of brain development might
contribute to the development of the cerebral torque [69]. Differences in developmental
speed of cortical subareas are indicated by specific lateralized gene expression profiles from
the fifth week postconception onwards [126]. The early appearance of asymmetrical arm
movements in human fetuses can be explained by left–right differences in the differentiation
of spinal neurons, since the cortex and spinal cord are not connected at this age [127,128].
As a result of the asymmetrical developmental gradients of the two hemispheres, it is
possible that a nongenetic factor, which acts on the developing organism at a certain point
in time, differentially influences left- and right-hemispherical neuronal structures. There is,
for instance, some evidence that the right hemisphere of human fetuses is generally less
subject to external influences than the left one [86].

2.4. Differentiation of Hemisphere-Specific Neuronal Elements

When the nervous tissue starts to differentiate region-specific neurons and connections,
specific genes regulate proliferation, migration and growth of axonal and/or dendritic
fibers. Therefore, asymmetrical expression of these genes can account for the asymmetrical
differentiation of specific brain regions.

Sun et al. [129,130] identified a couple of genes in perisylvian regions of the human
cortex, which are asymmetrically expressed at the end of the first trimester and, therefore,
before a neuroanatomical asymmetry of this area can be detected [90,91]. Intriguingly,
most of these asymmetrically expressed genes function in signal transduction and gene
expression regulation [129,130].

One of these genes is the transcription factor LMO4, which is consistently more
highly expressed in the right perisylvian cortex of 12–16-week human fetuses and, hence,
during a period of high proliferation and migration rate [129,130]. LMO4 displays higher
expression level also in the right forebrain of zebrafish [47], while in the mouse cortex,
LMO4 expression is not constantly lateralized to one side [129,130]. Expression of LMO4 is
confined to postmitotic neurons [131] and regulates key aspects of neuronal differentiation,
radial migration of newborn nerve cells and acquisition of neuronal identities [132,133].

Another example is the transcription factor forkhead box P2 gene FOXP2, which is
involved in neural development and, in particular, in regulating neurogenesis of the embry-
onal cortex. It is expressed in distinct brain areas from gestational week six onwards and is
related to speech development [134]. Intriguingly, FOXP2 polymorphism is associated with
the interindividual variability in hemispheric asymmetries for speech perception [135].

2.5. Ontogenetic Plasticity

After the establishment of the basic brain organization, neuronal networks typically
sharpen their functional efficiency. Growth, stabilization or reduction of synaptic contacts
or cell death occur in an activity-dependent manner and are triggered by sensory experi-
ence [100,136]. This critical period is likely to amplify expression of genes and proteins
that mediate synaptic plasticity. Accordingly, genes that are involved in regulating ontoge-
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netic plasticity can affect the asymmetrical development during specific sensitive phases.
Asymmetrical expression of these genes can result in a differential sensitivity of left- and
right-hemispheric circuits towards stimulation. Karlebach and Francks [137], for instance,
identified several asymmetrically expressed genes in the human cortex that are likely to
fine-tune electrophysiological and neurotransmission properties of cortical circuits during
different phases of development. Additionally, in the rat hippocampus, a dynamic pattern
of asymmetrically expressed genes has been identified during the first postnatal weeks,
with a large percentage of genes being associated with synaptic function [138]. One exam-
ple could be the transmembrane molecule LRRTM1 (leucine-rich repeat transmembrane
neuronal 1). It interacts at synapses with the extracellular matrix as a regulator of neuronal
plasticity [139]. Gene variations have been associated with handedness [53,140,141].

Crucial mediators of ontogenetic plasticity are neurotrophic factors like BDNF (brain-
derived neurotrophic factor), which mediates activity-dependent synaptic stabilization,
axo-dendritic growth, arborization and cell survival [142,143]. It is, therefore, intriguing
that BDNF is asymmetrically expressed in the hippocampus of rats, specifically during the
first two weeks after birth when neurogenesis rate is high [144]. BDNF might also mediate
stress effects in the brain and could, therefore, regulate the well-known action of stress
hormones onto brain lateralization [145].

To sum it up, neuronal development is controlled at very different levels of differenti-
ation by genes that are either asymmetrically expressed or whose variants are associated
with specific phenotypes. The same function (e.g., handedness) can, therefore, be regu-
lated during different developmental phases by different types of genes. Asymmetrical
expression of single genes can be confined to specific developmental phases, while other
genes are lateralized up until adulthood. At all levels, nongenetic factors can modulate
genetic effect and thereby change the direction and/or degree of lateralization. However,
little is yet understood about the neuronal processes through which environmental fac-
tors can influence the differentiation of the complex functional organization of lateralized
brains. One of the few models in which the influence of a specific environmental factor
has been examined in more detail is the visual system of birds. Research on chicks and
pigeons has delineated a chain of events that begins with asymmetrical photic stimulation
of the embryo in the egg and ends in a lateralized organization of visual processing and
cognition [1–3,14,40,59–61,146,147]. This model suggests critical steps for the formation of
asymmetries that can serve as a blueprint for a better understanding of the ontogenesis of
brain asymmetries in general. These developmental steps are summarized below (Figure 2)
and are complemented by findings in other species, especially in humans.

 

Figure 2. The developing visual systems of chicks and pigeons exemplifies how one environmental factor—in this case
light—affects the development of brain asymmetries during the three main phases of neuronal development (see text for details).
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3. The Avian Visual System as a Model for Ontogenetic Plasticity

The visual system of chicks and pigeons is lateralized with a pattern that is similar to
the lateralization of the human brain. The left hemisphere dominates the discrimination of
small optic details, rule learning, categorization and visuomotor control [59–61,147–149].
The right hemisphere on the contrary, is in charge of spatial attention [150] and aspects
of social cognition [23]. These hemispherical specializations can be identified very easily
by temporarily occluding one eye with an opaque cap. Since the optic nerves cross vir-
tually completely in birds, information from the left eye is primarily directed to the right
hemisphere and vice versa. A comparison of monocular and binocular testing, therefore,
enables the investigation of hemispherical differences in performances or analysis strate-
gies. Behavioral asymmetries are accompanied by anatomical left–right differences within
the ascending visual pathways. In both pigeons and chicks, for example, differences in the
projection strength between the two hemispheres can be observed. Major aspects of these
asymmetries develop in response to asymmetrical visual stimulation during development.
Therefore, light deprivation before and after hatching prevents or modifies visual lateral-
izations. The comparison of structural and behavioral lateralizations of light-exposed or
light-deprived birds makes it possible to unravel critical neuronal processes that mediate
light-dependent development (Figure 2) [1–3,14,40,59–61,146,147,151,152].

3.1. Mechanisms during Embryonic Patterning (Phase I)

As in all vertebrates, asymmetry formation in birds starts during embryonic body pat-
terning [153,154], whereby symmetry breaking is independent from motile cilia [105,106].
At this point of development, light cannot directly affect visual lateralization patterns but
there are at least three routes serving as starting points for the induction of asymmetries in
the visual system:

1. Differences in left–right identity presumably determine asymmetries in the develop-
ing nervous system, which result in functional lateralizations when no other factors
modify these predetermined ones. Early asymmetrical differentiation is indicated
by a rightward torsion of the neuronal tube. Some evidence suggests that bending
is caused by differential growth of the left and right neuronal tube side but physical
mechanisms in relation to asymmetrical heart bending might also play a role [154].
This bending also occurs in mammalian embryos [155] and could contribute to the
emergence of the cortical torque in the human brain. Presumably dependent on
these early asymmetrical developmental processes, some visual lateralization devel-
ops independent from asymmetrical light stimulation. In chicks, visual choice to
approach a social partner [156,157], uni-hemispheric sleep [158] or structural asym-
metries of forebrain areas [159–162] are present in birds that are not exposed to biased
visual stimulation. Interocular transfer of conditioned information [163] or later-
alized visuospatial attention [164] emerge without embryonic light stimulation in
pigeons but, interestingly, not in chicks [165,166]. It is currently unknown which
genetic factors and which neuronal processes control the emergence of these visual
asymmetries. However, endogenous asymmetries can be modulated by later visual
experience [159,163,164,167].

2. As a consequence of the primarily Nodal-dependent left–right determination of the
body, morphogenetic processes lead to bending of the head region, which turns to
the left so that the beak points to the right and the right side of the head is facing
the egg [168]. Due to the fact that the size of the embryo during the last embryonic
phase does not allow free head rotations anymore, the left eye arrests on the body
while the right eye is close to the egg shell and can be stimulated by light shining
through the egg shell (Figure 2). This biased environmental stimulation triggers the
second step in asymmetry formation, inducing asymmetrical differentiation processes,
which involve neuronal mechanisms well known for ontogenetic plasticity [59,60,152]
(see phase II). Such a rightward torsion occurs in all amniotes [168] including human
embryos, which display a right-turn of their head during the last gestational phase
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from week 38 onwards [169]. During this time, human fetuses are already responsive
to sensory stimulation. They are able to memorize auditory stimuli from the external
world by the last trimester of pregnancy, with a particular sensitivity to melody con-
tour in both music and language [170,171]. Differential auditory input to the left and
right ear because of postural asymmetries, therefore, might affect the development of
language lateralizations [172–174].

3. Although visual systems are not developed, there is some evidence that during
this phase, light stimulation already affects the establishment of some aspects of
lateralization in both chickens and zebrafish [166,175–177] (Figure 2). Transduction
mechanisms mediating these light effects are unknown but might include epigenetic
mechanisms [166,177]. It is also possible that some genes unfold their actions only
after photostimulation [178].

3.2. Mechanisms during Neuronal Differentiation (Phase II)

It is well known that the differentiation of visual networks is critically influenced by
visual stimulation (e.g., [100]], and it is therefore not surprising that unbalanced light stim-
ulation differentially affects left- and right-hemispheric developmental processes during
species-specific sensitive phases [61,179]. Some behaviors and anatomical asymmetries
only develop after embryonic light stimulation [180–182] and can be reversed by altered
visual experience before (chicks, [183]) or after (pigeons [184,185]) hatching. In chicks,
the outgrowth of visual fibers is influenced by light stimulation, resulting in a transiently
stronger innervation of the right visual forebrain. Thereby, the action of light is modified
by corticosterone, testosterone and estradiol [1,14,146,147,149,186]. The modulatory action
of steroid hormones is in line with the often described sex- and stress-effects on human
and nonhuman lateralization patterns [66,187,188]. In pigeons, left–right differences in
cell size and projection strength differentiate in response to asymmetric photic stimula-
tion [180,182,184,185,189]. Posthatch experimental manipulations have shown that starting
with asymmetrical retinal activity [190], asymmetrical differentiation within the ascending
visual system is mediated partly by BDNF-dependent processes [191,192].

The avian models exemplify how an environmental factor shapes the generation
of neuronal asymmetries by modifying specific bottom-up systems. In a similar way,
left–right differences in spectrotemporal selectivity of neurons in the auditory cortex of
mice develop depending on hearing experience, which is related to the left-hemispheric
dominance for the analysis of vocalization features [193]. In humans, visual experience
can affect handedness [173], head turning preference [194] or lateralized face-processing
competence [195,196].

However, an asymmetrical sensory trigger, such as light, not only enhances differen-
tiation of the stronger stimulated hemisphere but also modifies the balance of left- and
right-hemispheric development. A detailed analysis of light- and dark-incubated pigeons,
for instance, revealed that light induces a left-hemispheric increase in visuoperceptual
skills but simultaneously decreases visuomotor speed within the right hemisphere [182].
At the neuroanatomical level, embryonic light stimulation does not increase the bilateral
innervation of the more strongly stimulated left brain side, but rather decreases input to
the right side [180].

Presumably, interdependent left- and right-hemispheric developmental processes also
play a role in the experience-dependent specialization of the human cortex, as indicated by
the distribution of hemispheric language and face recognition processing. While the visual
word form area in the left hemisphere becomes specialized while learning to read, the
right hemisphere develops face recognition dominance. This suggests that the hemispheric
organization of face recognition and of word recognition does not develop independently,
and that word lateralization may precede and drive later face lateralization [196,197].
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3.3. Consolidation of Functional Asymmetries (Phase III)

The ontogeny of visual asymmetries in birds is profoundly triggered within the de-
veloping ascending visual pathways but cognitive asymmetries emerge only at a higher
(forebrain) processing level [60,148]. This means that asymmetries, which are induced
within bottom-up systems, have to be transferred onto higher brain structures. At this level,
they might interact with inherent or light-independent asymmetries (see above) and thereby
sculpt and stabilize the final functional organization of the visual brain. In the pigeon,
these processes mainly take place after hatching, when light input is normally symmetrical.
During this phase, lateralization can still be modified by manipulating the visual experi-
ence [59,60,152,184,190]. It is likely that top-down as well as commissural mechanisms play
a critical role in these stabilization processes [59,60,185,189,198,199]. As a consequence,
relevant top-down and/or commissural systems develop their own asymmetrical proper-
ties for controlling asymmetrical decision-making and behaviors, but also for determining
the degree of interhemispheric crosstalk. For example, left-hemispheric dominance for
conflict choices is related to the asymmetrical action of top-down projections from the fore-
brain [198]. Light-dependent efficiency of interhemispheric integration has been shown in
chicks, where only light-stimulated individuals can efficiently allocate food searching to the
left and predator vigilance to the right hemisphere [200]. Also, only light-exposed chicks
can use object (left-hemisphere)- as well as position (right-hemispheric)-dependent cues in
food searching tasks [201,202]. A study with pigeons showed that only light-stimulated
birds integrate hemispheric-specific knowledge for solving a task that cannot be correctly
answered with information of one hemisphere alone [199]. Relevance of interhemispheric
mechanisms for the generation and modulation of hemispheric-specific functions is in line
with studies exploring the role of the corpus callosum for brain lateralizations [203,204]. The
avian model suggests that top-down and commissural systems unfold their effects mainly
at the end of asymmetry formation and modulate the interaction of more or less strongly
lateralized neuronal networks in the left and right hemispheres [148]. To this regard, these
processes shape the final functional organization of lateralized cognitive modules.

4. Conclusions

Studies on the genetic basis and/or environmental influences on the formation of
asymmetries in humans and other animals have shown that the development of a lateral-
ized functional architecture of the brain is to be understood as an example of ontogenetic
plasticity. Genes and environmental factors play different but intertwined and comple-
mentary roles that can be specific to certain processing modules. The final functional
lateralization pattern is then the result of hierarchical processes that build on one another.
Genetically controlled early embryonic developmental steps set the framework for hemi-
spherical differences and can be indicated by gross morphological asymmetries in volume
and/ or shape of gray and white matter. Epigenetic processes lead to increasing hemispher-
ical specialization and control dynamics of interhemispheric communication. This means
that no factor alone can explain the variance of lateralization patterns in a population; it is
the sum of individual experiences, which shape individual brain lateralization. It is possible
to identify general roles of single genes or environmental factors, but only their interplay
within a specific environment determines the functional outcome. Consequently, single
factors can only explain limited variance in the lateralization pattern within a population.

This flexibility enables fluctuating lateralization patterns within a population depend-
ing on the ecological requirements. Recent field studies showed, for instance, that factors
such as predator pressure, environmental pollutants or seasonal conditions can modify
brain asymmetries [205–207]. Humans have cultural constraints affecting, for example, the
prevalence of left-handedness [208]. It is conceivable that the specific ecological or social
conditions account for population-level lateralization in humans, which is absent in other
animals species [208]. Ontogenetic plasticity, however, can be a general mechanism that
enhances the evolutionary benefit of brain asymmetries [61,208].
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Abstract: Humans are the only species that can speak. Nonhuman primates, however, share some

‘domain-general’ cognitive properties that are essential to language processes. Whether these shared

cognitive properties between humans and nonhuman primates are the results of a continuous

evolution [homologies] or of a convergent evolution [analogies] remain difficult to demonstrate.

However, comparing their respective underlying structure—the brain—to determinate their similarity

or their divergence across species is critical to help increase the probability of either of the two

hypotheses, respectively. Key areas associated with language processes are the Planum Temporale,

Broca’s Area, the Arcuate Fasciculus, Cingulate Sulcus, The Insula, Superior Temporal Sulcus, the

Inferior Parietal lobe, and the Central Sulcus. These structures share a fundamental feature: They

are functionally and structurally specialised to one hemisphere. Interestingly, several nonhuman

primate species, such as chimpanzees and baboons, show human-like structural brain asymmetries

for areas homologous to key language regions. The question then arises: for what function did

these asymmetries arise in non-linguistic primates, if not for language per se? In an attempt to

provide some answers, we review the literature on the lateralisation of the gestural communication
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1. Introduction

“Human being: n. a man, woman, or child of the species Homo sapiens, distinguished
from other animals by superior mental development and language . . . ” [The Oxford Pocket
Dictionary of Current English, Oxford University Press 2009].

This definition states the obvious: humans are the only species able to speak, and
thus, this fascinating cognitive faculty is considered as a key feature which divides us
from other animals [1]. However, in recent years, the conception of one holistic language
faculty has been contrasted with an alternative view that language may be the result of an
assembly of cognitive properties that are domain-general and not specific to language [2,3].
Therefore, since nonhuman animals, especially primates, have been shown to share some
of these domain-general cognitive properties, the research on nonhuman primates was
reconsidered as a critical model to investigate language evolution [3–5]. Whether these
shared cognitive properties between humans and nonhuman primates are the result of
a continuous evolution (homologies) or of a convergent evolution (analogies) remains
difficult to demonstrate. However, comparing their respective underlying structure—
the brain—to determinate their similarity or divergence across species is critical to help
increase the probability of either of the two hypotheses, respectively. In humans, language
models congruently describe a few key hubs of language processing, namely Broca’s and
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Wernicke’s area, and their interconnection, the Arcuate Fasciculus [6–9]. However, in
recent years, data have expanded to more distributed models, taking into account several
different fibre tracts and regions crucial for language processing, as demonstrated by
clinical cases [10] and questioned a localisationist viewpoint of language specialisation [11].
For example, the importance of regions in the interface between social cognition and
communication like the Superior Temporal Sulcus and Geschwind’s territory in the Inferior
Parietal Lobe are highlighted [12], as well as the anterior Insula cortex [13] and the anterior
and mid-Cingulate Sulci [14]. Most of these structures share one fundamental feature:
they are functionally and structurally specialised towards one hemisphere, mostly the
left [7,13,14]. Specifically, ‘functional lateralisation’ refers to a more pronounced activation
in one hemisphere than the other. ‘Structural lateralisation’ refers to a more pronounced
volume, size, surface measurements, or neuron density of a given region in one hemisphere
than the other. Although the link between structural and functional asymmetry remains in
question [15,16], most authors usually consider that structural asymmetry (the size of the
roads) of these regions might reflect the functional asymmetry (the traffic) for language
tasks [13,17,18].

Thus, the fundamental question of ‘how language lateralisation has evolved’ is more
relevant than ever in the light of the aforementioned findings about language organisation
in the brain. This is where comparative studies on our primate cousins are of importance.
In this view of language evolution, the different cognitive components of language could
have evolved gradually, in opposition to a saltatory emergence [19]. In this evolutionary
process, it is not excluded that ‘exaptation’ phenomena, where an opportunistic selective
adaptation is piggybacked onto preexisting structures, could have played a crucial role [3].
Because brain tissue hardly fossilises, one fruitful way to look for intermediate steps is
the comparison of brains between primate species, including humans, in order to infer
potential features inherited from their shared common ancestors [20]. In other words, one
can determine which brain architectures and behaviours are shared between us and other
primates, suggesting its pre-existence before the emergence of our species. Comparative
brain approaches for primate species have particularly focussed on neuroanatomy, given the
well-known limitation for functional studies in apes and monkeys (e.g., techniques, ethics,
sample size, reproductivity). The advent of non-invasive techniques such as Magnetic
Resonance Imaging (MRI) favours in-vivo acquisitions on anesthetised subjects, allowing
no limitation in terms of sample sizes and species diversity [21]. As a result, primate
brain research has benefited in recent years from considerable increase in available MRI
databases on large cohorts in many primate species, including macaques: Prime-De [22] and
chimpanzees: www.chimpanzeebrain.org (accessed on 12 April 2022) [23]. Just as in human
brain research, research on primate brain anatomy allows morphological quantification of
regions in each hemisphere and determination of possible interhemispheric asymmetries.
In this quest, an increased body of evidence highlights that different nonhuman primate
species, such as chimpanzees or baboons, show human-like structural brain asymmetries
for areas homologous to key language regions [20,24].

Thus, the question arises: for which function have these asymmetries in non-linguistic
primates developed, if not for language per se? In humans, handedness for manual ac-
tions was for a long time considered a behavioural reflection of language-related brain
lateralisation [25]. However, more recent studies indicate that the direction of handedness
for manual actions poorly predicts language lateralisation, especially in left-handed hu-
mans. Indeed, 96% of right-handers and 70% of left-handers have their left hemisphere
functionally specialised for most language functions [25]. In fact, handedness for manual
actions was shown to be associated with the contralateral lateralisation of the motor hand
area within the Central Sulcus, rather than key language areas [26]. Altogether, it is now
acknowledged that direction of handedness might be independent from direction of lan-
guage lateralisation [27–29]. As a result, comparative research on handedness for manual
actions across primates might not be suitable for investigating phylogenetical origins of
hemispheric language specialisation. To do so, it has been suggested that studying the
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manual lateralisation of gestural communication in nonhuman primates—and not hand-
edness for manipulative actions—might constitute a more fruitful approach [30]. In fact,
following the evolutionary framework on the gestural origins of language [31], the gestural
communication system in nonhuman primates was found to share key features of domain-
general processes, important for language, such as intentionality, referentiality, and learning
flexibility [32–34]. Interestingly, production of communicative manual gestures has been
found highly lateralised in favour of the right hand in both baboons and chimpanzees. In
contrast, the handedness patterns for non-communicative manual actions in chimpanzees
and baboons were found to be different from those found for communicative gestures at
both the populational and individual levels [30]. These findings supported the idea that
gestural communication in nonhuman primates may be related to a specific lateralised
system for communication, which might be different from handedness for manipulative
actions [33].

In addition, the sequential and hierarchical motor actions that underlie tool-use be-
haviours have been used as the basis for the emergence of communicative systems [35–38],
and share neural substrates with the human language network [39]. A recent functional
MRI study with human subjects showed that the use of learning tools improved a language
syntax task and there is neural overlap of both behaviours in the basal ganglia [40].

Therefore, there is the necessity to take stock of what the work on neuroanatomical
correlates of gestural communication and tool-use in nonhuman primates has provided, in
order to test its supposed continuity with language lateralisation.

In this paper, we aimed to review the literature comparing structural brain asymme-
tries across primates for areas related to language in humans. We focus on the classical
perisylvian language regions, namely the Planum Temporale, Broca’s Area, and the white
matter tract that interconnects these two regions—The Arcuate Fasciculus. In this review,
it is of importance to take also into account other key regions of the large, distributed
language network beyond the perisylvian regions, such the Insula, the Cingulate Sulcus,
and the Superior Temporal Sulcus (STS) as novel grey matter areas of interest. Finally, we
consider the Central Sulcus (CS), which delimitates the primary motor from the primary
somato-sensory cortex and include thus the mouth and lips motor areas as well as the motor
hand area related to handedness (see Figure 1). After briefly describing their functions, we
first review their structural and functional lateralisation in humans, including infants, to
discuss whether structural markers can predict the functional lateralisation of language. In
the next step, we compare these findings with nonhuman primates and discuss whether
this asymmetric organisation is shared between species. Finally, we address the following
question: If such brain lateralisation is shared with our non-linguistic primate cousins, for
what behavioural functions did it evolve, if not for language? In an attempt to provide
some elements of responses, we propose to review the literature about the lateralisation of
the gestural communicative system, which could potentially constitute the ideal missing
behavioural link with brain asymmetries for language in our common ancestor.
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Figure 1. Illustration of the reviewed key structures in a monkey brain. In brown: Broca’s area, in
yellow: the Insula, in red: the Arcuate Fasciculus, in blue: the Central Sulcus, in green: the Planum
Temporale, in light red: the Planum Parietale, in grey: the Superior Temporal Sulcus, in purple:
the Cingulate Sulcus. Arcuate: Arcuate Fasciculus, CS: Central Sulcus, PT: Planum Temporale, PP:
Planum Parietale, STS: Superior Temporal Sulcus.

2. Planum Temporale

The most emblematic marker of the lateralised language organisation is the Planum
Temporale (PT), which is located within the Sylvian fissure and is part of the auditory asso-
ciation cortex [41] and Wernicke’s area [42]. In adults, left hemispheric lesions in this region
result in severe language comprehension and production deficits [43–45]. Therefore, many
studies have shown the particular functional significance of the PT in the left hemisphere
for a variety of auditory language processing [46], including the main perception compo-
nent of the audio–motor loop for phonological processing [47]. Interestingly, in preverbal
newborns, the functional implication of the left PT was highlighted from birth [17,48,49].

In a pioneering work by Geschwind and Levitsky [50], the PT was shown to be
anatomically asymmetric: in 100 post-mortem brains, 65% of the left PT was larger than
the right, which was confirmed by in-vivo MRI studies [46] and also highlighted in early
development (Post-mortem Infants: [51,52]; in-vivo MRI infants: [53–56]; foetuses: [57,58]).
These asymmetries later increase during development and are associated with language
development [17,48,49,51]. PT asymmetry, is, therefore seen as a marker for human unique
innate readiness to acquire language [17].

Indeed, in adults, a direct relationship was shown between the left PT’s size and
functional asymmetry of language tasks [59]. In addition, an absence or reversed PT
asymmetry has been linked to several language-related pathologies like dyslexia [60,61].
This function-structure relationship is however debated [13,15,16,62–68]. For example,
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Greve et al. [65] showed that regardless of the functional hemispheric dominance for
language, the structural PT volume asymmetry is left biased. In contrast, Ocklenburg
et al. [68] found that a higher density at a microstructural level of the left PT was associated
with faster processing of auditory speed in the same area, as shown in EEG. More recently,
Tzourio-Mazoyer et al. [16] demonstrated that, although the structural PT asymmetry is
not predictive of its functional counterpart in a language task, an adjacent auditory area at
the end of the Sylvian fissure is.

Several studies in nonhuman primates also showed striking human-like PT asymme-
tries in their homologous regions. Manual delineation of post-mortem brains [69], in-vivo
MRI scans [70,71] as well as voxel-based morphology on MRI scans [23], showed larger left
PTs in chimpanzees and in apes in general [72]. Recently, in-vivo MRI studies on adult and
newborn baboons with manual PT delineation extended this finding to a shared feature
between Old World monkeys and humans [24,73,74]. Interestingly, the asymmetry strength
increased with age in this longitudinal study [74]. These results are questioning the PT
asymmetry: (1) to be unique in humans and (2) to be marker for language development in
newborns. Rather, the PT asymmetry might have evolved for a cognitive function shared be-
tween Old World monkeys, apes, and humans, which is at the core of language processing
in humans. A potential candidate related to such a function may be communicative gesture.
Indeed, Meguerditchian et al. [75] highlighted a relation between Planum Temporale grey
matter volume asymmetry and hand preference for communicative gesture in chimpanzee.
Moreover, the left PT asymmetry was also found related to handedness for tool-use but not
for handedness for manipulative actions in chimpanzees, which required no structured
sequence of motor actions [76].

3. Broca’s Area

Broca area and its left hemispheric specialisation was historically considered as the
center of speech production [77]. This modular view of the neuronal basis of language was
progressively questioned by the view that language involves a plastic and large distributed
network [11,78] and even implicates the two hemispheres. However, it is still well ac-
knowledged that Broca’s area in the left hemisphere remains a key component for language
specialisation within its distributed neural network [79]. Interestingly, complementary
work thereby highlighted Broca’s area as a lateralised interface between speech and multi-
modal motor integration, including gesture and mouth movements [80]. Broca’s area is
also known for its involvement in motor planning, sequential and hierarchical organisation
of behaviours, including syntax [81], tool-use [39,82], and sign language production, thus
including manual and oro–facial gestures [83,84]. In infants, speech perception activates
Broca’s area from very early development on as highlighted in MEG or functional MRI
studies [48,85,86]. This activation before the babbling stage suggested that activity of this
area is not due to motor learning but might drive the learning of complex sequences [86].

In contrast to the PT [see section above], a clear structural leftward asymmetry has not
been reproducibly demonstrated [87,88], which may be due to natural variability between
subjects in sulcal contours defining this area [87,89]. Cytoarchitectonic analyses, however,
reported a leftward asymmetry of some parts of area 44 and/or area 45, which together
form Broca’s area [90–92]. In contrast, other accounts state a rightward asymmetry for
area 45 grey matter, which gets reduced during aging, especially due to a loss in the right
hemisphere [93]. In development, an early structural primacy of right-sided dendrite
systems shortly after birth and a progressive shift to left-sided primacy during years three
to six was highlighted and related to critical periods for language acquisition [94]. A second
study found leftward asymmetries on the cellular level very early from 1-year old infants
on [92], which increased into an adult-like leftward asymmetry at 5 years for area 45 and
11 years for area 44. This maturational effect was suggested to be influenced by language
practice and thus, the interhemispheric asymmetry of this area would continue to change
throughout life [92]. Interestingly, because area 45 supports semantic processes and area 44
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subserves syntactic processes in adults, some see in this maturational difference a neural
underpinning of the earlier onset of semantics than syntax in children [79].

In great apes, a homologous region was documented in several studies, which de-
scribed the precentral inferior sulcus, the inferior frontal sulcus, and the fronto-orbital
sulcus as common borders of Broca’s homologue [95–97]. Like in humans, inquiries about
Broca’s area’s structural asymmetry on a population-level remain inconsistent in apes due
to interindividual variation in location and cytoarchitecture [98]. Leftward lateralisation
was found at a macrostructural level [95] but not at a cytoarchitectonic level in a relative
smaller sample size ([98]; but see also [99]). In monkeys, no data of structural asymmetry for
this region has been reported so far. In fact, determining Broca’s homologue is challenging
because the common borders of Broca’s homologue in apes are absent in monkeys. Never-
theless, we know from few detailed cytoarchitectonic studies in macaques that the two parts
of Broca’s area 44 and 45 are respectively located in the fundus and lower caudal/posterior
bank, and on the rostral/anterior side, of the most ventral part of the inferior arcuate sulcus
IAS [100–102]. Electric stimulation of this region elicited oro-facial and finger movements.
Therefore, together with cytoarchitectonic similarities, the region anterior to the ventral
part of the IAS was proposed as an equivalent area 44 in macaques [101]. Recent studies
even reported that Broca’s homologue’s activation preceded voluntary trained production
of a vocalisation after intensive operant conditioning in juvenile rhesus monkeys [103].
Moreover, the use of positron emission tomography (PET) in three captive chimpanzees
has revealed that begging food from a human by using either gestures, novel species
atypical attention-getting sounds, or both simultaneously, activated a homologous region
of Broca’s area (IFG) predominantly in the left hemisphere [104]. Some functions associated
with Broca’s homologue’s lateralisation in nonhuman primates have been proposed in
relation to tool-use processing and communication gesture production. Regarding tool-use,
chimpanzees that performed better a tool-use task with their right hand showed a greater
left-lateralisation of Broca’s homologue [105]. Such a link might be attributed to the typical
Broca’s function described in humans, namely hierarchical organisation of behaviours
involved in tool-use [81,82]. Regarding gestural communication, Meguerditchian et al. [75]
highlighted a relation between Broca’s homologue grey matter volume asymmetry and
hand preference for communicative gesture in chimpanzees. Similarly, in a recent study in
baboons, we showed that variation in hand preference for communicative gesture—but
not for non-communicative manipulative actions—is related to the anatomical variation of
Broca’s homologue. Indeed, the right Broca’s portion of the IAS is deeper than the left for
baboons communicating with their left hand and vice versa [106].

4. Arcuate Fasciculus

The Arcuate Fasciculus (AF) is a bundle of white matter, which arches dorsally around
the Sylvian fissure, interconnecting Broca’s area in the frontal lobe with the Planum Tempo-
rale in the temporal lobe [107]. It was highlighted that the connectivity between language
areas, due to the AF, is crucial. For example, the integrity of the AF might be more impor-
tant for lesion recovery (e.g., strokes) than the integrity of grey matter regions that it is
connecting [11]. In addition, as neurological cases have shown, the AF plays a key role in
language processing in the left hemisphere, with lesion of the direct pathway also causing
conduction aphasia [10] in deaf signers [108]. The AF is already present at birth [109] but
matures slowly until late childhood [109,110]. In contemporary language models, the AF
(or also called Dorsal Pathway) is often opposed to the Ventral Pathway, which intercon-
nects roughly the same regions, but travels ventrally around the Sylvian fissure [78]. In
contrast to the AF, the Ventral Pathway matures more rapidly in development and was
also described to be phylogenetically more ancient [79,110]. It is assumed that the late
maturation of the AF is due to the frontal portion, which is connected to Broca’s area and
not fully myelinated until the age of seven [110,111]. In fact, controversy persists whether
this portion is also already present at birth [109,112–115].
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Regarding lateralisation, the human AF was found larger in the left hemisphere for
a number of macroscopic and microscopic measurements like the number of streamlines,
volume of the tract, fibre density, and mean fractional anisotropy in 60% of normal adult
humans. The remaining 40% of the adult population shows either a reduced lateralisation
to the left (20%) or no lateralisation at all (20%) [18,116–120]. In early development, the
leftward AF is the most asymmetrical region of the developing white matter ([113,121], but
see also [122]). Interestingly, the early leftward asymmetry in newborns was correlated
with later language capacities in children [123–125]. Catani et al. [18] argued that the AF’s
asymmetry represents a better structural marker for functional language specialisation than
PT asymmetry [18]. This structure–function relationship is, however, debated [15,126–129].
For example, Verhelst et al. [129] demonstrated in a fixel based analysis that structural AF
asymmetry did not differ between subjects with either right or left functional language
hemispheric dominance.

Axon tracing in monkey brains and diffusion MRI in chimpanzee and monkey brains
have highlighted the existence of the Arcuate Fasciculus across primates that interconnects
frontal and temporal areas [130–139]. It is debated to what extent the AF’s strength,
lateralization, and frontal and temporal termination sites differ between primate species.
In fact, recent findings speak for a rather conserved organisation across primates (for a
review, see [9]). Therefore, latest functional results suggest that language abilities allowing
humans to name, conceptualise, and thus better remember sound would be shared across
primates [139]. In order to highlight anatomical differences across primates, which could
explain the human uniqueness for language, several authors conclude that the left AF
lateralisation is the crux of the human-specific distinction [136,138,139]. In fact, Rilling
et al. [133] did not find any AF asymmetry in three macaque and four chimpanzee subjects.
However, by adding more chimpanzee subjects, the authors were able to report a left
lateralised AF, which was still weaker than in humans [134]. This result remained unique
regarding AF lateralisation in nonhuman primates [136,138,139]. In fact, this inconsistency
across the literature about the presence or not of population-level leftward AF bias might
be explained by the small sample size (i.e., only few subjects) usually included in those
AF studies in apes, which makes it difficult to infer any bias at the population-level. Only
studies including an increased sample size would help elucidate this debate.

5. Insula

The Insula cortex lies in the depth of the Sylvian fissure, which separates the temporal
lobe from the parietal and frontal lobes. The anterior part of the Insula is implicated for
different language processing functions (General: [43,140,141]; auditory processing: [142];
motor aspects: [143]; syntax: [144,145]; sign language: [108]). Interestingly, the Insula seems
to be particularly involved in motor planning of speech as seen in pathologies [140,143].
Further, Lœvenbrueck et al. [146,147] highlighted in adults that prosodic pointing gesture
activates Broca’s area as well the left anterior Insula [146,147].

Moreover, at the structural level, the volume asymmetry of this region may be associ-
ated with hemispheric dominance for language. In fact, Keller et al. [13] found that the size
of the Insula could predict functional lateralisation for language in the same hemisphere in
the majority of individuals. Therefore, the Insula was proposed as a more reliable marker
for functional language specialisation than the Planum Temporale [13,148]. Although little
is known about the functional implication of the Insula during language development
in newborns and infants, several studies highlighted an early lateralisation of the Insula
towards the left hemisphere [56]. Thanks to all the aforementioned data, the (anterior)
Insula was established as a region of interest for studying linguistic (motor) processing.
Additionally, the anterior Insula comprises Von Economo (VEN) and Fork neurons [149]
that were for a long time thought to be uniquely human and implicated in social awareness.
Therefore, the insula VEN and Fork neurons are often used for theories about the social
origins of language [150].
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While larger in humans, the insular cortex also exists in apes and monkeys, where the
anterior portion especially, expanded during primate brain evolution [151]. Von Economo
neurons, which were thought to be exclusive to apes [152], are also present in the anterior
insular cortex of monkeys [150]. The authors argue that two distinct insular regions could
be implicated in monkey communication [150]. First, a specific sensory-motor organisation
for body parts in one part of the anterior Insula (the Idfa region) was found. Electric
stimulation of this region elicited vocal cord movements in macaques. This region happens
to be juxtaposed to a dorsal region, which receives inputs from area 44 (Part of Broca’s Area).
Together, the two regions could be homologous to the human anterior insula, implicated in
several language processing functions (see above). Second, Von Economo and Fork neurons
in another part of the anterior insula [the Ial region] project into a region of the thalamus
(PAG) that is involved in vocalisations [150]. However, the structural lateralisation of this
region was poorly investigated in nonhuman primates. One rare study comparing the
Insula structure between a handful of different primate species subjects demonstrated that
the anterior portion of the Insula, in which Von Economo neurons were found, displayed a
human unique left asymmetry [151]. Further studies with a larger sample size are needed to
investigate whether the Insula and particularly its anterior portion is structurally lateralised
in nonhuman primates in relation to planification of communication, especially gesture.

6. Cingulate Cortex/Sulcus

The Cingulate Sulcus is in the medial part of the cerebral cortex delimitated ventrally
by the Cingulate cortex and dorsally by the paracentral lobe and the superior frontal cortex.
Its anterior part is considered a hub for domain-general cognitive processing, such as
counterfactual thinking, mentalizing, and language, including cognitive control on signals
production [153–156]. Pioneering studies regarding language processes have shown that
for the Anterior and Midcingulate cortex, (1) stimulations evoke orofacial and tongue
movements [157] and (2) lesioned patients experience akinetic mutism, associated with an
absent motivation to speak [158]. Little is known about the Cingulate cortex concerning
direct language development. Rare results come from Lœvenbruck et al. [147] highlighting,
in adults, the functional neuroanatomical activation of the left anterior Cingulate cortex,
besides Broca’s area and the Insula in communicative pointing gestures [147]. However,
the anterior Cingulate cortex was prominently shown to be important for joint attention in
both adults and infants [159]. Joint attention is considered a prerequisite of the theory of
mind as well as a prelinguistic communication act [159,160]. Interestingly, the hand, mouth,
and tongue motor representations are grouped together around the caudal end of each
vertical sulci departing from the Cingulate Sulcus [161], suggesting its key implication for a
multimodal language system. In addition, 50% of human subjects present a Paracingulate
Sulcus, located more rostrally above the anterior and Midcingulate Sulcus [162].

The presence of the Paracingulate Sulcus is lateralised in the human brain with nearly
70% located in the left hemisphere [14,162]. This lateralisation is influenced by genetic
factors and the in-womb environment [163]. At the functional level, this human asymmetry
has been shown to be correlated with the involvement of the left Cingulate cortex in
language tasks in right-handed subjects [153,164].

Some authors have suggested that the anterior and Midcingulate cortices might have
also played a role in language evolution. Loh et al. [155] hypothesised the existence of
an evolutionary conserved ventrolateral frontal (around Broca’s region) and dorsomedial
frontal (roughly the Midcingulate cortex) network, which enables cognitive control of
vocalisations. In fact, it is known that innate reflexive vocalisations such as ‘screams’
and ‘shrieks’, are associated with the ‘cingulate vocalization pathway’ [165]. In fact, the
‘cingulate vocalisation area’ in the anterior and Midcingulate cortex are connected (1) to
the periaque–ductal gray, which directly projects to premotor nuclei in the brainstem and
controls laryngeal motoneurons, which elicits vocalisations; and (2) to the facial motor
nuclei to also produce affective facial movements [155]. In addition, in nonhuman primates,
innate calls can be evoked by anterior and Midcingulate cortex stimulations [166] and
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lesions impair the production of calls [167] similar as in humans. Additionally, as in the
Insula cortex (see above), large spindle shaped Von Economo neurons are present in the
anterior Cingulate cortex in humans, apes, and other mammals [152,168,169]. Together
with the presence of Von Economo neurons in the anterior Insula, it has been proposed
that Von Economo neurons may be implicated in primate communication [150]. In contrast
to the Insula cortex, no Von Economo neurons have been found in the monkey’s Cingu-
late cortex yet. According to a recent comparative study including macaques, baboons,
chimpanzees, and humans, the Cingulate Sulcus shows a highly conserved morphological
antero-posterior organisation of vertical sulci or their precursor ‘dimples’ [14].

While, surprisingly, no structural asymmetries data on the Cingulate Sulcus are avail-
able so far in humans, significant population-level leftward asymmetries were found in
the anterior portion of the Cingulate Sulcus in chimpanzee, whereas significant rightward
biases were found in its posterior portion [170]. In contrast to humans, no population-level
lateralisation for the presence of the Paracingulate Sulcus was found in chimpanzees [14].
Nevertheless, interindividual variation of the presence or absence of a Paracingulate Sulcus
and variability of the intralimbic sulcus was associated with the production of attention-
getting sounds and right handedness for gestural communication in chimpanzees [170]. It
is, therefore, not to be excluded that the Cingulate Sulcus could be linked to precursors of
human language such as communicative gesture and vocalisations.

7. Superior Temporal Sulcus (STS)

The Superior Temporal sulcus [STS] is a long fold separating the superior from the
middle temporal lobe. It is important for a variety of social cognition tasks important
for communication [171,172] containing both specialised regions for a particular task
and regions that respond to several tasks simultaneously [171]. In fact, specialised areas
of the STS have been shown to be implicated in the perception of voices in the right
hemisphere [172], faces [173], biological motion [174], audiovisual integration [175], and
in the theory of the mind [176,177]. Regarding speech perception in particular, three
temporal voice areas are dispatched symmetrically in both hemispheres along an anterio-
posterior gradient [178]. Distinct areas of the STS have also been implicated in language
processing in hearing and deaf participants, especially in the left hemisphere [2,47,179].
In children, responses to voices in the STS and STG are strongly right-lateralised, an
asymmetry which decreased with age [114,180]. This finding suggested that newborns
rely for speech processing more on prosodic information, known to be processes in the
right hemisphere, than for phonological information, processed in the left hemisphere (see
also [181] for a right hemispheric STG temporal primacy in children in contrast to adults).
Interestingly, together with Broca’s area, the posterior STS is proposed to constitute the
neural network supporting syntactic processes [79], which, until the age of 10, does not
process syntax and semantics independently [182].

Regarding structural asymmetries, the left STS has been shown to be longer than the
right, but matures later, as seen in preterm newborn infants [55,56,58,183,184]. In addition,
the right STS was found to be deeper than the left STS in a portion ventral to Heschl’s
gyrus, called the STAP (Superior Temporal Asymmetrical Pit, [53,178,183]). This robust
asymmetry is irrespective of age, handedness, and language lateralisation, suggesting a
strong genetic influence [53,180,183]. Functional correspondence was found between its
deepest point and location of the voice sensitive peak [178]. Several sulcus interruptions
‘plis de passage’ are more present in the left STS, probably resulting from stronger white
matter fibres passing underneath the STS [185]. The aforementioned results highlight
the STS’ implication in communication through the direct link of language perception
and the indirect link with diverse social cognition tasks, which are crucial for complex
language processing. This makes the STS and its asymmetric structure a promising key
area in comparative studies in order to search for language prerequisites shared between
primate relatives.
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The STS was intensively studied in macaque monkeys and shown to be one main hub
in the social interaction processing network, where it was mapped onto a fine-grain pattern
of object, body, and face selectivity [186]. Indeed, its implication in a variety of social
cognition tasks was demonstrated. This includes gaze following and joint attention [187]
as well as facial movements in the upper STS [188]. In addition, the mid-STS in macaques
was recently hypothesised to be equivalent of the human TPJ area, important for the
theory of mind, because it was active for predicting social situations [189] and because
macaques living in larger groups demonstrate an increased grey matter of this area [190].
Especially regarding communication, similar to humans, voice and face patches were
also found in the monkey’s STS [178,191–194]. In fact, recently it was demonstrated that
audiovisual integration occurred in a distinct region in the anterior fundus [195]. The
Superior Temporal Asymmetrical Pit ‘STAP’ was not robustly shown to be present in
chimpanzees, suggesting a human specific landmark of perisylvian organisation, which
was related to human specific social cognition and communication [183]. According to
results presented at conferences, structural rightward STS depth asymmetries were also
found present in adult and juvenile baboons, within a portion that may overlap with the
STAP in humans. Interestingly, preliminary results in baboons suggest that the strength of
this rightward STS asymmetry varies according to social cognition proxies such as social
group size and gestural communication’s right-handedness [196,197].

8. Inferior Parietal Lobe

The Inferior Parietal Lobe or Geschwind’s territory comprising the angular and the
supramarginal gyrus was demonstrated as essential in language processing, connecting
indirectly to primary language areas (such as the Planum Temporale or Broca’s area). For
example, it was shown to be involved in episodic memory retrieval of words [198] or
verbal working memory [199], but also in tool-use [200,201]. The Inferior Parietal Lobe is
one of the latest to myelinate in development [202] and was related to the emergence of
language in evolution [203] and in development [204]. The Inferior Parietal Lobe includes
the Planum Parietale, which lies in the supramarginal gyrus, in the ascending portion of the
Sylvian fissure, next to the Planum Temporale [62]. The Planum Parietale is implicated in
dyslexia and communication disorders [69] and processing voice spectral information [205].
Adaptation during primate evolution of this area and its connectivity may provide the
capacity of enhanced visual analysis of moving images that is important for tool handling
and control [206–208]. However, due to its anatomical position, this region is a zone of
convergence and integration of sensory and motor information via the fronto-parietal
network [209]. In fact, the connection between Broca’s area and the Inferior Parietal Lobe is
right-lateralised, in contrast to the left lateralisation of the Arcuate Fasciculus (see above).
In addition, the Inferior Parietal Lobe inhabits mirror neurons that fire not only during
motor execution, but also when observing actions performed by others, and might therefore
lead to action understanding and language evolution [210,211].

Due to the aforementioned data, the Inferior Parietal Lobe is a key-region for investi-
gating the lateralised links between actions, tool-use, and language evolution. A structural
asymmetry of this area was found in the Planum Parietale. It showed a rightward asymme-
try in both right-handed males and left-handed females, which was not correlated with the
Planum Temporale asymmetry, indicating functional independence [62]. Another structural
asymmetry was found for the parietal operculum, which constitutes the gyrus directly
above the Planum Temporale as part of the supramarginal gyrus [212]. It shows a leftward
asymmetry, especially for right-handers [213]. Regarding connectivity, tool-making skills
elicited plastic remodeling of fronto-parietal white matter projections from the right Inferior
Parietal Lobe into the right Broca’s area [201].

Because of the potential overlapping of brain circuits for tool-use and language,
nonhuman primate brain studies have focussed on the Inferior Parietal Lobe. A potential
interaction might lie in the semantic knowledge important for both language and tools to
acquire the skill necessary to perform these actions [200,214,215]. In this view, modifications
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of circuits that subserve gestures and imitations may have paved the evolutionary way for
language and tool-use in humans [215], with the Inferior Parietal Lobe in its heart. Recently,
Cheng et al. [216] found that leftward rostral- and rightward caudal inferior parietal
structural asymmetries connecting to several areas related to tool-use in humans [215] were
similar in chimpanzees and humans but not present in macaques. This finding could be
related to human-like leftward asymmetries of the parietal operculum, which were also
reported in chimpanzees and related to tool-use but not non-tool-use motor actions [76]. To
learn to use tools, humans need a certain level of body awareness to match variations in
kinematic details with the desired outcome during practice. Similar awareness is required
for other animals on the Mirror Self-Recognition test [217], which also some chimpanzee
subjects pass. In fact, chimpanzee subjects that passed the test (to recognize themself in
a mirror) also possessed a more right lateralised fronto-parietal connection, exactly as
in humans during tool-making learning [82,201,218,219]. This rightward asymmetry of
connectivity could be related to a human-like rightward asymmetry initially found for the
Planum Parietale in apes [220], a finding which was replicated in chimpanzees, particularly
in females in relation to handedness [221]. Future studies in nonhuman primates should
continue investigating potential links in lateralisation of the Inferior Parietal Lobe and
behaviour. It would help clarifying whether left or right lateralised brain circuits for
tool-use paved the way for language brain circuits.

9. The Central Sulcus (CS)

The Central Sulcus (CS) is a major landmark in the brain, dividing the parietal from
the frontal lobe and is one of the primary sulci developed in the brain [57]. It also divides
the primary motor cortex from the primary somatosensory cortex, where topographic
sensory and motor representations of human body parts are organised [222]. Within this
topographic organisation, a morphological landmark of hand and finger representations
has been documented across the dorsal-ventral plane of the CS, known as KNOB or motor
hand area, which has an omega-like shape [223].

Regardless of the hand, the direction of handedness was found associated with con-
tralateral asymmetries of the motor hand area (humans: [92,224–226]. In fact, the portion of
the CS that delimits the motor hand area was found deeper in the hemisphere contralateral
to the preferred hand of the subjects [92]. This feature seems, however, not to be related
with language lateralisation. In fact, it has recently been demonstrated that the neural
substrates of typical handedness measures and language brain organisation might be not
related, but rather independent from each other [27,29,227].

Within an evolutionary framework, hemispheric specialisation and handedness have
been historically considered unique to human language evolution [228,229]. However,
many primates, such as baboons or chimpanzees, also present right-handed dominance for
manipulative actions (wild subjects: [230]), and even stronger right-handed dominance for
communicative gestures (captive subjects: [30]). Just as in humans, the nonhuman primates’
direction of handedness for object manipulation was found associated with contralateral
asymmetries of the motor hand area within the Central Sulcus (Chimpanzees: [231,232];
Baboons: [233]; Capuchin monkeys: [234]; Squirrel monkeys: [235]). It is notable that
the contralateral hand area effect in the CS was found exclusively for manipulative ac-
tions [233] but not for communicative gesture handedness. As mentioned in the previous
section, handedness for gestural communication was exclusively found related to Broca’s
homologue [106], suggesting a potential independent neural substrate of handedness and
language organisation in evolution. Preliminary results in juvenile baboons reported a
similar neuroanatomical manifestation of early handedness, highlighting that structural
asymmetries in the Central Sulcus appear early in development with the emergence of
handedness behaviour [236]. Interestingly, the motor hand area of the Central Sulcus was
also shown to be related to more complex hierarchical organisation of behaviours as it was
related to tool-use handedness in chimpanzees [97].
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10. Conclusions

Within an evolutionary framework across primates, we compared data on inter-
hemispheric structural asymmetries in most of the key brain structures that are known to
be associated with hemispheric specialisation for language processing in humans.

The results of this comparative neuroanatomical approach conducted between humans
and mostly chimpanzees, and to a lesser extent baboons, are quite straightforward and
challenge the historical view that hemispheric specialisation is a human specific feature
of language evolution [228,229]. It becomes clear that we share the structural lateralised
patterns for most language-related regions with other primate species, and even new-born
monkeys, especially for perisylvian regions, including the Planum Temporale and Broca’s
area [24,69,71,73,74,95]. Although less documented in comparison to those two historical
lateralised perisylvian regions, there is some evidence that other important regions of
interest within the large human language network might share the same hemispheric
structural lateralisation across primate species. According to rare recent comparative results,
mostly conducted in chimpanzees and to a lesser extend in baboons, those shared features
includes the leftward lateralised white matter connectivity tract between Broca’s area and
the Planum Temporale-the Arcuate Fasciculus [134], leftward lateralised parietal operculum,
rightward lateralised Planum Parietale and fronto-parietal projection [76,220,221], the
rightward posterior section of the STS [196,197], as well as the presence of paracingulate
sulcus in the left hemisphere [170]. These collective findings suggest an important shared
biological ancestral encoding between Old World monkeys, great apes, and humans, that
were initially considered as neuroanatomical landmarks of brain lateralisation for language.
Their presence in non-linguistic primate species clearly states that these landmarks are not
human- or language- specific.

Nevertheless, it remains unclear for which shared ‘domain-general’ cognitive function
between human and nonhuman primate species, that is also at the heart of language
processing in modern humans, these structural hemispheric asymmetry patterns are related
to and have evolved. While reviewing the nonhuman primate literature that reported
clear links between anatomical asymmetries for language area homologues and hand
preferences for tool-use or for gestural communication [71,75,106], some functional roads
become plausible. For instance, it is thus not excluded that both ‘syntactic’ hierarchical
sequential processing (such as the one involved in tool making and use in great apes),
and the intentional communication properties (shared with the communicative gestural
system in primates) might thus constitute a functional candidate to have paved the way
for such brain asymmetric organisation within the evolutionary framework of human
language. We demonstrate, therefore, that nonhuman primates such as chimpanzees, and
even more phylogenetic distant species such as baboons among the Old World monkeys,
offer compelling comparative models for the evolution of human brains and behaviours.
In particular, a sulci and region-of-interest approach seems fruitful for comparing brain
structures. In the same vein, handedness measurements for different behaviours seem
fruitful for linking the lateralised brain anatomy to lateralised behaviours. Interesting
future work could now be in transferring this handedness knowledge to humans, to
clarify, for example, whether communicative gesture handedness might be a marker for
language lateralisation.

To interpret brain asymmetry and its evolution, we highlighted the importance of
investigating the lateralisation of behaviours such as gestural communication, tool use, and
bimanual coordination within a comparative approach [38]. Indeed, a blending of the two
is necessary in order to gain a holistic view on how language lateralisation has evolved,
which ultimately also provides an initial platform for its emergence.

Regarding specifically language evolution, we hypothesise that asymmetries for lan-
guage areas may not have initially evolved for language, if language is seen as a cognitive
module. Rather, each asymmetry could have evolved independently for independent
cognitive functions to adapt to unknown environmental pressures. This could explain the
unclear relationship between structural and functional asymmetries related to language
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areas. The structural asymmetry would here be a more ancient fossil of other cognitive spe-
cialisations on which the functional language asymmetry got piggybacked. The functional
and structural specialisation of these structures may next have been important nests for de-
veloping intentional communicative behaviour in nonhuman primates, which later evolved
to language processing in our species. In other words, ‘perisylvian language asymmetries’
are not specific to language but could rather be exaptations of pre-existing specialisations
for other cognitive functions, which together make up what we call ‘language’. Therefore,
‘domain-general’ language-related brain architecture associated with intentional commu-
nicative or syntactic behaviours might rather be shared between humans, apes, and at least
baboons of the Old World monkey family. Such an asymmetric brain organisation might
have, thus, emerged from their common ancestor around 25 million years ago and later
increased during hominin evolution.
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Abstract: Since foot preference of cockatoos and parrots to hold and manipulate food and other ob-

jects has been associated with better ability to perform certain tasks, we predicted that either strength

or direction of foot preference would correlate with brain size. Our study of 25 psittacine species of

Australia found that species with larger absolute brain mass have stronger foot preferences and that

percent left-footedness is correlated positively with brain mass. In a sub-sample of 11 species, we

found an association between foot preference and size of the nidopallial region of the telencephalon,

an area equivalent to the mammalian cortex and including regions with executive function and

other higher-level functions. Our analysis showed that percent left-foot use correlates positively and

significantly with size of the nidopallium relative to the whole brain, but not with the relative size

of the optic tecta. Psittacine species with stronger left-foot preferences have larger brains, with the

nidopallium making up a greater proportion of those brains. Our results are the first to show an asso-

ciation between brain size and asymmetrical limb use by parrots and cockatoos. Our results support

the hypothesis that limb preference enhances brain capacity and higher (nidopallial) functioning.

Keywords: parrots; footedness; brain mass; body mass; nidopallium; optic tectum; optic tecta; Wulst;

lateral asymmetry

1. Introduction

Hand and foot preferences (footedness) have often been used as proxy measures of
brain lateralization although there is little evidence that these preferences correlate with
structural differences in the brain [1]. In humans, however, non-right handedness has been
associated with particular dysfunctional conditions, although not consistently [2–5]. In
non-human species, absence of hand or limb preference has been considered to indicate
weak or absent asymmetry of the brain [6,7]. However, although hand-preference, or
limb-preference, reflects which hemisphere is in control of motor behaviour [8], its presence
or absence cannot not necessarily be used as a measure of the strength or direction of
asymmetry in the brain itself, either at the individual level or the population level. For
example, in any group of marmosets, approximately half the individuals have a left-
hand preference and the other half a right-hand preference [9]. Nevertheless, almost all
individuals have the same eye preference for viewing particular stimuli [10]. Furthermore,
left-handed marmosets have a negative cognitive bias, whereas right-handed marmosets
have a positive cognitive bias [11]: a result explained by specialised processing of the
hemisphere contralateral to the preferred hand. In marmosets, hand preference is an
individual characteristic, whereas eye preference has a population bias. Even when no
consistent limb preference is present, a species may still have population asymmetry for
processing sensory information in the brain.

Some researchers adhere to the hypothesis that hand preference in humans is stronger
than any hand or limb preference in non-human species [12]. By extrapolation, it has also
been argued that brain lateralization is stronger in humans, thereby adhering to a view of
a significant discontinuity of brain function between humans and other animals [13,14]
but see [15]. Although there is some support for this idea when only the evidence for
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hand preference in primates is considered, that too has been contested [14,16]. In fact,
we now know that limb preferences present as population-level asymmetries are quite
common in vertebrate species [12]. They occur in some amphibians [17,18], and footedness
has been reported for several avian orders (wildfowl and waders [19], yellow-bellied tits,
Pardaliparus venustulus, [20] and many species of parrots [21,22]). Cockatoos also display
foot preferences [21,23–25] and, in some species, foot preference is as strong as hand
preference in humans [21]. Furthermore, the well-studied laterality of a broad range of
perceptual functions in chickens and pigeons is as strong as laterality in humans [26–29].

Having a lateralized brain has been shown to increase the processing capacity of
the brain, to permit complementary and parallel processing of sensory information and
to improve motor control [27]. Consistent with this, psittacine species that display foot
preferences have better ability to perform certain tasks than species with weak on no foot
preference [30,31]. This raises questions about potential associations between brain size
and foot preference in different psittacine species. Do species with footedness have larger
brains, or is footedness a way of compensating for having a smaller brain?

In this paper we are concerned with species-level population lateralization of foot
use in a range of species of Australian parrots and cockatoos. Psittaciformes are usually
subdivided into three superfamilies Cacatuoidea (cockatoos), Psittacoidea (true parrots)
and Strigopoidea [32]. Species in Strigopoidea were not included here because they are
extant New Zealand parrots. Worldwide, there are about 375 species of parrots, of which
about 56 species (depending on taxonomical consideration of counting some birds as
subspecies or separate species) are native to Australia. Modern extant parrots and songbirds
are of particular interest for evolutionary reasons [33]. Both orders have their origin in
East-Gondwana, now Australia [34]. While radiations and departures from the continent
eventually occurred, the evolution of the two superfamilies from ancestral surviving
lineages has been uninterrupted to this day, despite the mass extinction events of 65 million
years ago [33,35].

Large-brained psittacines, as cockatoos are, have a unique cerebrotype compared to
large-brained songbirds: they have a relatively larger subpallium within the telencephalon,
containing more telencephalic neurons [36]. The subpallium is responsible for neural regu-
lation of feeding, reproduction, voluntary movement, and agonistic and stress behaviours.
It is also associated with reward, memory and learning [37].

Parrots are an anomaly amongst avian species in that their brains are lavishly equipped
with nuclei for vocalizations, having the same seven nuclei of the song control system as
songbirds, although they are not songbirds. Parrots are well-known for their extraordinary
ability to mimic and to retain the memory of a large number of sounds that are not
species-specific. Why this capacity has developed is not clear because it has so far not
been confirmed that parrots use mimicry in the wild on a regular or even just occasional
basis. Even more puzzling, from a functional point of view, is, as Chakraborty and
colleagues [38,39] discovered, that parrots have a core and shell song systems, i.e., an
additional set of nuclei not present in songbirds. It seems to be a structure unique to
the parrot brain but its function is still not entirely clear. We now know, however, that
within the song control system the magnocellular nucleus of the medial striatum (MMSt)
is a prime target for somato-motor outputs from the hyperpallium apicale of the rostral
Wulst, the avian equivalent of the mammalian motor cortex [40]. This projection may be
significant in parrots as it potentially mediates control of the body and limbs along with
vocalization during elaborate, ritualized visual displays [41]. One notes that the song
nuclei are largely located in the nidopallium, the part of the forebrain that is involved
in cognition.

We report associations between foot preference (footedness) in species of Australian
parrots and brain size, measured as whole brain mass and as whole brain mass relative
to body mass, and between footedness and the size of two regions of the brain, the
nidopallium, including the primary visual centre (entopallium), and the optic tectum. The
avian nidopallium (see Figure 1), an analogue to the mammalian cortex, is an important
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area of the cortical telencephalon of the avian forebrain. Some of its sub-regions, such
as the caudal nidopallium, the nidopallium caudocentral (NCC), caudomedial (NCM)
and caudolateral (NCL), are considered vital for many complex, higher order cognitive
functions in birds [42–44]. Indeed, the NCL is the seat of executive function, functionally
equivalent to the prefrontal cortex of mammals [44,45] and, amongst other connections, it is
reciprocally connected to sensory areas in all modalities and to basal ganglia and premotor
areas [46]. It plays a key role in cognitive control of a number of functions, including roles
in reward systems [47] and choice behaviour [48]. Although no studies of NCL have yet
been conducted using parrots, this region of the nidopallium is almost certainly involved
in feeding using the feet.

Figure 1. Brain regions of the parrot brain. Our text focusses on the Nidopallium and Optic tectum, as marked. Note that
the optic tectum is located laterally on each side of the brain and in this Figure it obscures the midbrain and most
of the hypothalamus. The darker section indicates the forebrain (telencephalon). Abbreviations: Hp = Hippocam-
pus, NCM = Caudiomedial nidopallium; MSt = medial striatum; E = Entopallium; OB = Olfactory bulb. Adapted from
Chakraborty and Jarvis [39], Kuenzel et al. [49] and Reiner et al. [50]. The Nidopallium includes NCM, E and Arcoplallium,
as well as other regions discussed in the text.

The optic tectum is part of the main visual input system of birds and must be involved
in foot/eye coordination. However, Niederleitner et al. [51] discovered a relay nucleus
between the inferior colliculus and the optic tectum in the chicken, providing a solid basis
for demonstrating visual–auditory integration.

We were interested in testing whether limb preference might be associated with the
size of these of the optic tectum and the nidopallium because eye preferences and foot
preferences are linked, as Brown and Magat showed in 16 species of Australian parrots [52].

2. Materials and Methods

2.1. Subjects

Psittaciformes are subdivided into the superfamilies Strigopoidea (New Zealand par-
rots), Cacatuoidea (cockatoos) and Psittacoidea (true parrots). Species in our samples,
which did not include the New Zealand parrots, belonged to the two superfamilies of cock-
atoos (Cacatuoidea) and true parrots (Psittacoidea). Those examined here are exclusively
native Australian species, excluding closely related cockatoo species endemic to islands
north of Australia (such as New Guinea, including the Bismarck Archipelago, the Solomon
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Islands, or Tanimbar Islands Archipelago (Indonesia). The subjects used were those for
which published data on brain mass, body mass and foot preference are available (see
next section) but for which no previous study exists that has tested a potential association
between these variables.

2.2. Source of Data

Data on body mass, brain mass and volumes of brain regions were obtained from
Franklin et al. [53] and Iwaniuk et al. [54]. We compared published data on foot prefer-
ences (see below) with published data on brain mass, relative brain mass and the size of
two regions of the forebrain, the nidopallium and the optic tectum.

Foot preference in 25 species of Australian parrots was obtained from three publica-
tions. Data for nine species were obtained from a previous study by the co-author of this
paper, Rogers [21]. Scores for the budgerigar came from Rogers and Workman [55] and
for another 15 species from Brown and Magat [22] (see Table 1). We used data for two
measures of footedness: (1) percent use of the left foot and (2) strength of foot preference,
regardless of whether the left or right foot is used.

Table 1. Psittacine species used. No = number of individuals scored, % Left = (Left/Left + Right) ×100, and the ratio of
brain mass/body mass × 1000.

Common Name Latin Species Name No % Left Strength
Brain Mass

/Body Mass × 1000

Galah Eolophus roseicapella 58 89 39 21.3509
Sulphur-crested cockatoo Cacatua galerita 98 87 37 20.2646

Little corella Cacatua sanguinea 14 93 43 19.5567
Long-billed corella Cacatua tenuirostris 17 89 39 19.5098

Pink cockatoo Cacatua leadbeateri 24 100 50 22.6742
Yellow-tailed black cockatoo Calyptorhynchus funereus 7 100 50 23.6710

Gang-gang cockatoo Callocephalon fimbriatum 38 100 50 30.9971
Yellow rosella Platycercus f. flaveolus 6 100 50 30.6296

Crimson rosella Platycercus elegans 17 23 27 31.5813
Budgerigar Melopsittacus undulatus 9 51 1 59.7692
Cockatiel Nymphicus hollandicus 20 90 40 28.0889

Red-tailed black cockatoo Calyptorhynchus banksii 20 93 43 18.4779
King parrot Alisterus scapularis 20 8.5 41.5 22.4216

Palm cockatoo Probosciger aterrimus 5 80 30 26.3499
Eclectus parrot Eclectus roratus 20 26 24 15.0394

Turquoise parrot Neophema pulchella 10 45 5 33.4110
Red-winged parrot Aprosmictus erythropterus 10 10 40 25.7329
Australian ringneck Barnardius zonarius 5 20 30 28.6071
Red-capped parrot Purpureicephalus spurius 5 72 22 31.4403

Superb parrot Plytelis swainsonii 20 27.5 22.5 23.9352
Red-rumped parrot Psephotus haematonotus 20 72 22 32.6547

Little lorikeet Glossopsitta pusilla 15 49.3 0.7 39.6925
Varied lorikeet Psitteuleles versicolor 5 48 2 38.6567

Rainbow lorikeet Trichoglossus moluccanus 20 46 4 30.3341
Bourke’s parrot Neopsephotus bourkii 20 49.5 0.5 28.7778

The number of individuals scored varied considerably between species (see Table 1)
due to differences in availability of birds to test. Both caged and wild birds were tested
and, for all species apart from the budgerigar, data were collected from multiple locations
in order to make the scores representative of the species.

The behavioural score was percent left-foot use to hold food. Brown and Magat [22]
determined foot preferences by scoring the foot used to grasp food items, with 10 trials per
individual bird. Rogers [21] scored the foot used to hold food while eating (Figure 2), the
number of scores per individual varying from 1 to 6. Since budgerigars rarely hold food in
a foot, in this species preferred foot was determined by placing a small piece of adhesive
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tape on the dorsal surface of the beak and then scoring the foot used in attempts to remove
the tape (10 scores per bird) [55].

Figure 2. Two left-footed cockatoos. Left: female red-tailed black cockatoo (Calyptorhynchus banksia).
Right: male sulphur-crested cockatoo (Cacatua galerita). Note that the left foot grasps the food item
and the entire leg is lifted to the beak (Photo credits: left: B. Machini, right: G. Kaplan).

The formula (L/L + R) × 100 was used to determine % Left, where L refers to the
number of times the left foot was used and R to the number of times the right foot was
used. At least five subjects per species were assessed (Table 1). The scores determined
were mean percentages for each species; hence, they represented the %L for each species,
considered as a group or population.

Strength of foot preference was determined as the difference between the scored %
Left and 50% (no preference). Hence, it was an absolute score, not taking into account the
direction of the foot preference. These scores ranged from 0% to 50%.

Out of our main group of species, we selected for more detailed examination 11 species
for which the volume of various brain regions, relative to the volume of the whole brain, had
been determined using histological sections and Nissl staining by Iwaniuk and Hurd [56]
(see Table 2). We selected to compare % Left and strength of foot preference with two brain
regions: viz., the nidopallium (N) and the optic tectum. Data for these two regions were
given as proportions of the total brain volume.

2.3. Statistical Tests

Pearson correlations (in Excel) were performed between % Left and brain mass relative
to body mass (Brain mass/body mass × 1000) and, in the smaller group, between % Left
and the volumes of the two brain regions relative to total brain volume. Where needed,
due to multiple comparisons, Bonferroni corrections were applied. Correlations were also
made using scores for the strength of footedness (absolute value of difference between
score and no preference, 50%).
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Table 2. A list of the species in the sub-group tested for correlation between % Left foot use and the volumes of the
nidopallium and the optic tecta relative to the volume of the whole brain (i.e., the scores are proportions). The figures for
the two brain regions are given as proportions of the whole brain, sourced from Iwaniuk and Hurd [56].

Common Name Scientific Name % Left Nidopallium Optic Tectum

Galah Eolophus roseicapella 89 0.3618 0.0314

Yellow-tailed black cockatoo Calyptorhynchus funereus 100 0.3887 0.0196

Cockatiel Nymphicus hollandicus 90 0.3571 0.0350

Crimson rosella Platycerus elegans 23 0.3401 0.0429

Budgerigar Melopsittacus undulatus 53 0.3210 0.0514

Superb parrot Plytelis swainsonii 27.5 0.3200 0.0556

Red-rumped parrot Psephotus haematonotus 72 0.3540 0.0387

Rainbow lorikeet Trichoglossus haematodus 46 0.3370 0.0339

Bourke’s parrot Neopsephotus bourkii 49.5 0.3586 0.0482

Australian king parrot Alisterus scapularis 8.5 0.3098 0.0424

Eclectus parrot Eclectus roratus 26 0.3534 0.0351

3. Results

3.1. Association between Foot Preference and Body Mass

First, we tested our data to see whether they showed results similar to those of Brown
and Magat [22] and, consistent with that report, strength of foot preference correlated
significantly with body mass (R (25) = 0.5339, p = 0.0059, Bonferroni correction α = 0.0166)
and strongly with log10 Body mass (R(25) = 0.7166, p = 0.000056). The larger the bird, the
stronger the foot preference.

3.2. Association between Foot Preference and Brain Mass

Strength of foot preference correlated significantly with brain mass (R (25) = 0.5259,
p = 0.0069, Bonferroni correction α = 0.0166) and with log10 Brain mass (R (25) = 0.7166,
p = 0.00005; Figure 3A). Species with larger brains have stronger foot preferences. There was
also a significant association between % Left and Brain mass (R (25) = 0.4857, p = 0.01384)
and log10 Brain mass (R (25) = 0.4525, p = 0.02111). Hence, left-footedness is stronger in
species with a larger brain.

3.3. Association between Foot Preference and Brain Mass Relative to Body Mass

There was no significant correlation between % Left and brain mass/body mass
(R(25) = −0.1655, p = 0.4291). However, the correlation between strength of foot preference
and brain mass/body mass was significant (R (25) = −0.6032, p = 0.0014, Bonferroni
correction α = 0.0166: Figure 3B). The larger the size (or mass) of the brain relative to
body size (or mass), the weaker the foot preference. This result comes about because body
mass increases across species at a greater rate than does brain weight. Hence, species
with larger bodies, and larger brains per se, but not relative to body mass, have stronger
foot preferences.

3.4. Association between Foot Preference and Brain Mass in the Smaller Sample

First, this subset of 11 species was tested for Pearson correlation between the strength
of foot preference and brain mass. As for the larger sample, this set showed a significant
positive correlation (R (11) = 0.6410, p = 0.0335). This result shows that the subset was
representative of the larger sample.

A Pearson correlation was applied to % Left scores versus relative volume of the
nidopallial region and a positive association was found (R (11) = 0.7674, p = 0.0058, Bon-
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ferroni corrected α = 0.025; Figure 4A). Hence, the larger the volume of the nidopallium
compared to the whole brain, the stronger the left foot preference.

Figure 3. Strength of foot preference for the larger sample (n = 25) plotted against (A). Log10 of Brain mass, and (B). Brain
mass/Body mass × 1000. The correlation between Strength of foot preference and brain mass is significant and positive (see
text) and between strength of foot preference and Brain mass/Body mass is negative and significant (see text).
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Figure 4. Percent left foot preference plotted against volume of the nidopallium relative to volume of the whole brain (A),
and volume of the optic tecta relative to the volume of the whole brain (B). The positive correlation in A is significant: the
nidopallium is larger, relative to the whole brain, in left footed parrots, and it is smaller in right-footed parrots. There is a
trend for the opposite association between foot preference and size of the optic tecta but it is not significant after Bonferroni
correction (see text).

A negative correlation was found between % Left and the relative volume of the
optic tecta but it failed to be significant once the Bonferroni correction was applied
(R(11) = −0.6129, p = 0.0449, Bonferroni correction α = 0.025; Figure 4B).

Strength of foot preference did not correlate significantly with the volumes of either
the nidopallium or optic tecta regions (nidopallium, R(11) = 0.3393, p = 0.3072; optic tecta,
R(8) = −0.5908, p = 0.0556, Bonferroni correction α = 0.025).

4. Discussion

First, we analysed the data to see whether they supported the finding of Brown and
Margat [22] that, in species of Australian parrots, strength of foot preference correlates
positively with body length, the latter being taken to indicate body size. As we were able
to examine strength of foot preference versus body mass, this gave a better indication of
the relationship between strength of foot preference and body size. By doing so, we found
a significant positive correlation, which supports the findings of Magat and Brown [22]:
the larger the species of parrot, the stronger is the foot preference. Magat and Brown [22]
provided some evidence that this relationship may be due to larger parrots feeding on
larger seeds. Such feeding would require more eye-foot manipulation. In fact, larger
species often hold a whole seed pod in one foot and manipulate it carefully in order to
extract the seeds (see Figure 1 in [57], p. 27, showing a yellow-tailed black cockatoo feeding
on a large Banksia pod).

We also found a positive correlation between strength of foot preference and brain
mass (Figure 3). The larger the brain size, the stronger the preference to hold food or
objects in a preferred foot. In turn, this reflects control by the hemisphere opposite the
preferred foot and use of the specific specialised functions of that hemisphere. However,
the association between strength of foot-preference and brain mass relative to body mass is
negative (Figure 3). To summarise the results so far, although larger birds have stronger
foot preferences and larger brains, they have smaller brain mass relative to body mass: this
means that, across species, the body size increases at a greater rate than does brain size.
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These measures may also correlate with other factors; for example, with genome size
and, hence, neuronal complexity of the brain. In fact, Andrews and Gregory [58] found
that, in 54 species of parrots and cockatoos, genome size correlated negatively with relative
brain size. They attributed this to species differences in neuronal complexity: the larger
the genome, the more complex are the neural connections in the brain [58]. It would
now be worth investigating whether a similar association between brain size and genome
size holds for the species we tested. Since we have found a negative correlation between
strength of footedness and relative brain mass, strength of foot preference may correlate
positively with genome size, and hence, complexity of brain structure. This is merely a
thought for future research. We are aware that whole brain size is a rough measure to
associate with behaviour [59] but it is a starting point leading to investigation of more
specific brain regions associated with particular patterns of behaviour.

Our findings also illustrate the difference between using absolute brain size compared
to relative brain size when drawing links between brain and behaviour [60]. We suggest
that absolute brain size (or mass) is a better measure to associate with foot preference,
and possibly also with cognitive behaviour, than is brain mass relative to body mass. As
Herculano-Houzel [61] emphasised, body mass is very variable and not tightly correlated
with the number of neurones in the brain. Nevertheless, although it is preferrable not
to use body mass as a measure related to behaviour or cognition, within Psittaciformes,
Herculano-Houzel [61] did report a positive relationship between the number of neurones
in the brain and body mass and, more specifically, between the number of neurones in the
pallium and body mass. To extrapolate to our data, since foot preferences are stronger in
larger parrots with larger brains, these features may go along with more neurones in the
brain and with higher computational capacity or “cognitive power” [36].

The positive relationship between strength of foot preference and brain mass was also
present in our subgroup of 11 species selected in order to examine correlations between foot
preference and regional areas of the brain. In this representative subgroup, we also found
that % Left correlated positively with volume of the nidopallium relative to whole brain
volume (Figure 4). Parrots with proportionately larger nidopallial regions express stronger
left-foot preferences, and hence use of the right hemisphere. Put simply, the nidopallium is
larger in left-footed species than it is in right-footed species.

The nidopallial region measured by Iwaniuk and Hurd [56] included all of the subre-
gions (nucleus basorostralis pallii, entopallium and arcopallium) as well as area temporo-
parieto-occipitalis. The entopallium is a primary visual centre, receiving inputs from the
retina, via the optic tectum and nucleus rotundus, and sending outputs to the arcopallium
(see Figure 1), which in turn sends outputs to the brain stem and controls motor function
(summarised in [28]). It is a visuo–motor system clearly involved in eye–foot co-ordination.
It is not known whether these regions of the nidopallial complex differ in size between
the hemispheres, and so may be associated with asymmetry of limb use, but research
on pigeons has shown that asymmetry is present in the visual pathway sending inputs
to the entopallium: the entopallium in the left hemisphere receives strong inputs from
both eyes, whereas the same region in the right hemisphere receives inputs mainly from
the left eye [28,62,63]. In left-footed birds, therefore, the right hemisphere is being used
rather exclusively to carry out eye-foot co-ordination needed to hold and manipulate food
items [52].

Recently, Morandi-Raikova et al. [64] reported asymmetry in entopallial neurones in
domestic chicks: they found more parvalbumin-expressing neurones, most likely GABAer-
gic inhibitory neurones, in the entopallium of right hemisphere than in the same region of
the left hemisphere. This suggests that primary visual inputs are processed differently in
the left and right hemispheres. Furthermore, as shown in the pigeon, there is asymmetry
in the arcopallial regions, due to differences in left-to-right versus right-to-left exchange of
visual information via the anterior commissure [65].

We found a trend for a negative correlation between % Left and the relative size of
the optic tecta (Figure 4) but it was not significant in our sample, perhaps due to our small
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sample size. Nevertheless, the larger nidopallium, as we found in species with stronger
foot preferences, is not matched by any difference between species in size of the optic tecta.
It seems, therefore, that visual processing in the optic tecta may well be similar across
species. Hence, there is regional specificity in size increase of the nidopallium related to foot
preference. Our data provide an example, across species, of brain structures contributing
differently to whole brain size, a consideration discussed in detail by Willemet [60].

It is not known whether evolution of the bird brain involved coordination between the
telencephalon and non-telencephalic regions [54] but this seems highly unlikely. The latter
is not necessarily related to cognition. From Striedter and Charvet’s work [66], we have
evidence that certain areas of the brain differ in size relative to the rest of the bird’s brain
in different species from embryonic stage onwards. In a morphometric comparison be-
tween budgerigars, Melopsittacus undulatus, and quails, Colinus virginianus, the researchers
showed [66] that species differences in telencephalon and optic tectum size occur right
from the beginning of development of the embryo: the optic tectum being much larger in
the quail than in the budgerigar, whereas the telencephalon occupies more than 60% of the
budgerigar brain and slightly more than 40% in the quail [66]. These differences reflect the
cognitive differences between budgerigars and quails.

The evidence is already clear that parrots have brain/body ratios and encephaliza-
tion quotients similar to those of primates [54]. However, in most research on the size
of the telencephalon and sub-structures, there has been no consideration of differences
between the left and the right hemispheres. Apart from a recent study of cichlid fish,
showing associations between lateralized behaviour and brain structures, as well as gene
expression [67], research on asymmetry in non-human species has focused on left–right
differences in function rather than structure.

In a range of species, the left hemisphere has been shown to be responsible for top-
down control (such as routine behaviour) and the right hemisphere for environmentally
elicited behaviour such as response to threats and social partners [68]. Social play be-
haviour in parrots and other clades is correlated positively with brain size [69] but, for
this behaviour, there has been no study of differences between the hemispheres. By con-
trast, social recognition is known to be largely right-hemisphere controlled [70,71] and, as
Yamazaki at al. [72] concluded, cognition overall may be largely asymmetrical [73].

The significant results shown here concern the relationship between footedness and
the size of the nidopallium, a region of the forebrain with executive and other higher-
level functions. Our finding, coupled with the evidence of parrots’ exceptional vocal and
cognitive abilities, indicates that the nidopallium deserves more and detailed attention.
Our finding of a significant positive correlation between % Left foot use and the size of the
nidopallium further suggests that it would be worth looking in future for asymmetries in
the size of the nidopallial regions of the hemispheres and, particularly, the areas that are
included in that region, the entopallium, arcopallium and NCL. We hope that our findings
might encourage future research on left–right differences, not only of gross structure, but
also of neural processing [74], subcellular structures [64] and gene expression [67].
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Abstract: The mustached bat (Pteronotus parnellii) is a mammalian model of cortical hemispheric

asymmetry. In this species, complex social vocalizations are processed preferentially in the left

Doppler-shifted constant frequency (DSCF) subregion of primary auditory cortex. Like hemi-

spheric specializations for speech and music, this bat brain asymmetry differs between sexes (i.e.,

males>females) and is linked to spectrotemporal processing based on selectivities to frequency mod-

ulations (FMs) with rapid rates (>0.5 kHz/ms). Analyzing responses to the long-duration (>10 ms),

slow-rate (<0.5 kHz/ms) FMs to which most DSCF neurons respond may reveal additional neural

substrates underlying this asymmetry. Here, we bilaterally recorded responses from 176 DSCF neu-

rons in male and female bats that were elicited by upward and downward FMs fixed at 0.04 kHz/ms

and presented at 0–90 dB SPL. In females, we found inter-hemispheric latency differences consistent

with applying different temporal windows to precisely integrate spectrotemporal information. In

males, we found a substrate for asymmetry less related to spectrotemporal processing than to acoustic

energy (i.e., amplitude). These results suggest that in the DSCF area, (1) hemispheric differences

in spectrotemporal processing manifest differently between sexes, and (2) cortical asymmetry for

social communication is driven by spectrotemporal processing differences and neural selectivities for

amplitude.

Keywords: primary auditory cortex (A1); Doppler-shifted constant frequency (DSCF); mustached

bat; sex differences; amplitude; spectral; temporal; hemispheric specialization; social communication;

frequency modulation (FM)

1. Introduction

A left-hemispheric advantage for receptive language in general and especially speech
perception [1,2] is characteristic of the human auditory cortex. Numerous studies of
healthy [3–9] and clinical [10–15] human populations report that the left auditory cortex
(AC) displays high temporal resolution relative to the right. This enhanced temporal
resolution enables left AC to better process speech sounds containing rapid formant
transitions, which are comparable to frequency modulations (FMs) [16,17]. Conversely,
these [6–8,14,17] and other [18–22] studies report that the right AC has enhanced spectral
resolution relative to the left. The right AC has a greater contribution to pitch discrimi-
nation [14,18,19,21] and musical processing [22–25] along with the detection of speaker
identity and prosodic variation [26,27] than the left due to this higher spectral resolution.
Multiple domain-general hypotheses [28,29] attribute these findings to the acoustic uncer-
tainty principle, which states that there is an inverse relationship between temporal and
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spectral resolution governed by the same mathematics underlying Heisenberg’s quantum
uncertainty principle [30,31]. Some caveats to these domain-general explanations include:
(1) this asymmetry for speech and language processing is often reported to be less pro-
nounced in females than in males [9,32–35], and (2) these explanations do not preclude
additional perceptual underpinnings for this asymmetry.

Hemispheric specialization for speech and language was traditionally considered to
be unique either to humans [36] or to mammals with large brains [37]. However, there is
substantial evidence of hemispheric specialization for conspecific communication sounds
(i.e., social calls) in relatively large and small non-human primates [38–43]. Further, the
number of studies reporting hemispheric specialization for social calls across avian [44–49]
and small mammalian [50–53] species is growing [54–57]. Indeed, there is evidence that
sea lions [58] and frogs [59] display hemispheric specialization for conspecific social calls.
There is even evidence that such lateralization can occur for non-conspecific social com-
munication since domesticated dogs display hemispheric biases for processing human
speech [60,61]. Studies of dogs and other domesticated animals report that the right and
left hemispheres process vocalizations differently based on their emotional valence and
their acoustic structure [62,63]. An increasing number of studies also provide evidence
for hemispheric differences in temporal and spectral processing in the non-human mam-
malian auditory cortex [52,53] or its avian homologues [64,65]. There are even reports of a
sex-dependent asymmetry for temporal processing in rodents [66] and other mammals [67].

Processing of social calls in the primary AC (A1) of the mustached bat (Pteronotus
parnellii) is known to be lateralized to the left side [50]. Previously, we provided evi-
dence for sex-dependent hemispheric asymmetries for processing constant frequencies
(CF or tone-bursts) and FMs in the Doppler-shifted constant frequency (DSCF) processing
area [67], a subfield encompassing ~46% of mustached bat A1 [68]. These results must
be contextualized within the broader scope of mustached bat echolocation and social
communication to fully grasp its implications. During echolocation, mustached bats emit
biosonar pulses composed of a fundamental CF, a downward frequency modulation (FM),
and three harmonics thereof (Figure 1). Subfields of AC in this species have evolved to
extract orientation and environmental information from the pulse, echo, CF (CF1–4), and
FM (FM1–4) components of these biosonar signals [69]. For example, neurons in the FM-FM
processing area use the delay between the pulse-FM1 and echo-FM2–4 to compute the target
range [70,71]. In contrast, neurons in the DSCF area compute relative target velocity [68]
and/or aid in maintaining distance from background objects during foraging [72] by firing
in response to the returning echo-CF2 but remaining unresponsive to the emitted pulse-CF2.
DSCF neural responses are facilitated when CFs in the echo-CF2 range (60–63 kHz in P.p.
parnellii [68] and 57.5–60 kHz in P.p. rubiginosus [73]) are paired at the onset with CFs in
the pulse-FM1 range (23–27 kHz) [74,75]. Interestingly, neurons in these same subfields
also process conspecific social calls during communication [76–80]. The conspecific social
calls of mustached bats are characterized by a phonetic-like syntax and have high acoustic
complexity relative to the calls of most other mammalian species [81]. Despite their long-
established specialization for processing echolocation, neurons in the DSCF area, FM-FM
area, and other mustached bat auditory cortical subfields are responsive to complete social
calls and their acoustic components. Furthermore, cortical FM-FM neurons are selective
for the natural phonetic syntax in social calls [76], and DSCF neurons have a directional
preference for upward FMs that exist primarily in social calls [80].
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C.

Figure 1. (A) Schematized spectrogram of the mustached bat’s echolocation signal. H1–4 refers to harmonics 1–4 of the
echolocation pulse and/or echo. Note that the H1–4 signal is composed of constant frequency (CF1–4) and frequency-
modulated (FM1–4) components present in the pulse and echo (e.g., pulse-FM1 or echo-CF2). (B) The organization of
functionally defined subdivisions of the mustached bat auditory cortex. Regions showed here include A1-anterior (A1a),
A1-posterior (A1p), CF/CF area, dorsal fringe (DF) area, dorsal medial (DM), Doppler-shifted constant frequency (DSCF),
and FM-FM areas. Map of functional areas was adapted from Suga (1985) [69] and Fitzpatrick et al. (1998) [82]. (C) Map of
mustached bat auditory cortex superimposed on a lateral view of an MRI-based 3D reconstruction of the bat’s brain. All
recordings in the present study were obtained from the DSCF area, which occupies nearly 50% of A1 and represents narrow
ranges of frequencies centered around the echo-CF2 (57.5–60 kHz) and pulse-FM1 (23–27 kHz). 3D-rendering adapted from
Washington et al. (2018) [83].

Left DSCF neurons are generally more responsive to conspecific mustached bat social
calls than those on the right [50]. To understand the neuro-acoustic basis of this finding,
we investigated how DSCF neural selectivities for CFs and linear FMs differ between
hemispheres, taking into account the sex differences commonly observed in hemispheric
asymmetries in songbirds, rodents, and humans [67]. Left DSCF neurons in male bats
were generally selective for shorter linear FMs with faster rates and responded to CFs and
FMs with shorter latencies than those on the right, suggesting relatively higher temporal
resolution amongst left DSCF neurons. Conversely, right DSCF neurons in male bats are
selective for FMs with longer durations and relatively narrow bandwidths, suggesting a
higher spectral resolution. Left DSCF neurons in female bats selected for shorter FMs and
responded to them with shorter latencies than those on the right, but otherwise displayed
fewer significant hemispheric differences than males [67]. The evolutionary pressures
and underlying mechanisms for this sex difference remain elusive. However, acoustic
uncertainty represents a potential evolutionary pressure for the asymmetry amongst DSCF
neurons overall [84]. Specifically, the temporal resolution required for DSCF neurons to
process mustached bat social calls likely conflicts with the refined spectral resolution they
need to calculate Doppler shifts during echolocation. Separating temporally and spectrally
refined DSCF neurons into different cerebral hemispheres could alleviate this conflict.

Here, we focus on asymmetrical processing of long, slow (<0.5 kHz/ms) FMs to which
neurons in the DSCF areas in both hemispheres are highly responsive [67,80]. These types
of FMs are commonly present within CF-like whistling sounds (termed long, quasi-CF or
QCFl calls) as well as True CF or TCF call types that are frequently produced by male bats
within a colony [81,85]. We, therefore, hypothesized that latencies and other characteristics
of DSCF neural responses to slow FMs would differ between hemispheres and/or sexes. To
test this hypothesis, we compared DSCF neural responses to linear upward and downward
FMs with rates of 0.04 kHz/ms (duration = 131.25 ms; bandwidth = 5.25 kHz) across sound
levels (i.e., amplitudes) in both males and females.
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2. Methods

2.1. Surgery and Electrophysiological Recordings

The Georgetown University Animal Care and Use Committee (GUACUC Protocol
#04-075) approved all methods presented here. These surgical and electrophysiological
recording procedures have been described previously [74,79,80]. Six (four male) wild-
caught mustached bats (Pteronotus parnellii rubiginosus) were used in these experiments.
Bats were housed in one of two humidity (>60%) and temperature (~20–30 ◦C) controlled
flight rooms with dimensions of either 6.6 or 4.3 m2 (ceiling height = 3 m). Bats were
fed a daily diet of nutrient-enriched mealworms. Under an anesthesia mixture of isoflu-
rane/air (medical grade, Anaquest, Murray Hill, NJ, USA), we made an incision in the
skin along the midline of each bat’s head and glued a 2-mm-diameter metal post caudal to
the sagittal-coronal suture intersection. Each bat was allowed >3 days to recover before
electrophysiological recordings began. Bats were awake and restrained throughout record-
ings. Restraints entailed clamping the metal headpost while allowing the body to hang
in a Styrofoam mold stabilized by rubber bands in a sound-proof and echo-attenuated
chamber (IAC 400A) heated to 31 ◦C. Bats sat undisturbed in this recording set up for a day
or two prior to recording so that they could be acclimated to the experimental environment.
Careful to avoid the recording site, we treated the skin and muscle of the wound area
with medetomidine (Domitor) during the acclimation period and in subsequent experi-
ments. We used sharpened, vinyl-coated tungsten-microelectrodes (>1 MΩ) to perform
electrophysiological recordings from the AC at a depth of 300–650 µm through a small
(50µm) hole bored into the skull. We placed another microelectrode (< 1 MΩ) onto the
dura mater of a non-auditory region of the cortex to establish a reference for differential
recording. Electric signals acquired through the recording electrode were then amplified
and band-pass filtered between 300 and 3000 Hz before being converted to digital format
via SciWorks 3.0 software (Data Wave, Sequim, WA, USA).

2.2. Acoustic Stimuli

We used constant frequencies (CFs or “tone burst”) and frequency modulations (FMs)
to study neural responses within the DSCF processing area of the mustached bat primary
auditory cortex (A1). CFs were created using analog function generators. A customized
SIGNAL 3.0 script (Engineering Design) was used to generate FMs [86]. All CFs were 30
ms in duration and tapered (0.5 ms) at both ends. FM duration ranged between 0.4 and
131.5 ms and was tapered only when their durations were greater than 2 ms. CFs were
presented via loudspeaker, and FMs were presented via the leaf-tweeter speaker.

Constant Frequencies: We first presented CFs to determine the frequencies that elicited
peak responses from each neuron in order (A) to determine if the neuron was a DSCF
neuron and (B) to determine the best frequency on which to center FMs. We classified a
neuron as a “DSCF neuron” if it had a peak response to a CF between 57.5 and 60 kHz
(best high frequency, or BFhigh, within the echo-CF2 range), and this peak response was
facilitated when paired at the onset with a CF between 23 and 28 kHz (best low frequency,
or BFlow, within the pulse-FM1 range). Neurons generally showed only a small response to
CFs at BFlow alone, and the facilitation criteria were as described previously [74,75]. CFs
in the 57.5–60 kHz ranged paired with those in the 23–28 kHz were presented to facilitate
responses per established DSCF neural tuning properties [74,75]. Amplitudes of CFs were
also adjusted to obtain the best frequencies at their best amplitudes (BA).

Frequency Modulations: FMs were linear modulations of frequency (f ) in the echo-CF2
(57.5–60 kHz) range. We detailed the procedure for studying FM response characteristics
elsewhere [80]. Linear FMs are defined by the following four parameters: duration (∆t)
in ms, bandwidth (∆f ) in kHz, rate of modulation (∆ƒ/∆t) in kHz/ms, and the central
frequency (f ) of an FM in kHz. We generated 14 FM stimuli (or an FM rate array), changed
the rates of those FMs between 0.04 and 4.0 kHz/ms, kept FM bandwidth constant at
5.25 kHz, and allowed FM duration to co-vary with rate. Each FM rate array was presented
100 times and had its amplitude decreased by 10 dB SPL every 10 repetitions (i.e., from
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90 to 0 dB SPL). All FMs in the rate arrays were paired at the onset with a CF at BFlow in
order to facilitate response magnitude. We presented two types of FM arrays, one where
all the FMs were upward and a second where all FMs were downward, to determine the
FM directional preference for each neuron [86]. The magnitudes of peak responses (10 ms
bin) to FMs in the rate array were used as the criterion for determining the “best-FM rate”
for a given neuron. Other arrays were generated to assess the “best-FM bandwidth” and
“best-FM central frequency” for each neuron [67,80].

The present study focuses primarily on the responses of 176 DSCF neurons (Left Male
= 43; Left Female = 40; Right Male = 35; Right Female = 58) to upward and downward FMs
within the FM rate array modulated at 0.04 kHz/ms, repeated 100 times, from 0–90 dB SPL.
Neural responses of 64 DSCF neurons to 200 repetitions of FMs modulated at 0.04 kHz/ms
were also measured. These 64 neurons (Left Male = 4; Left Female = 10; Right Male = 17;
Right Female = 33) all had best-FM rates equal to 0.04 kHz/ms and were presented at their
respective BAs, best-FM bandwidths, best-FM central frequencies, and best-FM directions.
These “best-FMs” were paired at the onset with a 30 ms CF at the BFlow of the respective
neuron.

2.3. Data Analysis

Each FM rate array was a series of 14 FM stimuli totaling 3750 ms in duration. Specif-
ically, the FM rate arrays were composed of an initial 250 ms period without a stimulus
(“null” stimulus period) in the echo-CF2 range followed by 14 linear FMs (presentation
rate 4/s or one presentation every 250 ms) centered on the BFhigh of the neuron under
study and increasing in modulation rate from 0.04–4.0 kHz/ms. Here, we extracted and
analyzed only neural responses to the 250–500 ms section of each FM rate array. This
250–500 ms section corresponded to the presentation of FMs with modulation rates of
0.04 kHz/ms. Sound-level (i.e., amplitude) decreased by 10 dB SPL every 10 trials (100
trials total). All stimuli in the FM rate array were paired at the onset with a 30 ms CF at
the BFlow of the neuron under study. An example of a DSCF neuron’s responses to the14
FM stimuli is provided in Figure 2A. Data corresponding to 0.04 kHz/ms (250–500 ms
range) are highlighted to emphasize that this is the focus of the present study. Note that
in the expanded view of this range in Figure 2B, the example neuron’s response latency
increases as the sound level decreases, a typical “latency shift” common to most auditory
neurons [87].
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Figure 2. (A) A matrix of responses to an array of 14 linear FMs presented for 100 trials each (right
vertical axis). The presentation rate was 4/s or one presentation every 250 ms for a total of 3750 ms
(top horizontal axis). FMs had bandwidths of 5.25 kHz, durations of 131.25 ms, and increased in rate
from 0.04 to 4.0 kHz/ms (bottom horizontal axis). The sound level (i.e., amplitude) decreased by
10 dB SPL every 10 trials from 90 to 0 dB SPL (left vertical axis). A 250 ms period with no stimulus
(“null”) preceded the presentation of the 14 FM for a series of 15 stimuli total. Presentations of linear
FMs were performed in the upward and downward directions such that, for each neuron, there was a
matrix of responses to 14 upward FMs and another to 14 downward FMs, both sets repeated 100 times
at different sound levels. Rasters shown above correspond to the responses of a right-hemispheric
DSCF neuron from a male bat elicited by a series of 14 upward FMs. Above, the 0–250 ms and
500–3750 ms time periods corresponding to the presentation of a “null” stimulus control and FMs
with rates >0.04 kHz/ms are deemphasized to highlight this study’s focus on neural responses to
the 0.04 kHz/ms FMs presented during the 250–500 ms time period. (B) Spike density function
generated by performing a 2D convolution between the 250–500 ms time period of the response
matrix in “A” with a rotationally symmetric Gaussian lowpass filter (size = 25 × 25, sigma = 5). Spike
density functions were generated for the 250–500 ms time periods for upward and downward FM
rate arrays of each of 176 neurons. Spike density functions were then grouped as upward (N = 176),
downward (N = 176), left (N = 93), right (N = 83), male (N = 78), and female (N = 98) prior to any
analyses.
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Single unit recording data were converted from SciWorks to MATLAB format and then
sorted into matrices corresponding to responses elicited by either upward or downward
FMs (i.e., upward and downward response matrices). Response matrix dimensions were
100 × 250 × 176, corresponding to “number of trials” × “duration in ms” × “number
of neurons.” Every 10 trials corresponded to the same sound level, so we grouped the
100 trials into 10 bins corresponding to 10 sound levels (10 × 250 × 176 = sound level
× duration × neuron). We generated a rotationally symmetric Gaussian lowpass filter
(size = 25 × 25, sigma = 5) and then performed a 2D convolution between the Gaussian
filter and the response matrices of each neuron. Convolved response matrices (i.e., spike
density functions) were then grouped by hemisphere and sex (Left Male, Left Female, Right
Male, and Right Female) and statistically compared via two-sample Kolmogorov–Smirnov
goodness-of-fit tests. Absolute maxima in the spike density functions were used to find
peak response latencies (duration/time axis), best amplitude (sound level), and response
magnitude (firing intensity). Effect sizes for significant findings were assessed using Cohen’s
d, which we symbolize here with “|d|” because the directionality of the Cohen’s d statistic
is irrelevant for our purposes.

Peak response magnitudes and latencies of DSCF neural responses to “best FMs” were
elicited by CFs at BFlow, and best FMs paired at onset (BFlow + best FM) and presented
200 times at BA. Responses to these 200 repetitions of BFlow + best FM were recorded in
the form of peri-stimulus time histograms (PSTHs). These histograms, calculated online
by summation of spike trains over repeated trials, were used to measure the neuronal
response that represents a stimulus-locked change in peak response magnitude and latency.
Here, we selected 64 neurons that had best-FMs rates of 0.04 kHz/ms.

3. Results

The data presented here are a reanalyzed subset of previously reported data [67,80].
Our previous results demonstrated that there are sex-dependent hemispheric differences
for processing FMs in the DSCF neural population [67]. Thus, we organized our data
into four groups (Left Male, Right Male, Left Female, and Right Female) to test a prior
hypothesis based on the sex-dependent asymmetries and combined these groups whenever
the need to test other related hypotheses arose. Responses to downward and upward
FMs were analyzed separately before being analyzed in their “best directions” (i.e., the
direction of the FM that elicited the greatest neural response magnitude). Figure 3 displays
mean spike density functions for DSCF neural responses elicited by FMs with rates of
0.04 kHz/ms in the upward and downward FM directions in male bats. Figure 4 displays
the corresponding data in female bats.
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Figure 3. Mean spike density functions based on DSCF neural responses elicited by 100 trials of FMs with rates of
0.04 kHz/ms presented at 0–90 dB SPL and recorded from male mustached bats. (A) Top: Schematic of an upward FM
(black) paired at the onset with a 30 ms CF (white) at BFlow (23–27 kHz). The upward FM had a bandwidth of 5.25 kHz, a
duration of 131.25 ms, and a central frequency equal to the BFhigh (57.5–60 kHz) of the individual DSCF neuron under study.
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The FM and CF had an onset delay of 10 ms. Bottom left: Mean spike density function of DSCF neural responses to FMs
with rates of 0.04 kHz/ms in the left hemispheres of male bats (N = 43). “X” marks the location of peak firing (88 ms, 30 dB
SPL) in the spike density function, and the hatched line corresponds to the horizontal coordinate. Bottom right: Color bar
encoding the firing rate intensity in the spike density function at left. (B) Top: Schematic of a CF and upward FM identical
to those depicted in “A.” Bottom left: Mean spike density function of DSCF neural responses to upward FMs with rates of
0.04 kHz/ms in the right hemispheres of male bats (N = 35). “X” marks the location of peak firing (93 ms, 50–60 dB SPL) in
the spike density function, and the hatched line corresponds to the horizontal coordinate. Bottom right: Color bar encoding
the firing rate intensity in the spike density function at left. (C) Top: Schematic of a downward FM (black) paired at the
onset with a 30 ms CF at BFlow (white). All other parameters identical to “A.” Bottom left: Mean spike density function of
DSCF neural responses to downward FMs with rates of 0.04 kHz/ms in the left hemispheres of male bats (N = 43). “X”
marks the location of peak firing (84 ms, 10 dB SPL) in the spike density function, and the hatched line corresponds to the
horizontal coordinate. Bottom right: Color bar encoding the firing rate intensity in the spike density function at left. (D) Top:
Schematic of a CF and downward FM identical to those depicted in “C.” Bottom left: Mean spike density function of DSCF
neural responses to downward FMs with rates of 0.04 kHz/ms in the right hemispheres of male bats (N = 35). “X” marks
the location of peak firing (20 ms, 80–90 dB SPL) in the spike density function, and the hatched line corresponds to the
horizontal coordinate. Bottom right: Color bar encoding the firing rate intensity in the spike density function at left. (E) Top:
Schematic of an FM (gray or black at 51% opacity) paired at the onset with a 30 ms CF (white) at BFlow (23–27 kHz). Opacity
denotes that the “best direction” for 51% of the neurons in this sample (22/43) was upward. Otherwise, stimuli are identical
to those depicted in “A” and “C.” Bottom left: Mean spike density function of DSCF neural responses to 0.04 kHz/ms FMs
modulated in the “best directions” of each neuron in the left hemispheres of male bats. “X” marks the location of peak firing
(87 ms, 30 dB SPL) in the spike density function, and the hatched line corresponds to the horizontal coordinate. Bottom
right: Color bar encoding the firing rate intensity in the spike density function at left. (F) Top: Schematic of an FM (gray
or black at 69% opacity) paired at the onset with a 30 ms CF (white) at BFlow (23–27 kHz). Opacity denotes that the “best
direction” for 69% of the neurons in this sample (24/35) was upward. Otherwise, stimuli are identical to those depicted
in “A” and “C.” Bottom left: Mean spike density function of DSCF neural responses to 0.04 kHz/ms FMs modulated in
the “best directions” of each neuron in the right hemispheres of male bats. “X” marks the location of peak firing (93 ms,
50–60 dB SPL) in the spike density function, and the hatched line corresponds to the horizontal coordinate. Bottom right:
Color bar encoding the firing rate intensity in the spike density function at left. No responses occur in the last 50 ms, so they
are omitted to provide greater detail.
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Figure 4. Mean spike density functions based on DSCF neural responses elicited by 100 trials of FMs with rates of
0.04 kHz/ms presented at 0–90 dB SPL and recorded from female mustached bats. (A) Top: Schematic of an upward FM
(black) paired at the onset with a 30 ms CF (white) at BFlow (23–27 kHz). The upward FM had a bandwidth of 5.25 kHz, a
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duration of 131.25 ms, and a central frequency equal to the BFhigh (57.5–60 kHz) of the individual DSCF neuron under study.
The FM and CF had an onset delay of 10 ms. Bottom left: Mean spike density function of DSCF neural responses to FMs
with rates of 0.04 kHz/ms in the left hemispheres of female bats (N = 40). “X” marks the location of peak firing (97 ms,
20 dB SPL) in the spike density function, and the hatched line corresponds to the horizontal coordinate. Bottom right:
Color bar encoding the firing rate intensity in the spike density function at left. (B) Top: Schematic of a CF and upward
FM identical to those depicted in “A.” Bottom left: Mean spike density function of DSCF neural responses to upward FMs
with rates of 0.04 kHz/ms in the right hemispheres of female bats (N = 58). “X” marks the location of peak firing (89 ms,
30 dB SPL) in the spike density function, and the hatched line corresponds to the horizontal coordinate. Bottom right: Color
bar encoding the firing rate intensity in the spike density function at left. (C) Top: Schematic of a downward FM (black)
paired at the onset with a 30 ms CF at BFlow (white). All other parameters identical to “A.” Bottom left: Mean spike density
function of DSCF neural responses to downward FMs with rates of 0.04 kHz/ms in the left hemispheres of female bats
(N = 40). “X” marks the location of peak firing (77 ms, 30–40 dB SPL) in the spike density function, and the hatched line
corresponds to the horizontal coordinate. Bottom right: Color bar encoding the firing rate intensity in the spike density
function at left. (D) Top: Schematic of a CF and downward FM identical to those depicted in “C.” Bottom left: Mean spike
density function of DSCF neural responses to downward FMs with rates of 0.04 kHz/ms in the right hemispheres of female
bats (N = 58). “X” marks the location of peak firing (92 ms, 40 dB SPL) in the spike density function, and the hatched line
corresponds to the horizontal coordinate. Bottom right: Color bar encoding the firing rate intensity in the spike density
function at left. (E) Top: Schematic of an FM (gray or black at 43% opacity) paired at the onset with a 30 ms CF (white) at
BFlow (23–27 kHz). Opacity denotes that the “best direction” for 43% of the neurons in this sample (17/40) was upward.
Otherwise, stimuli are identical to those depicted in “A” and “C.” Bottom left: Mean spike density function of DSCF neural
responses to 0.04 kHz/ms FMs modulated in the “best directions” of each neuron in the left hemispheres of female bats. “X”
marks the location of peak firing (95 ms, 20 dB SPL) in the spike density function, and the hatched line corresponds to the
horizontal coordinate. Bottom right: Color bar encoding the firing rate intensity in the spike density function at left. (F) Top:
Schematic of an FM (gray or black at 66% opacity) paired at the onset with a 30 ms CF (white) at BFlow (23–27 kHz). Opacity
denotes that the “best direction” for 66% of the neurons in this sample (38/58) was upward. Otherwise, stimuli are identical
to those depicted in “B” and “D.” Bottom left: Mean spike density function of DSCF neural responses to 0.04 kHz/ms
FMs modulated in the “best directions” of each neuron in the right hemispheres of female bats. “X” marks the location of
peak firing (89 ms, 30 dB SPL) in the spike density function, and the hatched line corresponds to the horizontal coordinate.
Bottom right: Color bar encoding the firing rate intensity in the spike density function at left. No responses occur in the last
50 ms, so they are omitted to provide greater detail.

There were highly sex dependent hemispheric differences in peak response latency. In
males, there were no significant hemispheric differences in peak response latency in the
upward (D (43,35) = 0.1495, p = n.s.), downward (D (43,35) = 0.1814, p = n.s.), or best (D
(43,35) = 0.1761, p = n.s.) FM directions. Likewise, peak response latencies were similar
between hemispheres in the downward (D (40,58) = 0.1250, p = n.s.) and best (D (40,58)
= 0.2414, p = n.s.) FM directions in females. However, peak response latencies differed
between hemispheres in the upward (D (40,58) = 0.3543, p = 0.0037; |d| = 0.5221, medium
effect) FM direction in females, such that latencies of responses to upward FMs were
shorter on the left (mean ± s.e.m.: 64.37 ms ± 7.45) than on the right (89.94 ms ± 6.59).
Across sexes overall, latencies differed between hemispheres in the upward (D (83,93) =
0.2493, p = 0.0068, |d| = 0.3579, small-to-medium effect) but not downward (D (83,93) =
0.0963, p = n.s.) FM direction, such that responses to upward FMs had shorter latencies on
the left (57.04 ms ± 4.96) than on the right (74.71 ms ± 5.48). There was a trend toward
interhemispheric latency differences for the best FM direction across sexes (D (83,93) =
0.1929, p = 0.0667).

Further, latencies generally differed between sexes. Specifically, latencies of responses
in the left hemisphere were shorter in males (48.11 ms ± 5.72) than in females (66.94 ms
± 7.05) in the downward (D (43,40) = 0.3366, p = 0.0135, |d| = 0.4587, small-to-medium
effect) FM direction. There was a similar trend in the left hemisphere for the upward (D
(43,40) = 0.2640, p = 0.0925) FM direction, indicating a tendency towards shorter latencies
in males (50.22 ms ± 6.51) than in females (64.37 ms ± 7.45). Interestingly, there was
neither a difference nor a trend for the best (D (43,40) = 0.2355, p = n.s.) FM direction
between males (49.38 ms ± 5.74) and females (61.82 ms ± 6.60) in the left hemisphere. In
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the right hemisphere, there was a trend for the downward (D (43,40) = 0.2714, p = 0.0656)
FM direction that likewise indicated a tendency towards shorter latencies in males (58.93
ms ± 8.34) than in females (68.84 ms ± 6.76). However, latencies of responses to upward
FMs in the right hemisphere were substantially different between sexes (D (43,40) = 0.5650,
p = 7.42 × 10−7, |d| = 0.8214, large effect), again driven by shorter latencies in males (49.46
ms ± 8.06) than in females (89.94 ms ± 6.59). Likewise, responses to FMs modulated in
the neuron’s best (D (43,40) = 0.3414, p = 0.0090, |d| = 0.4666, small-to-medium effect)
direction differed in latency between males (55.05 ms ± 8.39) and females (78.38 ms ± 6.59)
in the right hemisphere. Overall, latencies differed between sexes in the upward (D (78,98)
= 0.4063, p = 6.48 × 10−7, |d| = 0.6180, medium effect), downward (D (78,98) = 0.2700, p
= 0.0027, |d| = 0.3262, small-to-medium effect), and best (D (78,98) = 0.2889, p = 0.0011;
|d| = 0.4301, small-to-medium effect) FM directions. These differences were due to males
(49.88 ms ± 5.06) having shorter latencies to upward FMs than females (79.50 ms ± 5.08),
and males (52.96 ms ± 4.90) likewise had shorter latencies to downward FMs than females
(68.06 ms ± 4.91).

There were highly sex dependent hemispheric differences in best amplitude (BA). In
males, there were hemispheric differences in BA that were more marked in the upward (D
(43,35) = 0.5136, p = 3.83 × 10−5; |d| = 1.0159, large effect) and best (D (43,35) = 0.4100, p =
0.0020; |d| = 0.7219, medium-to-large effect) FM direction than in the downward (D (43,35)
= 0.3063, p = 0.0420; |d| =0.5853, medium effect) direction. Specifically, for the upward
FM direction in males, BAs were lower amongst left (38.51 dB SPL ± 3.10) than right
(57.04 dB SPL ± 2.58) DSCF neurons. Likewise, BAs were lower amongst left (38.13 dB SPL
± 3.07) than right (50.38 dB SPL ± 3.70) DSCF neurons for the downward FM direction
in males. In females, there were trends towards hemispheric differences for BAs in the
upward (D (40,58) = 0.2586, p = 0.0698) and downward (D (40,58) = 0.2526, p = 0.0815) FM
directions that were significant for the best (D (40,58) = 0.3069, p = 0.0177; |d| = 0.1882,
minute-to-small effect) direction. However, in the upward FM direction in females, this
trend indicated a tendency for BAs to be greater amongst left (38.02 dB SPL ± 3.36) than
right (33.24 dB SPL ± 2.24) DSCF neurons. Likewise, there was a tendency for BAs to be
greater amongst left (42.92 dB SPL ± 2.85) than right (38.91 dB SPL ± 2.34) DSCF neurons
in the downward FM direction in females. Largely due to these diametrically opposed
tendencies between sexes, BAs showed no overall hemispheric differences in either the
upward (D (83,93) = 0.1283, p = n.s.), downward (D (83,93) = 0.1347, p = n.s.), or best (D
(83,93) = 0.1347, p = n.s.) FM directions.

BAs differed substantially between sexes. BAs were generally greater in males
(43.62 dB SPL ± 2.19) than in females (40.55 dB SPL ± 1.81) in the downward (D (78,98)
= 0.2449, p = 0.0088, |d| = 0.1882, minute-to-small effect) FM direction. Similarly, BAs
were greater in males (46.83 dB SPL ± 2.06) than in females (35.19 dB SPL ± 1.91) in the
upward (D (78,98) = 0.2449, p = 3.43 × 10−4; |d| = 0.5945, medium-to-large effect) FM
direction. These same differences were reflected in the BAs for FMs modulated in the best
(D (78,98) = 0.2658, p = 0.0033; |d| = 0.3984, small-to-medium effect) direction of each
neuron. Separating analyses by hemisphere provided greater detail to the sex-dependent
hemispheric differences in BA described above. Specifically, BAs were similar between
males (38.13 dB SPL ± 3.07) and females (42.92 dB SPL ± 2.85) in the downward FM
direction in the left hemisphere (D (43,40) = 0.2686, p = n.s.). However, BAs were greater
between males and females in the downward FM direction in the right hemisphere (D
(35,58) = 0.4562, p = 1.2876 × 10−4;|d| = 0.5899, medium-to-large effect). BAs were similar
between males (38.51 dB SPL ± 3.10) and females (38.02 dB SPL ± 3.36) for the upward
FM direction in the left hemisphere (D (43,40) = 0.1674, p = n.s.). Again, there was no such
similarity in the right hemisphere for upward FMs (D (35,58) = 0.6616, p = 3.0550 × 10−9;
|d| = 1.4495, large-to-huge effect) where BAs were greater in males (50.38 dB SPL ± 3.70)
than in females (38.91 dB SPL ± 2.34) for upward FMs. Following from these results, BAs
were similar between sexes in the left (D (78,98) = 0.1186, p = n.s.) but not the right (D
(78,98) = 0.5700, p = 5.7264 × 10−7, |d| = 0.9413, large effect) hemisphere when FMs were
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modulated in the best direction for each neuron. These results underscore that, amongst
DSCF neurons, BAs for linear FMs with rates of 0.04 kHz/ms differ between sexes, but
these sex differences in BA are largely driven by the right hemisphere.

Figures 3 and 4 reveal latency shifts that coincide with decreases in sound level in
the upward FM direction. On average, response latencies increased by nearly 50 ms as
the sound level decreased in the upward FM directions in both hemispheres of males and
females. However, this latency shift in response to upward FMs occurred at a greater
sound level (around 20 dB SPL louder) on the right in males than on the left in males or in
either hemisphere in females. This pattern is similar for the downward FM direction in
males, though a prominent second response peak is also visible after 150 ms (i.e., a possible
offset response) and at 50–70 dB SPL. Changes in sound level for downward FMs yielded
a variety of response patterns in the male right hemisphere and bilaterally in females.
Right-hemispheric responses to downward FMs in males did not shift in latency, despite
decreases in sound level, and these responses largely ceased for sound levels <40 dB SPL.
Unlike the other groups, the average peak response to downward FMs amongst right-
hemispheric neurons in males occurred at the highest sound levels and near stimulus onset
(20 ms or 10 ms post-stimulus onset). Left and right-hemispheric responses to downward
FMs in females were characterized by a quasi-tonic firing pattern most prominent at lower
sound levels (≤40 dB SPL).

Previous research established that DSCF neurons are generally more responsive to
upward than to downward FMs when the FMs were optimized for rate, bandwidth, central
frequency, and BA [80]. In our sample, 101/176 (57%) DSCF neurons had greater responses
to upward than to downward FMs when FM rates were all equal to 0.04 kHz/ms and the
sound level changed by 10 dB SPL every 10 out of 100 trials. In males, maximal responses
to FMs with rates of 0.04 kHz/ms were found in the upward direction in 51% (22/43) of left-
hemispheric and 69% (24/35) of right-hemispheric neurons. In females, maximal responses
to FMs with these same rates were found in the upward direction in 42.5% (17/40) of
left-hemispheric and 66% (38/58) of right-hemispheric neurons. As stated above, previous
research employed more optimal measures to assess the general directional preference of
DSCF neurons and thus provides a better guide to this filter property. Nonetheless, these
results show that a general upward FM directional preference in DSCF neurons is present
even when assessed using FM stimuli not optimized for rate, BA, and other FM parameters.

Lastly, we selected 64 DSCF neurons with best-FM rates of 0.04 kHz/ms and measured
their responses to 200 presentations of their best-FMs (optimized for rate, bandwidth,
central frequency, and direction) at BA (Figure 5). This relatively small number of neurons
(Left Male = 4; Left Female = 10; Right Male = 17; Right Female = 33) yielded no significant
differences when compared across hemispheres and sexes via two-sample Kolmogorov–
Smirnov tests. However, descriptive statistics reveal notable patterns across hemispheres
and sexes. In males, latencies of responses to best-FMs with rates of 0.04 kHz/ms tended to
be shorter on the left (14.75 ms ± 2.21) than on the right (31.68ms ± 6.08), and BAs tended
to be greater on the right (74.71 dB SPL ± 3.11) than on the left (22.5 dB SPL ± 7.5). In
females, response latencies were closer in time between hemispheres but still tended to be
shorter on the left (22.00 ms ± 4.89) than on the right (31.38 ms ± 5.26). Further, in females,
BAs were also closer in loudness between hemispheres, tending to be slightly greater on
the left (44.00 dB SPL ± 5.42) than on the right (38.48 dB SPL ± 3.70).
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Figure 5. Mean peak response latencies and best amplitudes (BAs) of DSCF neurons
selective for 0.04 kHz/ms. (A) Mean (± standard error of the mean) latencies (left column)
and BAs (right column) of DSCF neuronal responses recorded from 64 neurons in male
and female bats and elicited by 200 repetitions of their “best FMs” (optimized for BA, FM
rate, FM bandwidth, FM central frequency, and FM direction). Recordings were from left
(blue, N = 14) and right (red, N = 50). In this 64-neuron sample, 57.14% (8/14) of best
FM directions for the left DSCF neurons and 64% (32/50) of best FM directions for the
right DSCF neurons were upward. (B) Same depiction as “A” for responses recorded
from 21 DSCF neurons (left, N = 4; right, N = 17) in male bats. In this 21-neuron sample,
50% (2/4) of best FM directions for the left DSCF neurons and 82.35% (14/17) of best
FM directions for the right DSCF neurons were upward. (C) Same depiction as “A” for
responses recorded from 43 DSCF neurons (left, N = 10; right, N = 33) in female bats. In
this 43-neuron sample, 60% (6/10) of best FM directions for the left DSCF neurons and
54.54% (18/33) of best FM directions for the right DSCF neurons were upward. The lower
number of left DSCF neurons across this sample reflects an earlier finding that, when
presented with FM rates ranging from 0.04 to 4.0 kHz/ms, right DSCF neurons (especially
in males) are far more likely to respond maximally to 0.04 kHz/ms than those on the
left [67].
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4. Discussion

Slow linear FMs (rate = 0.04 kHz/ms; bandwidth = 5.25 kHz; duration = 131.25 ms)
when presented at sound levels ranging from 0 to 90 dB SPL (in 10 dB SPL attenuation steps)
revealed sex-dependent hemispheric asymmetries in DSCF neural peak response latency
and best amplitude (BA). Two results support our hypothesis that DSCF neural responses
to slow linear FMs differ by hemisphere and sex. First, left DSCF neurons responded to
slow, upward FMs with shorter latencies than right DSCF neurons, particularly in females.
Second, BAs of right DSCF neurons responding to slow upward and downward FMs
were greater than those of left DSCF neurons in males but not females. In other words, in
males, DSCF neurons respond at their peak firing rates to quieter FM sounds on the left
compared to the right. Furthermore, right DSCF neurons in males have higher minimum
thresholds for slow upward and downward FMs than left DSCF neurons. With respect to
sex differences, peak response latencies to both upward and downward FMs were generally
shorter in males when compared to females. These results from 176 DSCF neurons are
largely corroborated by responses from a subset of 64 DSCF neurons selective for FM rates
of 0.04 kHz/ms elicited by 200 repetitions of optimized FM stimuli (i.e., best FM rate,
bandwidth, center frequency, and direction) presented at BA.

Here, we reported results for the upward, downward, and best FM directions to
provide greater detail and a wider scope. Though some results were more significant for
downward FMs (e.g., shorter response latencies in males than in females for downward
but not upward FMs), the majority of our findings were either significant for both FM
directions or more significant for upward FMs. This aspect is critical to the interpretation of
our results because DSCF neurons, in general, prefer (i.e., respond with greater magnitude
to) upward FMs [80], and the data presented here reflects that same directional preference.
Best FM results largely reflected those of the upward FM direction combined with some
aspects of the downward direction.

The hemispheric differences in peak response latency primarily observed in female
bats exist in the absence of any significant differences in BA. Hemispheric differences in
temporal and spectral resolution, hypothesized to underlie speech and music processing
in the human auditory cortex [28,29], operationally match those hypothesized to underlie
social communication and echolocation in the DSCF area [50,67,84]. Though not direct
evidence for this assertion, a longer peak response latency to a slowly modulated, long-
duration FM signal could be elicited from a neuron tuned to a specific, narrow frequency
band contained within the FM or a short segment of the FM itself, suggesting a relatively
longer temporal integration window (i.e., low temporal resolution coinciding with high
spectral resolution). Conversely, a shorter latency in response to a long, slow FM signal
could be elicited from a neuron tuned to a broader range of frequencies contained within the
FM, with earlier firing resulting from faster integration times (i.e., low spectral resolution
but with a high temporal resolution, allowing the neuron to follow frequency changes
across shorter time windows than those possible on the right).

Previous research suggests that interhemispheric temporal versus spectral processing
differences in mustached bats [67], rodents [66], and humans [9] would either be more
pronounced in males or similar between the sexes. A closer examination of previous sex-
dependent asymmetry results in the DSCF area in the mustached bat, however, provides
additional details. Left DSCF neurons in males are selective for FMs with faster rates
and shorter durations than their right-hemispheric homologues or either hemisphere in
females [67]. In females, whereas left DSCF neurons were selective for FMs with shorter
durations than their right-hemispheric homologues, they had no significant hemispheric
differences in FM rate selectivity. Despite these sex-dependent hemispheric differences
in FM selectivity, left DSCF neurons responded to their best FMs (i.e., optimized for rate,
bandwidth, central frequency, direction, and BA) nearly 10 ms faster than right DSCF
neurons in both sexes. As reported here, peak response latencies were generally longer for
females than males. These results, when contextualized by previous results, suggest that
interhemispheric spectral versus temporal processing differences are present yet manifest
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differently within both sexes. Specifically, in males, the left-hemispheric advantage for
temporal processing amongst DSCF neurons manifests as an enhanced ability to detect and
quickly respond to short duration, rapidly changing FMs relative to those on the right. In
females, on the other hand, a left-hemispheric temporal processing advantage results in
earlier responses to FMs with slow-to-moderate rates relative to the right as opposed to
selectivity for faster FM rates. Thus, hemispheric differences in peak response latency to
best-FMs would appear similar in both sexes with potentially longer latencies in females
overall, as reported previously [67].

The amplitude-related asymmetry observed amongst DSCF neurons in males, on the
other hand, does not conform as elegantly to the theoretical framework of spectral versus
temporal processing. Hemispheric differences in neural selectivity for amplitude (dB SPL)
can be restated as hemispheric differences in acoustical energy or power (i.e., energy per
unit time). In other words, right DSCF neurons in males required greater acoustic energy
to respond to long-duration FMs with slow rates than did those on the left. This point
is made even clearer when observing “latency shifts” within the recorded population of
DSCF neurons. With the rare exception of auditory neurons that display “paradoxical
latency shifts,” neurons throughout the auditory system typically increase their latencies
as the sound level (i.e., intensity or loudness) decreases [87]. Such latency shifts are
observed in both hemispheres and sexes, especially in the upward FM direction. Our
group analyses, however, demonstrate that the latency shifts that commonly accompany
decreasing amplitude in auditory neurons are evident even after relatively slight amplitude
decreases amongst right DSCF neurons in males. These high amplitude latency shifts likely
explain why there are hemispheric differences in peak response latencies in males for the
subset of DSCF neurons selective for 0.04 kHz/ms (N = 21 in males), to which we presented
best FMs 200 times at BA, but not in the larger population (N = 78), where we presented
FMs with rates of 0.04 kHz/ms across sound levels from 0 to 90 dB SPL.

The results above add new details to the previously reported hemispheric differences
for processing social calls in the DSCF area of the mustached bat auditory cortex [50].
Comparisons between social calls and pulse–echo CF pairs revealed that left DSCF neurons
responded equally well to both stimulus types, whereas right DSCF neurons were more
responsive to pulse–echo CF pairs than to social calls. Subsequent comparisons between
CF pairs and linear FMs revealed that right DSCF neurons only responded to CFs and
relatively slow FM rates (<0.5 kHz/ms), left DSCF neurons responded to CFs and a wider
range of FM rates, and this hemispheric difference appeared to be more pronounced in
males than in females [67].

Most mustached bat social calls often contain FMs with rapid rates, so a lack of the
right DSCF neural responses to many social calls is in accordance with their general lack of
responses to rapid FMs. The robust responses of DSCF neurons in both hemispheres to
slow FM rates (0.04 kHz/ms) of upward FMs also does not correspond to the gradually
increasing Doppler shifts (<0.01 kHz/ms) of the CF in echoes returning from approaching
targets (Mueller and Kanwal, unpublished). CF and quasi-CF calls emitted by mustached
bats, however, do contain slow modulations near 0.04 kHz/ms in the echo-CF2 range [81].
Further, CF and quasi-CF calls, particularly the QCFl call, are frequently emitted by males
during their affiliative interactions between other males and females [85]. Our results of
shorter peak response latencies and lower BAs for slow FMs on the left, therefore, support
the left-hemispheric specialization for processing social calls [50] though sex differences
in call processing need further investigation. We propose that studies of hemispheric
specialization for social calls in mammals, typically restricted to tests at single sound levels,
could benefit from testing wider amplitude ranges and FM rates present in conspecific
social calls. Future investigations can also help determine whether the amplitude-related
asymmetry observed here is a direct consequence of an asymmetry for spectral versus
temporal processing or whether they are independent aspects of auditory processing
asymmetries in highly social and vocal species, including humans.
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One potential limitation to our study is that functional hemispheric asymmetries, in
general, can be modulated over time by stress [88,89]. Such stress-related changes on func-
tional hemispheric asymmetries have been found in classes as diverse as Chondrichthyes,
Osteichthyes, amphibians, aves, and mammals (humans included). The influence of stress
on functional hemispheric asymmetries can be attributed either to steroid hormones (e.g.,
androgens, estrogens, progestogens, glucocorticoids, and mineralocorticoids), hemispheric
differences in emotional processing, or an interaction thereof. For instance, it has been
suggested that the regulation of cortisol secretion during stress is regulated by right-
hemispheric neural circuitry [90]. Further, the relationship between stress and functional
hemispheric asymmetries may also depend on the developmental stage along with the
type of stressor and its duration [91]. Experimental conditions such as those used in
highly invasive techniques such as single-unit recording or even non-invasive techniques
predicated on confined environments such as fMRI have the potential to induce stress.
Certain functional hemispheric asymmetries in mustached bats reported above and pre-
viously [67] are highly sex-dependent, suggesting that such asymmetries are subject to
changes in sex hormones. It is thus likely that other steroid hormones, such as those
regulated by stress, would similarly impact the cortical asymmetries observed in mus-
tached bats. The mustached bats used in our study were free to fly and socialize in a
temperature and humidity-controlled environment that simulates the caves they naturally
inhabit. Nonetheless, keeping these bats in a confined environment may have caused them
stress and influenced their hemispheric differences in a multitude of ways. Thus, designing
experiments to assess the influence of stress on hemispheric asymmetries for processing
social calls in mustached bats represents a key future direction.

It is important to contextualize these and previous findings in mustached bats with
hemispheric specializations reported in other species. One classic paper employed clado-
graphic comparisons to identify vertebrate orders for which there is evidence supporting
or negating lateralization of conspecific social call production and/or perception [57]. This
extensive review details evidence from the literature supporting hemispheric specialization
for conspecific social calls in species as diverse as fish, frogs, songbirds, parrots, eagles,
horses, dogs, seals, rodents, and primates. Interestingly, based on the literature at the
time of its publication, this review stated that “no general left-hemispheric dominance
for the auditory perception of conspecific vocalization comparable to humans exists in
bats . . . ”, apparently because a stereological study of Nissl-stained cells failed to find
hemispheric differences between the left and right DSCF areas [92]. This conclusion was
revised after two neurophysiological studies revealed functional hemispheric differences
in the processing of social calls vs. echolocation signals [50] and linear FMs [67] in that
same area.

Despite their exclusion from that cladographic analysis, mustached bats have much
to offer the field of comparative cortical lateralization for social communication. First, the
auditory cortices of mustached bats have evolved to process both their stereotypic biosonar
signals during echolocation [68–71,93] and also to process their acoustically diverse social
calls [76–80]. Thus, maps of the mustached bat auditory cortex reflect the stereotypic
nature of their biosonar signals, making it one of the best-established auditory cortex
maps amongst all mammals studied to date. Second, central and peripheral auditory
structures evolved to be hypertrophic in mustached bats [83] and other high-duty cycle (i.e.,
CF-FM) chiroptera [94], making them relatively easy to probe and/or image. Third, the
review described above advocates for neuroimaging (e.g., fMRI) approaches to studying
hemispheric specialization for audiovocal communication in animals. Here, mustached
bats have the advantage that the acoustic frequencies of MRI scanner noise largely fall below
this species’ range of hearing [95]. Thus, the results presented above and previous findings
suggest that mustached bats have much to offer from their unique position amongst animal
models of hemispheric specialization for auditory social communication.
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Abstract: Left-hemispheric language dominance is a well-known characteristic of the human language
system. However, it has been shown that leftward language lateralization decreases dramatically
when people communicate using whistles. Whistled languages present a transformation of a spoken
language into whistles, facilitating communication over great distances. In order to investigate the
laterality of Silbo Gomero, a form of whistled Spanish, we used a vocal and a whistled dichotic
listening task in a sample of 75 healthy Spanish speakers. Both individuals that were able to
whistle and to understand Silbo Gomero and a non-whistling control group showed a clear right-ear
advantage for vocal dichotic listening. For whistled dichotic listening, the control group did not
show any hemispheric asymmetries. In contrast, the whistlers’ group showed a right-ear advantage
for whistled stimuli. This right-ear advantage was, however, smaller compared to the right-ear
advantage found for vocal dichotic listening. In line with a previous study on language lateralization
of whistled Turkish, these findings suggest that whistled language processing is associated with a
decrease in left and a relative increase in right hemispheric processing. This shows that bihemispheric
processing of whistled language stimuli occurs independent of language.

Keywords: Silbo Gomero; whistle language; cerebral lateralization; brain asymmetry; dichotic
listening task

1. Introduction

Both the left and the right hemispheres contribute to language processing, but they are relevant
for different aspects of how language is processed. The auditory language comprehension model by
Friederici [1] assumes that the left hemisphere is dominant for the processing of syntactic structures,
semantic relations, grammatical and thematic relations, and information integration when spoken
language is perceived. In contrast, the right hemisphere is dominant for the processing of prosody,
intonational phrasing, and accentuation focus. This implies that if a language is processed that
requires a greater amount of prosody processing to be understood correctly than spoken language,
greater right-hemispheric activation should be expected.

Typically, processing spoken language activates a larger network of brain areas in the left than in
the right hemisphere [2,3]. Overall, 96% of strong right-handers, 85% of ambidextrous individuals,
and 83% of strong left-handers show left-hemispheric language dominance [4,5]. Left-hemispheric
language dominance has been reported for both atonal [6,7] and tonal languages [8], and also for
writing [9] as well as sign languages [10–12]. It has been suggested that this dominance of the left
hemisphere is caused by superiority to assess fast temporal changes in auditory input, making the left
hemisphere ideally suited to analyze voice onset times of different syllables [13–15].
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One interesting way to investigate whether language lateralization indeed is based on these
properties of the left hemisphere is to compare the processing of stimuli that require different degrees
of fast temporal processing in order to be understood correctly. Here, it has been suggested that
comparing vocal and whistled languages might be a meaningful approach to do so [16]. A whistled
language is a system of communication based on whistling. Whistled articulated languages provide
an unlimited number of messages [17], and a whistled sound has a higher pitch and intensity than
one produced on the vocal cords, meaning a whistle is the most powerful sound that a human being
can produce without any external tool [18]. Whistled languages utilize the vocabulary, grammar,
syntax of the local speech, and even the phonology [19], with a reduction in phonemes [18,20], lending
major importance to the context in the conversation. Except for isolated cases, whistled languages
were, and still are, used for communication over long distances [19]. Depending on the atmospheric
conditions (distance to the sea, air, presence or absence of mountains and valleys), a whistled message
can be understood in distances over 3 km [19]. Today, 70 whistled languages are still in use [17].

One of the most common uses of whistle languages is communication among shepherds when
they work in mountainous regions. This is also the main use of Silbo Gomero (meaning “whistle from
La Gomera” in Spanish), a communication system based on Spanish still used today on the Canary
Islands in Spain. While historically, there were a number of different whistled languages in use on the
Canary Islands [18,20], Silbo Gomero is the only one still widely used today. Despite the arrival of
newer communication technologies such as cell phones, Silbo Gomero is still taught in some schools
on the Canary Islands. Younger pupils often learn it as part of their cultural heritage education, not so
much for necessity. However, it still is very useful in natural contexts like trekking or in several parts
of the islands where the telecommunication network is not powerful enough to ensure coverage.

Lateralization of whistled languages is still not well understood. The first and only study to
investigate language lateralization in whistled languages was conducted in Turkey [16]. In this study,
31 proficient whistled Turkish speaking participants were tested with a dichotic listening task divided
into two sections: hearing spoken Turkish syllables in the first one and whistled Turkish syllables
in the second one. Dichotic listening is one of the most commonly used behavioral tasks to assess
language lateralization [21,22]. Participants listen to pairs of syllables simultaneously on headphones.
They have to indicate which syllable they understood best, and typically a right-ear/left-hemisphere
advantage is observed for spoken syllables. In contrast to that, it was demonstrated that whistled
Turkish is processed more bilaterally than spoken Turkish [16].

For Silbo Gomero, language lateralization has not been investigated yet. However, an fMRI study
of Silbo Gomero has been performed, in which samples of spoken and whistled Spanish sentences
and isolated words were presented to a group of five proficient whistlers (Silbadores) and a control
group who were Spanish speakers but unfamiliar with Silbo Gomero [23]. The results indicate that the
temporal regions of the left hemisphere that are usually associated with spoken-language function
were also engaged during the processing of Silbo in experienced Silbadores. Both passive listening
and active-monitoring tasks produced a common activation in the left superior posterior temporal
gyrus. Activation of the right superior–midtemporal region was also evident across both the Silbo
and Spanish speech conditions. Furthermore, activity increased in the right temporal lobe in response
to non-linguistic pitch changes, tones, and complex sounds, but according to the authors, the same
regions may also be associated with linguistic processing tasks. Group analysis indicated that the areas
activated during both Spanish and Silbo processing in Silbadores differed significantly from those
activated in non-whistlers. In particular, there was less ventral–anterior temporal activation during
the processing of Silbo Gomero than during speech processing. The authors argued that this is due
to there being less need to correctly identify specific phonological contrasts. Moreover, there was a
stronger premotor activation for Silbo Gomero.

In the present study, we used the dichotic listening task to investigate language lateralization in
Silbo Gomero. On the one hand, we wanted to test whether the results obtained in Turkish whistlers
in Küs.köy [16] could be replicated with Silbo Gomero in Tenerife and Gran Canaria. On the other
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hand, we wanted to test whether experience with the whistled language modulated the extent of
left- and right-hemispheric contributions. To answer these questions, we tested 75 Spanish speakers
separated into a non-whistling control group (CG) and an experimental group that was able to whistle
and understand Silbo Gomero (WG) with vocal and whistle dichotic listening [16]. Based on the
literature, we expected to find leftward lateralization in the spoken dichotic task, but a more bilateral
pattern in the whistled dichotic listening. Moreover, within the WG, we assessed experience with Silbo
Gomero by comparing individuals that were still learning Silbo Gomero with experienced whistlers.
This was done since whistle experience and aptitude to learn a new language [24] could affect overall
performance in the whistled dichotic listening task, as well as the lateralization pattern.

2. Materials and Methods

2.1. Participants

The sample consisted of 75 native Spanish speakers aged between 15 and 80 years. The cohort was
separated into two groups according to their Silbo Gomero abilities. Participants in the control group
(CG) were not able to whistle or understand Silbo Gomero (n = 25; aged between 22 and 80 years,
mean age: 35.24 years, SD: 13.81; 12 women; 13 men). In contrast, participants in the whistlers’ group
(WG) were able to whistle and understand Silbo Gomero (n = 50; aged between 15 and 57 years, mean
age: 38.27 years, SD: 10.30; 17 women and 33 men). There was no significant age difference between
the WG and the CG (t(67) = −1.04, p = 0.30).

Handedness was determined using the Edinburgh Handedness Inventory (EHI) [25]. The EHI
is a ten-item questionnaire designed to assess handedness by self-report of the preferred hand for
performing common activities such as writing and using utensils such as a toothbrush. Participants
had five different answer options. They could indicate that they always used their right/left hand for a
specific activity, mostly used their right/left hand for a specific activity, or used both hands equally for
a specific activity. A laterality quotient (LQ) was calculated using the formula LQ = [(R − L)/(R + L)]
× 100. A score of 100 reflects consistent right-handedness, while a score of −100 reflects consistent
left-handedness. In the CG, there were 3 left-handers and 22 right-handers. In the WG, there were
5 left-handers and 45 right-handers. There were no significant differences in the frequency of
left-handedness between the two experimental groups (p = 0.79). Additionally, we compared the EHI
LQs for the two groups. In the CG, the mean LQ was 51.62 (SD = 54.06; range: −100 to 100). In the WG,
the mean LQ was 47.62 (SD = 40.92; range: −71.43 to 100). There was no significant difference in EHI
LQ between the two groups (t(73) = 0.36; p = 0.72). We did include left-handed participants on purpose
in the sample. Left-handers represent a substantial portion of the human population (10.6%) and it has
recently been argued that they need to be included in laterality studies, as they are an important part
of the normal range of human diversity [26]. Thus, excluding them would give a skewed picture of the
actual laterality patterns for Silbo Gomero.

In order to assess the effects of experience with Silbo Gomero on language lateralization, we further
subdivided the WG into two groups. First, a learners group (LG) (aged between 15 and 57 years, mean
age: 37.82 years, SD: 9.91; 11 women; 14 men) that included individuals that had been practicing
Silbo Gomero for 3 years or less (mean time whistling: 1.16, SD: 0.47). Second, an advanced group
(AG) (age between 18 and 57, mean age: 38.73 years, SD: 10.90; 6 women; 19 men), who had active
experience with Silbo Gomero for more than 3 years (mean time whistling: 6.08, SD: 5.00). Participants
had no history of any neurological or psychiatric diseases that could affect language perception or
production. All participants had unimpaired hearing capabilities according to self-report. The local
ethics committee of the psychological faculty at Ruhr-University Bochum approved the procedure.
All participants gave written informed consent and were treated in accordance with the Declaration of
Helsinki. For the one 15-year-old participant, parental informed consent was also obtained.
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2.2. Language Skills

A questionnaire regarding language skills was handed to the participants. Subjects were asked
to declare their first language: mother tongue(s), second spoken languages: the language and
approximated level of competency (subjects who did not know their level according to the Common
European Framework were given a subjective measure: low, medium or advanced). In addition,
the subjects in the WG were asked to indicate the amount of time since they had learned to whistle.
Subjects in the CG were asked whether they were aware of the existence of Silbo Gomero. Most of the
participants in the WG learned Silbo Gomero in courses and the majority of the whistlers in the AG
were active Silbo teachers at the time point at which the study was conducted. In general, participants
presented a wide range of language skills including early bilingualism and second spoken languages.
In the CG, 14 people were bilingual speakers (Spanish-Catalán, Spanish-Gallego, Spanish-Asturiano,
and Spanish-German). The mean number of second spoken languages was 2.2 (SD: 1.04). In the LG,
there were 3 bilingual speakers (Spanish-German). The mean number of second spoken languages in
this group was 0.92 (SD: 0.76). In the AG, there were no bilingual speakers. In this group, the mean
number of second spoken languages was 0.84 (SD: 0.62).

2.3. Dichotic Listening Task

Language lateralization was assessed using an auditory dichotic listening paradigm programmed
and presented using Presentation® software (Neurobehavioral Systems, Inc., Albany, USA). A similar
task has been used before to assess whistle language lateralization in Turkish whistle language
speakers [16].

For the dichotic listening task, syllable pairs consisting of two out of five different consonant-vowel
(CV) syllables (ba [ba], ca [ka], cha [t

∫
a], ga [ga], ya [ya]) were used as stimuli. The syllables were

chosen according to the five groups of distinguishable consonants [18] for learners of Silbo Gomero.
Overall, there were 25 different syllable pairs, five homonyms (ba/ba, ca/ca, cha/cha, ga/ga and ya/ya)
and 20 heteronyms (ba/ca, ba/cha, ba/ga, ba/ya, ca/ba, ca/cha, ca/ga, ca/ya, cha/ba, cha/ca, cha/ga, cha/ya,
ga/ba, ga/ca, ga/cha, ga/ya, ya/ba, ya/ca, ya/cha, ya/ga). The spoken stimuli were recorded by a native
male Spanish speaker. The whistled stimuli were recorded by a proficient male whistler. Syllable onset
within each syllable pair stimuli was set at the beginning of the sound file using Audacity® software
(Trademark of Dominic Mazzoni, Pittsburgh, PA, USA). Stimuli had a mean duration of 300 ms for the
spoken syllables, and 750 ms for the whistled syllables. The stimuli were presented via headphones
(Beyerdynamic GmbH, Heilbronn, Germany) at 80 dB.

The keyboard was customized: five buttons were labeled with the presented syllables (ba, ca, cha,
ga, ya). After the stimulus presentation, participants had to press one of five keys to indicate which of
the syllables they had perceived more accurately. The inter-stimulus interval was fixed at two seconds.

The task was divided into two conditions: a vocal condition and a whistled condition.
Each condition had one practice block that was not included in the final analysis and two experimental
blocks. Independently from the preferred hand, participants started with right or left hand alternatively
in a randomized fashion and changed the hand in the middle of each block. In the second test block,
the headphones were reversed to avoid the possible confounding effects of slightly different noise
levels coming from the left and the right headphone speaker (which should not exist). The practice
block for both the vocal and the whistled condition consisted of 20 trials to get participants accustomed
to the task and the tone of the syllables. Afterwards, the two experimental blocks for each condition
were presented. Here, all of the possible combinations of the syllables were presented: 5 homonyms
and 20 heteronyms twice for each ear (one for every ear-hand combination). Thus, the total number of
trials was 100 for each condition (80 heteronym and 20 homonym trials)
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2.4. Statistical Analysis

Statistics were performed using IBM SPSS Statistics for Windows, Version 21.0. (IBM Corp.,
Armonk, NY, USA). The dichotic laterality index (LI) of the participants was calculated as
LI = [(RE − LE)/(RE + LE)] * 100, (RE = number of right ear responses, LE = number of left ear
responses). This index varies between −100 and +100, with positive values indicating a right ear
advantage (REA) and negative values indicating a left-ear advantage (LEA) [16]. Performance on the
dichotic listening task was analyzed parametrically using ANOVAs. Neyman–Pearson correlation
coefficients were determined in order to investigate possible relationships between the variables.

3. Results

3.1. Dichotic Listening

Table 1 shows the results of the dichotic listening task.

Table 1. Results of the dichotic listening task: number of correct right ear (RE) and left ear (LE) answers
on heteronym trials for the control group (CG) and the whistlers’ group (WG) for vocal and whistled
dichotic listening, as well as errors and laterality indexes (LIs).

Condition Variable CG WG

Vocal RE 48.40 ± 1.99 46.66 ± 1.41
LE 23.88 ± 1.92 26.36 ± 1.36

Error 7.72 ± 1.11 6.98 ± 0.82
LI 27.71 ± 4.04 22.01 ± 2.97

Whistle RE 21.00 ± 1.50 29.52 ± 1.06
LE 21.20 ± 1.06 24.10 ± 0.75

Error 37.80 ± 1.46 26.38 ± 1.03
LI −0.48 ± 2.03 7.21 ± 2.46

3.2. Error Rates

In order to check whether participants in the WG showed better recognition of whistled syllables
than participants in the CG, we compared error rates between the groups using a 2× 2 repeated measures
ANOVA with the within-subjects factor condition (VOCAL, WHISTLE) and the between-subjects
factor group (WG, CG). The main effect of condition reached significance (F(1,73) = 690.19; p < 0.001;
partial η2 = 0.90), indicating that overall, participants made more errors during whistled dichotic
listening (32.09 ± 0.89) than during vocal dichotic listening (7.35 ± 0.67). Moreover, the main effect
of group reached significance (F(1,73) = 23.14; p < 0.001; partial η2 = 0.24). This effect indicated
that overall, participants in the WG made fewer errors (16.68 ± 0.73) than participants in the CG
(22.76 ± 1.03). In addition, the interaction condition × group reached significance (F(1,73) = 32.16;
p < 0.001; partial η2 = 0.31) and Bonferroni-corrected post hoc tests were used to further investigate
this effect. The analysis revealed that there was no significant difference between CG and WG for vocal
dichotic listening (p = 0.58). In contrast, there was a significant difference in whistled dichotic listening
(p < 0.001). Here, the CG made substantially more errors (37.8 ± 1.46) than the WG (26.38 ± 1.03).

3.3. Laterality Index

In order to ensure comparability with a previous whistle language dichotic listening study
in Turkish participants [16], we first compared dichotic listening LIs between the CG and WG,
irrespective of experience (see Table 1). To this end, we used a 2 × 2 repeated measures ANOVA
with the within-subjects factor condition (VOCAL, WHISTLE) and the between-subjects factor group
(WG, CG). While there was no main effect of group (F(1,73) = 0.08; p = 0.77), the main effect of
condition reached significance (F(1,73) = 56.82; p < 0.001; partial η2=0.44), indicating a stronger REA
for spoken syllables (LI = 24.86 ± 2.54) than for whistled syllables (LI = 3.37 ± 1.89). Moreover,
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the interaction condition × group reached significance (F(1,73) = 5.50; p < 0.05; partial η2 = 0.07)
and Bonferroni-corrected post hoc tests were used to further investigate this effect. The analysis
revealed that there was no significant difference between the CG and WG for vocal dichotic listening
(p = 0.27). In contrast, there was a significant group difference for whistled dichotic listening (p < 0.05).
Here, the CG showed a slight negative LI that was close to zero (−0.48± 2.03), indicating no lateralization
in this group (one-sample t-test against zero, p = 0.82, no difference from zero). In contrast, the WG
showed a positive LI (7.21 ± 2.46), indicating a significant REA (one-sample t-test against zero, p = 0.01).

3.4. Right-Ear Advantage

To test whether the percentages of individuals with a REA during vocal and whistled dichotic
listening differed between CG and WG, we determined for each participant whether they showed a REA
(positive LI) or a LEA (negative LI) during vocal and whistled dichotic listening. We then compared
the numbers of left- and right-preferent individuals between the CG and WG using Mann–Whitney
U-tests. For vocal dichotic listening, there was no significant difference between the CG and WG
(p = 0.37). Here, participants from both groups were much more likely to show a REA than a LEA (CG:
REA: 96%, LEA: 4%; WG: REA: 90%, LEA: 10%). However, the effect reached significance for whistled
dichotic listening (p < 0.01). Here, participants in the CG showed a LEA more often than a REA (REA:
36%, LEA: 64%). In contrast, participants in the WG showed a REA more often than a LEA (REA: 68%,
LEA: 32%).

3.5. Association between Whistled and Vocal Dichotic Listening

In order to investigate the association between whistled and vocal dichotic listening, we calculated
Neyman–Pearson correlation coefficients between the LIs for vocal and whistled dichotic listening.
In the CG, the effect failed to reach significance (r = −0.02; p = 0.91). In the WG, the correlation
coefficient also failed to reach significance (r = 0.26; p = 0.07).

3.6. Association between Dichotic Listening and Handedness

In order to investigate the associations between whistled and vocal dichotic listening and
handedness, we calculated Neyman–Pearson correlation coefficients between the LIs for vocal and
whistled dichotic listening and EHI LQ. In both the CG and the WG, all effects failed to reach significance
(all p’s > 0.10).

3.7. The Effect of Experience with Silbo Gomero

In order to investigate whether the extent of experience with Silbo Gomero affected language
lateralization, we re-analyzed the data from the WG by splitting it into a learner’s groups (LG) and
an advanced group (AG). We then compared dichotic listening LIs between LG and AG, using a
2 × 2 repeated measures ANOVA with the within-subjects factor condition (VOCAL, WHISTLE)
and the between-subjects factor group (LG, AG). The main effect of condition reached significance
(F(1,48) = 19.45; p < 0.001; partial η2 = 0.29), indicating a stronger right-ear advantage during spoken
dichotic listening (LI = 22.01 ± 3.00) than during whistled dichotic listening (LI = 7.21 ± 2.48). All other
effects failed to reach significance (all p’s > 0.65).

In order to test whether the age of acquisition of Silbo Gomero had an impact on whistle language
lateralization, we calculated Neyman–Pearson correlation coefficients between the age of acquisition on
whistle language LI for both the LG and the AG. Both effects failed to reach significance (LG: r = 0.22;
p = 0.34; AG: −0.36; p = 0.104). In addition, there were no significant correlations either between the LI
and the number of years whistling (LG: r = 0.266; p = 0.20; AG: r = 0.091; p = 0.67).
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4. Discussion

The aim of the present study was to investigate the brain lateralization of whistled Spanish.
We hypothesized that contrary to spoken Spanish, Silbo Gomero is more bilaterally represented, as
both the left and right hemispheres are needed to process whistled stimuli correctly. This hypothesis
was confirmed by the data. For vocal dichotic listening, both groups showed a pronounced REA,
replicating the main finding of a substantial body of evidence for this task [21,27–33]. Thus, both
participants in the CG and participants in the WG on average showed leftward lateralization for the
processing of vocal Spanish. As was to be expected, the two groups did not differ from each other in
this condition, as participants in both groups were native Spanish speakers.

There was, however, a group difference in the whistled condition. Here, participants in the CG did
not show any lateralization, indicating that they did not process the whistled syllables as language. In
contrast, participants in the WG still showed a significant REA in this condition, which was, however,
substantially decreased compared to vocal dichotic listening. This indicates that in the whistled
condition, the right hemisphere likely played a more important role in stimulus processing than during
vocal dichotic listening.

This reduction in the REA is in line with the main finding of a previous dichotic listening study in
proficient Turkish whistlers [16]. Here, the authors reported that whistled language comprehension
relies on symmetric hemispheric contributions, associated with a decrease in left and a relative increase
in right hemispheric encoding mechanisms. While we did not find a completely symmetrical pattern
for whistled Silbo Gomero, the LI of the WG in the whistle condition was substantially reduced
compared to the vocal condition, indicating a similar principle to that observed in the Turkish study.
Why whistled Silbo Gomero still elicits a slight REA in the present study might be explained by
differences in cohort characteristics or differences between Turkish and Spanish. Interestingly, it has
been shown that most participants show a LEA for musical stimuli [30,31]. It could be conceived that
whistled languages present a system of communication with processing demands somewhere between
that of languages and that of music, explaining the reduced REA in processing whistled stimuli.

Our findings are also in line with the only neuroimaging study on Silbo Gomero that has been
conducted so far [23]. While it is difficult to directly compare the results of the two studies, as we
did not perform fMRI scans, our results are largely in line with the overall findings of the previous
work. Specifically, the authors showed that in proficient whistlers, left temporal brain areas commonly
associated with language are also activated during the processing of Silbo Gomero. However, activation
in the right temporal lobe also increased during whistle processing. The authors assumed that this is
due to the need to process to non-linguistic pitch changes, tones, and complex sounds when listening
to Silbo Gomero. This agrees with our finding of a reduced REA in the WG in the whistle condition.
The idea that different cognitive processes are involved in whistle and vocal dichotic listening is also
supported by the lack of significant correlation between spoken LI and whistled LI, which makes it
likely that non-verbal processes are involved in understanding whistled dichotic listening.

Our finding that whistlers still show a REA for the processing of whistled dichotic listening
is also in line with previous studies in non-verbal languages. Generally, it has been shown that
independent of language modality, a left-lateralized pattern can be observed for both signed and
spoken languages [34,35]. Similar results were also found for Morse code. Experienced Morse code
operators show a significant REA, indicating left hemisphere lateralization, for the perception of
dichotically presented Morse code letters [36].

We assumed that whistle experience could affect overall performance in the whistled dichotic
listening task, as well as the lateralization pattern. However, both the direct statistical comparison
of the two groups and the correlation analyses indicated that experience with Silbo Gomero did not
significantly affect language lateralization. This indicates that the critical period in which individuals
that learn Silbo Gomero switch from internally translating whistles to vocal language to natively
understanding the whistle language might be outside the time range we tested.
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Interestingly, our findings are also largely in line with a recent meta-analysis on language
lateralization in bilinguals [37]. Here, it was shown that language lateralization differed between
bilinguals who acquired both languages by 6 years of age and those who acquired the second language
later. While the early bilinguals showed bihemispheric processing for both languages, the late bilinguals
showed a left-hemispheric dominance for both languages. In our sample, both the LG and the AG
acquired Silbo Gomero decidedly later in life than by 6 years of age. Thus, both groups could be
considered late bilinguals, which would explain why they did not differ from each other. Since Silbo
Gomero is a whistled communication system based on Spanish, it is somewhat unclear whether or
not Spanish-speaking individuals able to communicate in Silbo Gomero could be considered truly
bilingual or not. Nevertheless, these findings on language lateralization in bilinguals clearly suggest
that for future studies on lateralization of Silbo Gomero processing, it would be meaningful to tests
participants that acquired Silbo Gomero before their sixth birthday.

In addition to this meta-analysis, there is also an empirical study on language lateralization in
bilinguals that might be of relevance for the understanding of the present results [38]. Here, the authors
analyzed language lateralization assessed with the dichotic listening task for both the first and
the second language in two groups of bilinguals. In the first group, both languages the bilingual
participants spoke came from the same linguistic root. In the second group, the two languages the
bilingual participants spoke came from different linguistic roots. Here, the authors found that when the
second language came from a different linguistic root than the first language, the participants showed
comparable brain lateralization for both languages. However, in the group were the two languages
came from the same linguistic root, the second language showed a stronger REA than when the two
languages came from different linguistic roots. As spoken Spanish and Silbo Gomero clearly have the
same linguistic roots, this effect might explain why we found partly left-hemispheric processing for
Silbo Gomero.

One effect of note we found was the above-chance recognition rates of the CG for whistled stimuli.
It is, however, not unlikely that the participants in the CG correctly identified some syllables in the
whistle condition despite having no knowledge of Silbo Gomero. For example, it was shown that
native speakers of French and Spanish understood whistled vowels above chance, even if they did
not speak any whistle language [39]. Moreover, the findings that the recognition rates of the CG for
whistled stimuli were above-chance might also be related to phonetic symbolism. For example, it has
been shown that participants are able to guess the meaning from word sounds of languages unknown
to them based on the processing of phonetic symbolism [40]. Still, participants in the WG understood a
significantly higher number of syllables than those in the CG in this condition, as evidenced by the
analysis of the error rates.

Concerning methodological issues, a potential drawback of the present study was the impossibility
to use the exact same syllables as in the whistled Turkish dichotic listening study [16], since the syllables
“ba” and “pa” used in the Turkish experiment are not distinguishable in Silbo Gomero. As a result,
the possible mechanisms involved in the two studies are very likely similar but possibly not identical.
Moreover, due to the high relevance of context for understanding whistled languages, it is somewhat
difficult to test a whistled language using just syllables as stimuli, especially CV syllables. The problem
lies in the fact that the whistled language needs a context to be understood and some parts of the
word or sentence are not intelligible for the receptor but are clarified thanks to the rest of the sentence.
Furthermore, some syllables sound very similar to each other (like “ga” and “ya”) and are thus
potentially difficult to distinguish from one another without any other extra information. This explains
the somewhat high error rate of the WG for whistled dichotic listening. In future studies, this issue
could be remedied by using syllables VCV (vowel-consonant-vowel) that according to the comments of
several participants in the WG would be easier to understand for them. Moreover, it was not optimal
that potential hearing issues were assessed by self-report. Future dichotic listening studies on Silbo
Gomero should include detailed audiometric testing prior to data collection. Another point that could
be optimized in future studies is a stronger control of language background between the groups,
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specifically regarding bilingualism. In our study, a higher number of bilingual individuals were found
in the CG than in the WG, which could potentially have affected results. Additionally, it needs to
be mentioned is that handedness can be measured as both hand preference [25] and hand skill [41].
In our study, we only measured hand preference using the EHI. Future studies should also include a
measure of hand skill, as the two variables can differ to some extent [42].

Our study has several interesting implications for future studies. For example, outside of the
Carreiras et al., 2005, study, no neuroimaging studies have been conducted with Silbo Gomero speakers.
Thus, using modern neuroimaging techniques to further unravel the brain networks involved in the
understanding and production of whistled languages is a crucial next step. Moreover, using EEG to
understand the electrophysiological correlates of Silbo Gomero would be a meaningful aim for future
studies. Furthermore, a previous study has used transcranial electrical stimulation of the auditory
cortex to modulate the REA in dichotic listening [43]. Similar study designs could help to disentangle
differences between language lateralization for spoken and whistled languages. In addition, studies
with people who suffered from damage in left hemisphere language areas could yield promising results
for using whistled languages as a means of rehabilitation for communication impairments.

In conclusion, the processing of Silbo Gomero leads to a reduced REA compared to spoken
Spanish. This is in line with previous findings for whistled Turkish, implying that processing of
whistled languages occurs more bihemispherically, independently of which language is whistled. This
shows that if left-hemispheric functions like fast temporal processing are less relevant for processing a
specific form of language, leftward language lateralization decreases.
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Abstract: Although the power of low-frequency oscillatory field potentials (FP) has been extensively

applied previously, few studies have investigated the influence of conducting direction of deep-brain

rhythm generator on the power distribution of low-frequency oscillatory FPs on the head surface.

To address this issue, a simulation was designed based on the principle of electroencephalogram

(EEG) generation of equivalent dipole current in deep brain, where a single oscillatory dipole current

represented the rhythm generator, the dipole moment for the rhythm generator’s conducting direction

(which was orthogonal and rotating every 30 degrees and at pointing to or parallel to the frontal lobe

surface) and the (an)isotropic conduction medium for the 3D (a)symmetrical brain tissue. Both the

power above average (significant power value, SP value) and its space (SP area) of low-frequency

oscillatory FPs were employed to respectively evaluate the strength and the space of the influence.

The computation was conducted using the finite element method (FEM) and Hilbert transform.

The finding was that either the SP value or the SP area could be reduced or extended, depending

on the conducting direction of deep-brain rhythm generator flowing in the (an)isotropic medium,

suggesting that the 3D (a)symmetrical brain tissue could decay or strengthen the spatial spread of a

rhythm generator conducting in a different direction.

Keywords: finite element method; electrical field potential; dipole moment; power; EEG

1. Introduction

Theta oscillations (4–8 Hz), which originate in deep brain cortex region, are associated
with cognition and memory [1]. They can be measured not only by conducting a deep brain
electroencephalogram (EEG) in vivo (local field potentials, LFPs) but also by the oscillatory
field potentials (FPs) on either the frontal or temporal lobe surface via a scalp EEG [2,3].
Power fluctuation is the fundamental parameter to evaluate theta rhythms, which can
reveal important information about a neural network, e.g., the extent of synchronous
neurons in a local assembly. The power spectral density may be dependent on a reference
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scheme at frequency bands less than 100 Hz [4,5]. In addition, power could be related to
various factors such as age, long-term synaptic modification, brain structure, network state
and pathology. Thus, power was generally used to investigate the scale of synchronized
neurons in cognition and memory, human and animal behaviors, and even functional
connectivity of rhythmic brain activity [4,6–10]. Recent evidence indicates that neural
disinhibition would vary the frequency dependent LFP states such as burst, suppression
and continuous. Increasing power can be observed at lower frequencies (less than 20 Hz),
whereas decreasing power can be observed at higher frequencies (more than 20 Hz) in the
hippocampus [11].

A consensus has not been achieved regarding the spatial spread of LFPs or FPs in
the cortical medium [12–16]. The traveling theta oscillations in deep brain is an important
recent observation [17], which implies that the measurement of scalp EEG rhythm at the
theta frequency band considers not only some factors studied traditionally, such as the am-
plitude of rhythmic source current, capacitive extracellular medium, electrical conductivity
and position of a rhythm generator, but also other factor such as the conducting direction
of a rhythm generator. However, only some reports have investigated the latter factor [14].
Therefore, by considering the frontal lobe as an example, we attempt to map the relation
between the FP power distribution on the frontal lobe surface and the conducting direction
of the low-frequency rhythm generator in deep brain, based on the theory of equivalent
dipole current that pertains to the generation of EEG (forward problem) [18,19].

Here, a quasi-real head surface was reconstructed from 256 T1-weighted MRI slices
based on the concept of inverse engineering. The electrical conductivity of the brain tissue
was described by the 3D (a)symmetrical tensor and inclusion of (an)isotropy, and the brain
rhythm generator was depicted as a quasi-static dipole current in deep brain. The activity
of the latter could be representative of a sine oscillation function at a low frequency (here,
6 Hz) and the moment of which could simulate the conducting direction of rhythmic source
current (here, the orthogonal conducting directions, pointing to or parallel to the frontal
lobe surface). Thus, a distribution of FPs evoked by the dipole current at a time point could
be estimated by FEM on a quasi-real head surface by changing some simulation conditions,
e.g., conductivity tensor and (an)isotropy, the position of a single dipole current and dipole
moment, such as pointing to or parallel to the frontal lobe surface. During a certain time
period, a simulated rhythm could be obtained based on the time series of oscillatory FPs.
The instantaneous power of simulated rhythms was estimated by Hilbert transform and
displayed by FPs when considering the amplitude of a single dipole current. Then, the
SP area estimated by global statistics was used to study the influence of a single dipole
current, such as its moment (e.g., rotating every 30◦) and position (e.g., three positions
inside the frontal lobe) on the SP area, by comparatively studying the anisotropic and
isotropic medium with 3D asymmetrical conduction tensor and 3D symmetrical conduction
tensor [20]. The flow diagram of research is shown in Figure 1.

 

frequency rhythm generator’s 

Figure 1. Flow diagram of study.
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This study presents the combined effects of the low-frequency rhythm generator’s
conducting direction and position as well as (a)symmetrical brain tissue conductivity in
mapping the FP power distribution on the head surface. Therefore, it may be helpful
to further understand the generative mechanism of spontaneous low-frequency brain
oscillations at the system level.

2. Methods

The power distribution was analyzed by changing some factors, i.e., the conductivity
tensor and inclusion of (an)isotropy, (a)symmetrical conductivity tensor in 3D, position and
conducting direction of a single dipole current on a homogeneous single-layer quasi-real
head model.

2.1. Model Building

2.1.1. Reconstructed 3D Quasi-Real Head Model

Initially, a numerical model of the cortical surface was reconstructed using Simpleware
(Simpleware Ltd. Corp. Exeter, UK) and then digitized using Geomagic Studio (Raindrop
Ltd. Corp. Morrisville, USA), based on 256 T1-weighted MRI slices (structural MRI slices).
The process required two steps. the first step was the reconstruction of a 3D quasi-real head
surface model, wherein 256 sMRI images (DICOM format and 256 × 256 pixel matrix) were
imported into scan image processing (Scan IP) module of Simpleware. In order to strip the
cortical tissue from the brain tissues rapidly, the slice images were trimmed and segmented
according to the gray value of the image using the interactive threshold function to segment
the target area. The target area (the cerebral cortex) was removed. Surface smoothing and
model configuration were employed to make the surface model more realistic, and the scalp
surface model was exported in the STL format. Then, the DISCRETIZED model of head was
rebuilt. The STL-format surface model was imported into Geomagic Studio. It is worth
mentioning that there were still some unusable points left and the holes were missing. For
the editing of unusable points, Select Outliers function and Reduce Noise function were
used to remove the noise points generated by the scan moving and the noise points outside
the target area. To edit the holes, they were either filled directly or a large hole diameter
was dug and then filled. If the filling effect was still unsatisfactory, they were filled using
the Create Point Cover function to reconstruct the area point space to repair the hole. After
editing and filtering to optimize the tissue data, the holes and other drawbacks in the
model were filled and repaired. The traits of the model were distinguished and extracted
to build a high quality Non-Uniform Rational B-Spline (NURBS) curved surface and to
generate the cortical space model (also known as reverse engineering model, R-E model).
The flow chart of reconstructing the 3D quasi-real head model is shown in Figure 2.

 

Figure 2. Flow chart of reconstructing NUBS model.
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To account for the 3D elements in the finite element method, the NUBS model was
layered and the key points were selected by the equal angle or equal distance method,
and the nodes were connected between the layers to form a split element. The NUBS
model was imported into the COMSOL Multiphysics (COMSOL Inc. Stockholm, SWE)
software platform for splitting, and 35,273 elements were automatically generated under
the user-controlled element/standard mode, as shown in Figure 3a. Since each element was
divided into a plane on the surface of the model, the larger the curvature of the boundary
of the model, the smaller the element was divided, and the more the number, the denser
the unit element. Among all the elements, 3600 elements were on the frontal lobe. The
isopotential lines are shown in Figure 3b, the zero-potential surface was the FP reference as
shown in Figure 3c, and the alternative dipole positions are shown in Figure 3d.

 

Figure 3. FP computation on the quasi-real head model surface. (a) Finite element method; (b) contour lines when the dipole
current was located inside the central frontal lobe, x, y, z: 8.2, 10.9, 5.8; (c) zero-potential surface (green part); (d) schematic
of alternative positions of a single dipole current (1 cm displacement along the Z axis). The dipole current amplitude was
0.1 nA.

2.1.2. Position and Conducting Direction of a Single Dipole Current

To study the influence of the position and conducting direction of a single dipole
current inside the frontal lobe, the dipole direction was assumed to be the Z axis for
simulating the conducting direction of dipole current parallel to the frontal lobe surface
and the -X axis for the conducting direction of the dipole current pointing to the frontal
lobe surface. At each dipole moment, there were three positions (denoted as right frontal
lobe, central frontal lobe and left frontal lobe) with a displacement of 1 cm. Along the Z
axis, the dipole position was assumed to be in the normal direction in the X–Y plane, and
could be changed from the right part and middle part to the left part, the coordinates (cm)
of which were (x, y, z: 8.2,10.9,5.8) (right frontal lobe), (x, y, z: 8.2,10.9,6.8) (central frontal
lobe), and (x, y, z: 8.2,10.9,7.8) (left frontal lobe), respectively, as shown in Figure 3d. In
addition, along the -X axis, the dipole moment could simulate the conducting direction of
a single rhythm generator pointing to the frontal lobe surface, where, the dipole position
(x, y, z: 8.2,10.9,6.8) was localized inside the central frontal lobe. Thus, the near frontal
lobe (x, y, z: 7.2,10.9,6.8) represented carrying the dipole current near to the lobe surface,
whereas the far frontal lobe (x, y, z: 9.2,10.9,6.8) represented carrying the dipole current far
away from the lobe surface.
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2.1.3. Symmetrical Conductivity and Asymmetrical Conductivity

The mean electrical conductivity was considered in this study [21]. Ideally, the
conducting medium must be isotropic with the 3D symmetrical conductivity tensor of
σx = σy = σz = 0.14 S/m. However, the conducting medium was anisotropic in a real brain
with the 3D asymmetrical conductivity tensor of σx = σy = 0.04427 S/m, σz = 0.4427 S/m,
i.e., σx : σz = 1 : 10. Here, the influence of anisotropic conductivity was compared with that
of isotropic conductivity, where the influence of a 3D asymmetrical conductivity tensor was
comparatively studied with that of a 3D symmetrical conductivity tensor. The isotropic
conductivity medium tensor is shown in Formula (1), and the anisotropic conductivity
medium tensor is shown in Formula (2).

σ =




σx σxy σxz

σyx σy σyz

σzx σzy σz


 =




0.14 0 0
0 0.14 0
0 0 0.14


 (1)

σ =




σx σxy σxz

σyx σy σyz

σzx σzy σz


 =




0.04427 0 0
0 0.04427 0
0 0 0.4427


 (2)

2.2. Calculation Derivation

2.2.1. FP Derivations of Low-Frequency Simulated Rhythms

A generalized expression of the forward problem, i.e., the theory of the equiva-
lent dipole current with respect to the generation of EEG, could be helpful to facilitate
mapping [18,19]. Given the position and moment of a static equivalent dipole current
generator and the geometry and electrical conductivity (σ) profile of the volume conductor
(Ω, i.e., model of the head), the electrical FPs (ψ) can be considered as EEG and could be
expressed by Poisson’s equation and the Neumann boundary condition. This is a very
authoritative method since it was released in 1978 and is still in use today [18] on the head
surface (S).

∇·(σ·∇ψ) = −∑
Ω

Js (in Ω) (3)

σ(∇ψ)·n = 0 (on S) (4)

Here, n is the normal direction of the boundary and Js is the electric current density of
a conductor.

The rhythms were simulated by oscillatory electrical FPs on a 3D quasi-real head
surface model (single-layer homogeneous medium), which was obtained via FEM using
COMSOL Multiphysics. The activity of the dipole current was a sine function with an
amplitude of 0.1 nA, a frequency of 6 Hz and an initial phase of 0 radian when considering
a time window of 1 s. The dipole current can be considered as the rhythm generator and
the electrical field evoked by a single dipole current was quasi-static. Additionally, the
electrical FP could be calculated by FEM at each time point at each generated element. A
time course of 1 s with respect to the dipole current was split into 128 equal time points.
The oscillating electrical FP was considered as the simulated rhythm on each element
during this 1 s period.

2.2.2. FP Power Derivations of Low-Frequency Simulated Rhythms

The low-frequency oscillatory FP is a continuous signal, which is denoted as FP(t).
FP(t) was Hilbert transformed (hilbert, MATLAB) to get F̃P(t) and can be expressed
as follows.

F̃P(t) =
1
π

p.v.
∫ +∞

−∞

A(τ)ejφFP(τ)

t − τ
dτ (5)

Here, A(τ) is the instantaneous amplitude of FP(t), φFP(τ) is the instantaneous phase
of FP(t), and p.v. is the Cauchy principal value.
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For a continuous signal, its instantaneous power value is equal to the square of the
signal modulus after Hilbert transformation of the signal. This is to say the instantaneous
power was a sum of the square of the real part plus the square of the imaginary part of the
oscillatory FPs., The power was then averaged over time.

2.2.3. Value and Area of Significant Power

Power values greater than the mean power (significant power, denoted as, i.e., SP),
were a concern to study the influence of the position strength and conducting direction
of a rhythm generator on the significant power distribution. In addition, the SP area (%)
was defined as the ratio of the number of elements with an SP value to the total number
of elements needed to study the influence space. Moreover, the SP area was displayed
by a spatial sum of a warm color tone plus a cold color tone on a standard colormap of
FPs corresponding to a rhythm generator at an amplitude of 0.1 nA. According to the
partial volume effect [22], the larger the SP area, the smaller the significant FP power value.
This suggests that a greater space influence will mean a weaker influence of strength, and
vice versa.

The subsequent statistical significance of the FP power was determined between
anisotropic medium and isotropic medium, where the dipole moment was parallel to and
pointing to the frontal lobe surface and the adjacent displacement distance of a single dipole
current. The student’s unpaired t-test was used to determine the statistical significance.

2.3. Validation Influence of Conducting Direction

The influence of the conducting direction of the rhythm generator on the SP area was
validated by rotating the conduction direction of a single dipole current at every 30◦ of
the rotation under two conditions, i.e., pointing to or parallel to the lobe surface, when
the dipole current was at the central inside frontal lobe. The dipole moment was rotated
(i) departing from the -X axis via the Y axis and arriving at the opposite site (X axis);
(ii) departing from the Z axis via the Y axis and arriving at the opposite site (-Z axis).

3. Results

There were 3600 elements present from left to right on the frontal lobe surface; thus,
the power values of these elements were considered during the analysis.

3.1. Distribution of Significant Power at Dipole Moment Pointing to Frontal Lobe Surface

The distribution of FP power when a dipole current was flowing directly to the frontal
surface (dipole moment at the -X axis) is shown in Figure 4. From the horizontal perspective,
i.e., isotropic medium (left panel) compared to anisotropic medium (right panel), the SP
area was greatly reduced in the anisotropic medium relative to that in the isotropic medium
(p < 0.001), suggesting that the 3D asymmetrical conductivity tensor of brain tissue could
strengthen an ongoing dipole current in deep brain, thereby resulting in the SP area to
reduce on the frontal lobe surface. From the vertical perspective, because of the dipole
current position, the partial volume effect could be observable, i.e., the smaller the SP area,
the greater the SP values, suggesting the opposite effects indicated by the SP area and the
SP value. At a distance of 1 cm, the maximum power values differed by more than a factor
of two, as indicated by the maximum value using the color bars.

3.2. Distribution of Significant Power at Dipole Moment Parallel to Frontal Lobe Surface

The FP power distribution when a dipole current was flowing parallel to the frontal
lobe surface (dipole moment at the Z axis) is shown in Figure 5. From the horizontal
perspective, the SP area considerably increased in the anisotropic medium (right panel)
compared to that in the isotropic medium (left panel) (p < 0.001), suggesting that the 3D
asymmetrical conductivity tensor of brain tissue could weaken an ongoing dipole current
in deep brain. This would y result in the SP area increasing on the frontal lobe surface,
which is the reverse of the effect shown in Figure 4. However, from the vertical perspective,
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the partial volume effect is similar to that shown in Figure 4, i.e., the smaller the SP area,
the greater the SP values.

3.3. Validation of Influence of Dipole Moment on Area of Significant Power

In Figure 6, the SP area was shown by rotating the dipole moment after every 30◦

in two directions, pointing to and parallel to the frontal surface. When considering the
condition of the dipole moment flowing along the frontal lobe, an increased SP area was
observed on the frontal lobe surface in the anisotropic medium relative to the isotropic
medium, implying that the 3D asymmetrical conductivity of brain tissue could decay the
ongoing dipole current. In reverse, a decreased SP area was observed when considering the
condition of the dipole moment flowing directly to the frontal lobe. This implies that the 3D
asymmetrical conductivity of brain tissue could enhance the ongoing dipole current, except
under some specific conditions, such as the Y axis (parallel to the frontal lobe surface) and
X axis (pointing to deep brain), as shown in Figure 6a.

Taken together, as long as the dipole moment is flowing along the frontal lobe, the
3D asymmetrical conductivity of brain tissue could weaken the ongoing dipole current,
leading to an increase in SP area which was observed on the frontal lobe surface in the
anisotropic medium.

 

 

Figure 4. Cont.
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Figure 4. Influence of dipole current position on distribution of FP power, when a dipole current is
flowing directly to the frontal lobe surface and is conducted in an isotropic medium (left panel) or an
anisotropic medium (right panel). (a) Located far from the frontal lobe; (b) located inside the central
frontal lobe; (c) located near to the frontal lobe. Each sub-picture contains an FP distribution figure
with partially enlarged picture.

 

’s
Figure 5. Influence of dipole current’s position on distribution of FP power, when a dipole current is
flowing parallel to the frontal lobe surface and is conducted in an isotropic medium (left panel) or
an anisotropic medium (right panel). (a) Located inside the right frontal lobe; (b) located inside the
central frontal lobe; (c) located inside the left frontal lobe.
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n’t 

Figure 6. Influence of dipole moment on the SP area. (a) Direct to the frontal lobe surface, departing from -X axis and
arriving at backward via Y axis (90 degree); (b) along the frontal lobe surface, departing from Z axis and arriving at
backward via Y axis (90 degree).

4. Discussion

4.1. Power

As shown in Figures 4 and 5, the distribution of significant FP power could be reversed
in the (an)isotropic medium in the orthogonal directions of the rhythm generator in deep
brain. This implies a joint consequence of the conducting direction of rhythmic source
current and the complex conductivity of brain tissue. This consequence can be further
explained by the solution of FPs on a spherical surface in the forward problem, i.e., the FPs
evoked by the dipole current were inversely proportional to the square of the distance to the
rhythm generator. The closer the distance between an element and the rhythm generator,
the stronger the FP rhythms and the greater the significant FP power values [18,23].

The distance between the dipole source current and the lobe surface was approxi-
mately equal when the dipole current flowed along the frontal lobe; thus, distance was a
minor factor. However, the disturbance in anisotropic conductivity was a significant factor
that resulted in more SP area in the 3D electrical field relative to the balance in isotropic
conductivity. Consequently, the SP area in the anisotropic medium was greater than that in
the isotropic medium, as shown in Figures 4 and 5.

Moreover, in Figure 6a, in some specific conditions such as the Y axis (parallel to the
frontal lobe surface) the effect of anisotropy of brain tissue isn’t an exception, because its
effect is convergent to that as shown in Figure 6b.

In previously conducted neural measurement studies, power reflected the strength
of brain rhythms, which were related to many factors such as brain regions, scale of
synchronous neurons, brain function, pathology and physiology [2,7,10,24]. Our theoretical
work further suggests that FP power was dependent on the combined factors that were
difficult to measure at a system level, including the position of a rhythm generator, brain
tissue conductivity and even the conducting direction of a rhythm generator in deep brain.

4.2. Anisotropy

A formation of grey matter and white matter is a basis of the conductivity of brain
tissue. In the human brain, anisotropy is related to the fiber architecture of cortex and
laminae and the gross anatomical regions related to cortical gyri and local curvature.
The anisotropy is a consequence of a difference in conductivity of different tissues and
matter types in the brain. Anisotropy could be measured using various technologies
such as echo planar imaging and diffusion tensor imaging. Previous work has shown
anisotropy could be associated with brain physiology and pathology [25,26], with a 10-fold
relationship at the Z axis tensor where only one variable factor was required to produce an
anisotropy. Our work chose this setting by which the influence of asymmetric conductivity
on the propagation of deep-brain rhythm sources could be found significantly compared to
symmetric conductivity. In a real system, either the anisotropy or the propagation direction
of a deep-brain rhythm generator could be far more complicated than this anisotropic
setting and the representation of conducting direction in this study. There is currently no
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clear conclusion on the parameters that would model the real brain anisotropy and the
propagation pathway of a low-frequency brain rhythm generator. From the perspective
of overall brain physiology, the anisotropic model is more realistic, and isotropic model
is ideal. However, by comparing the conduction of isotropic media, it can also provide a
reference for the conduction effect of isotropic local brain tissues.

5. Conclusions

On the frontal lobe surface, the space distribution of significant EEG rhythm power (SP
area) in a low-frequency frequency band was investigated via simulation. The SP area was
considerably affected by many factors. The anisotropy of brain tissue with 3D asymmetrical
conduction tensor could limit or enlarge the available recording area of significant power,
depending on the conducting direction of the rhythm generator in deep brain. Considering
the partial volume effect, the narrower the SP area, the greater the power values. This
result implies that the accurate and cautious placement of EEG electrodes is very important
during measurement, and that traditional analysis on mean power must be conducted
under very strict conditions such as potential localization and possible spread pathway of
the rhythm generator in deep brain. Therefore, this study may be helpful to researchers and
practitioners involved with the measurement and analysis of spontaneous low-frequency
EEG rhythms at a system level.

To the best of our knowledge, the simulation described in this study is the first to report
the 3D asymmetrical conduction characteristic of anisotropic conductivity tensor. Future
investigations should focus on linking the shapes of gray and white matter, anisotropic
tissue and other related factors to study their influence on low-frequency rhythms on the
head surface.
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