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Abstract

In most people language is processed predominantly by the left hemisphere, but we don’t know
how or why. A popular view is that developmental language disorders result from a poorly
lateralized brain, but until recently evidence has been weak and indirect. Modern neuroimaging
methods have made it possible to study normal and abnormal development of lateralized function
in the developing brain and have confirmed links with language and literacy impairments.
However, there is little evidence that weak cerebral lateralization has common genetic origins with
language/literacy impairments. Our understanding of the association between atypical language
lateralization and developmental disorders may benefit if we reconceptualise the nature of cerebral
asymmetry to recognize its multidimensional nature and to take into account variation in
lateralization over developmental time. Contrary to popular belief, cerebral lateralization may not
be a highly heritable, stable characteristic of individuals; rather, weak lateralization may be a
consequence of impaired language learning.

Why are some children poor at language learning?

Human language is distinct from other animal communication systems in its complexity yet
it is acquired effortlessly by children. We have known since the nineteenth century that
language depends on specialized brain systems in the left cerebral hemisphere (1), and we
are starting to understand the neurological basis of language networks at macroscopic,
microscopic and molecular levels (2, 3).

The claim that children acquire language effortlessly needs qualification, however. For
some, mastery of their native tongue is a struggle: they may be slow to produce their first
words and subsequently never achieve the grammatical complexity and fluent understanding
shown by their peers. Although such difficulties can occur as the consequence of a genetic
syndrome, neurological disease, or hearing loss, usually they have no obvious cause (4).
This kind of unexplained, selective problem with language learning is known as specific
language impairment (SLI).
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There are close links between SLI and developmental dyslexia. Most children with oral
language impairments have difficulties learning to read, and it is not uncommon for children
with SL1 to be identified as dyslexic as they move into school age (5). It would be
misleading to suggest that SLI and dyslexia are the same thing, but there is considerable
overlap between the two conditions, and very often the specific diagnostic label that is given
is more a function of the person making the diagnosis than the actual profile of impairment.
For this reason, the term ‘language/literacy impairment” will be used here to refer
generically to both conditions.

The neurobiological basis of both dyslexia and SLI remains unclear. For understandable
reasons, brain-imaging studies with affected children are rare. Such studies as have been
done seldom find any gross evidence of structural brain abnormality, though differences
from controls have been reported for proportions of gray matter in specific regions, and for
gyral morphology (6-8). However, these associations are probabilistic: there is substantial
heterogeneity among affected individuals, and abnormalities that are found are seldom
specific to language/literacy impairment.

One recurring theme in research on neurobiology of language/literacy impairments is the
idea that disruption of the normal pattern of left-hemisphere language lateralization may be
implicated. This makes intuitive sense: a lateralized brain appears to have evolved in
humans under strong selection pressure, yet left-hemisphere language is not universal in all
people. It follows that, if a lateralized brain facilitates language learning, then a failure of
lateralization could be a cause of poor language development.

Are languagel/literacy impairments associated with atypical cerebral

lateralization?

As early as 1925 Orton (9) had suggested developmental reading problems might be the
result of a poorly lateralized brain. This link was developed more fully in the 1980s, when
Annett formulated a detailed genetic theory of lateralization that linked developmental
dyslexia and language disorders to specific genotypes of a postulated ‘right shift’ factor that
was thought to influence both speech laterality and handedness (10). The field was
constrained, however, by difficulties in direct assessment of cerebral lateralization for
speech. Prior to the development of modern neuroimaging, the only reliable way of
assessing cerebral lateralization in an individual was the Wada technique, an invasive pre-
surgical procedure in which anaesthetic is injected into one carotid artery to produce a
transient inactivation of the corresponding hemisphere (11). This was clearly inappropriate
for research use with children, and for many years, most studies of laterality in children with
developmental disorders focused on handedness as a proxy measure. However, this is far
from ideal, as it is an indirect and imprecise indicator of lateralization for speech and
language, which is not clearly associated with language and literacy problems (Box 1).

With the advent of neuroimaging, it became possible to look more directly at the brain in
children. Most studies, though, considered only structural brain asymmetries. There was
initial excitement at claims for reduced asymmetry of the planum temporale — a region
important for receptive language — in dyslexia, but later studies gave a more confusing
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picture, and results appeared to depend on precisely how asymmetry is measured (12), and
also on the type of specific learning disability (13). Furthermore, planum temporale
asymmetry is not correlated with the lateralization of the brain response to a language
activation task, though some other asymmetries of brain structure are (14, 15).

It became easier to study cerebral lateralization when functional transcranial Doppler
ultrasound (fTCD) was adapted for imaging blood flow in the left and right middle cerebral
arteries simultaneously while people performed language tasks (16). A word generation task
(e.g. “think of as many words as possible beginning with the letter B”) typically induces
enhanced blood flow to the left hemisphere for a period of a few seconds after initiating the
task. The method is adequately reliable and results correspond well with those from the
Wada technique (17).

The word generation task has been given to adults with SLI (18) and university students
with developmental dyslexia (19), revealing reduced language laterality in both groups. In
neither study was weak lateralization explained by poor task performance. Subsequently, a
handful of studies used functional magnetic resonance imaging (fMRI) to measure language
lateralization in children or adults with language/literacy impairments, and these mostly
found that cerebral lateralization was weaker than in typically-developing individuals
(20-22).

Are there genes that influence cerebral lateralization?

Developmental language and literacy disorders are heritable, and the pattern of inheritance
suggests they are complex multifactorial disorders, caused by the combined action of many
genes and environmental risk factors, each of small effect (23). Findings vary according to
how the phenotype is defined; for children about whom there is some clinical concern, twin
studies estimate heritability of language impairment as around 70%. Developmental dyslexia
gives similar estimates (24) and there is some overlap in genetic variants that confer risk for
language and literacy problems (25). This raises the possibility that the genetic risk for
dyslexia and SLI could be mediated via an effect on cerebral lateralization, as shown in the
Endophenotype model of Figure 1. An alternative genetic explanation is the Pleiotropy
model (Figure 1), which postulates that the same genes that act as risk factors for language/
literacy problems also affect cerebral lateralization, but it does not entail that cerebral
lateralization mediates the relationship between genes and language/literacy problems. One
difference between the two theories concerns the strength of predicted relationship between
genes and cerebral asymmetry. If cerebral asymmetry is a mediating factor, then we would
expect to see stronger links between genes and cerebral asymmetry than between genes and
language/literacy problems (26). This is not the case for the Pleiotropy account.

Specific genes are known to affect asymmetric development in various animal species,
notably worms, fish and songbirds (27); however, our interest here is not so much in overall
population biases as in individual differences in cerebral lateralization. There could be genes
that lead to lateral biases of the body form in humans, but this need not entail that there is
allelic variation in those genes: observed individual differences could be determined by
environmental factors or chance. So the key question is whether humans have genes that are
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polymorphic, (i.e., taking different forms in different people), where the specific version of
the gene affects cerebral asymmetry. One way of quantifying the role of genes in accounting
for individual variation in brain asymmetry is to compare phenotypic resemblance in people
with different degrees of genetic similarity. Twins provide a useful natural experiment,
because we can compare monozygotic (MZ) twins, who are genetically identical, with
dizygotic (DZ) twins, who share on average 50 per cent of alleles from polymorphic genes.
Insofar as genes are important in determining a phenotype, we should see greater phenotypic
similarity between MZ twin pairs than DZ twin pairs. In one study, frontal, temporal,
parietal and occipital brain volumes were measured in 72 MZ and 67 DZ twin pairs (28).
Estimates of heritability were high for raw brain volumes but no figures were reported for
heritability of brain asymmetries. Other studies of MZ twins have looked at laterality indices
for brain regions that show reliable structural asymmetries, and found only weak
correlations between genetically identical individuals (29, 30).

The largest brain imaging twin study to date measured structural integrity of white matter
fibers in the left and right sides of the brain using diffusion tensor imaging (DTI) (31).
Heritability was computed using maximum likelihood methods (32) for an asymmetry index
based on brain images from 11 regions taken from 60 MZ twin pairs and 45 same-sex DZ
pairs. Only two regions gave heritability estimates greater than 0.25, and for only one of
these, the anterior thalamic radiation, was the fit superior for a model that included a genetic
term, with heritability estimate of 0.38. Interpretation of the study is complicated by low
power to detect small genetic effects, and by the fact that estimates of heritability may have
been inflated because only right-handers were included. We know that brain asymmetry
measured by DTI is discordant in around 29% of MZ twin pairs with opposite handedness,
who constitute around one in five of all MZ pairs (33); in contrast, discordant brain
asymmetry is seen in only 7% of those concordant for right-handedness (29). Note,
however, that this study considered only structural brain asymmetry, and it is unclear how
well this reflects functional language laterality — the few studies to look at associations
between structural and functional asymmetry had small sample sizes (26 or less) and
inconsistent findings (34-36).

Functional brain asymmetry was considered in a study of MZ twins who were given three
different tasks — a word generation task, lateralized to the left, and two nonverbal tasks that
showed rightward asymmetry (37). The analysis focused on how concordance for language
and visuospatial tasks varied in relation to concordance for handedness, but if one ignores
handedness and collapses across groups, statistical analysis shows that these pairs of
genetically identical twins were no more similar than expected by chance. Thus evidence for
heritability of functional brain asymmetry seems no stronger than that for structural
asymmetries.

An alternative approach is to look directly for association between cerebral lateralization
and specific genetic variants associated with language/literacy impairments. To evaluate
such candidates, | searched the literature for neuroimaging studies that investigated
structural or functional correlates of seven genes with common variants that had been
associated with specific language impairment (SLI) and/or dyslexia (25). In addition the
FOXP2 gene was included. Rare mutations in FOXP2 are well-established as a cause of
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severe speech and language disorder. More recently, common polymorphisms have been
tentatively linked to language impairment (38).

When conducting an analysis of this kind, it is easy to neglect negative studies, because
associations with asymmetry get mentioned only when they are significant. To minimize
such bias, | identified studies of brain correlates of polymorphisms in these candidate genes
in healthy volunteers by a search of Web of Science, plus a Google search, regardless of
whether or not asymmetry was explicitly mentioned in the title or abstract. This produced
nine studies focusing on the genes CNTNAP2 (39, 40), (41), (42), (43), (44), DCDC2 (45),
DYX1C1 (45), FOXP2 (46), KIAA0319 (45), (46), and MRPL19/C20RF3 (47). No studies
were found for ATP2C2 or CMIP.

There was wide variation in the specific genotypes and phenotypes studied. Because a single
gene can have many functional polymorphisms, it is generally recommended to study
haplotypes, i.e. patterns of alleles (26), but this was seldom done. Some studies focused on
just one or two single nucleotide polymorphisms (SNPs) in a gene, whereas others evaluated
several SNPs at different positions along the gene. Figure 2 summarises the main findings.
For FOXP2, 35 of the 37 SNPs tested by Pinel et al. (46) were not associated with brain
activation. Of the other two, one (rs6980093) was associated with activation in the left
frontal region, but those with different genotypes did not differ on an asymmetry measure.
In the same study, 18 SNPs in a region on chromosome 6p22 spanning KIAA0319, THEM2
and TTRAP, were studied in relation to brain activation during a reading task and a
language comprehension task. One SNP in KIAA0319 was significantly associated with
reduction of left-hemisphere asymmetry during reading. In a different study, significant
genetic variation in white matter volume in the left temporo-parietal region was found for
another SNP of KIAA0319, but the researchers did not explicitly test for brain asymmetry
(45).

CNTNAP?2 stands out in Figure 2 as showing some evidence of lateralized effects in six of
the eight samples that were tested for association with SNPs in this gene. Nevertheless,
inconsistencies between studies cast doubt on the robustness of the results. Three studies
considered SNP rs2710102, which has previously been associated with early language
acquisition in autistic (48) and non-autistic samples (49), and also with a measure of
nonword repetition in children with language impairments (50). In one study16 adults
participants with the CC genotype showed reduced activation of the homolog of Broca’s
area in the right hemisphere when performing a sentence-completion task in the scanner
(41). Association with risk and non-risk genotypes were studied in 32 children who
performed a nonverbal implicit learning task. A left-frontal network was activated in the
‘non-risk’ group but a more bilateral network in the ‘risk” group (39). In a ‘replication’
sample 39 children were scanned doing a different language-learning task, and two regions
were identified as showing similar genetic effects. However, in contrast to other studies, this
study grouped both CC and CT together as risk genotypes, with TT as non-risk. A
subsequent study failed to replicate these results, using the more usual definition of CC as
risk genotype and CT/TT as non-risk (42). Using a complex graph theory analysis of
network connectivity, they found significant differences between risk and non-risk
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genotypes, but, contrary to expectation, the CC genotype appeared to be associated with
more efficient networks in both hemispheres.

The other neuroimaging studies of CNTNAP2 focused on another SNP, rs7794745; an
initial report had associated this SNP with autism but in a complex manner, with parent-of-
origin effects (51). However, the association with autism failed to replicate (52), and this
SNP has not been linked to language delay (49, 52) or SLI (50). A structural imaging study
of a sample of 314 adults by Tan et al obtained a complex pattern of results that included
reduced grey and white matter on the right side in those with the TT vs AT/AA genotypes
(40). In contrast, Whalley et al (41) reported increased activation in the right middle
temporal gyrus in those with the TT risk genotype (N = 8) compared with 57 people with
AT/AA. Two other studies grouped TT and AT genotypes together into a ‘risk” group, and
compared them with AA genotype, but one was too small to be meaningful (43) and the
other found reduced electrophysiological responses to grammatical incongruency in those
with TT/AT (N = 23) genotypes compared to AA (N = 26), but no evidence of lateralized
differences.

Thus, while lateralized differences have been reported by different researchers linked with
CNTNAP?2 variants, the categorization of genotypes is inconsistent from study to study, as
are the results. Furthermore, given that the aim is to identify an endophenotype that might
help explain why a genetic variant is associated with neurodevelopmental disorders, it is
surprising that only two studies (41, 45) stated how genotype related to cognitive abilities of
their participants. One of these studies (45) found that white matter volume in left-
hemisphere regions was significantly correlated both with genotype and with reading ability;
the differences in brain volume in relation to genotype were substantial (effect size = 0.8),
suggesting that a laterality index based on these regions might be a candidate for further
study as a potential endophenotype.

Overall, the evidence for genes affecting individual differences in cerebral lateralization is
not strong — both in terms of twin study data, and genetic variants associated with
phenotypic variation. We cannot, however, dismiss the idea that genetic variants are
implicated in cerebral lateralization. There are several problems to grapple with. First, most
studies have focused on structural brain asymmetry, rather than functional asymmetry.
Second, where functional asymmetry is assessed, there is little consistency in how it is
quantified. Third, established genetic associations between genes and language/literacy
impairments are typically small in magnitude, with effect sizes for the difference between
risk and non-risk genotypes less than 0.2 (Cohen’s d). Very large sample sizes (over 1000)
are needed to detect effects of this magnitude; all of the neuroimaging studies reviewed here
used much smaller samples and had power to detect only large effects.

Given all these limitations, it would be premature to conclude that there is no genetic
influence on cerebral asymmetry, but the evidence to date is not promising for the
Endophenotype account (Figure 1): The Pleiotropy account could be tested using family
data, insofar as the cross-trait correlation between laterality and language/literacy
impairment between individuals should depend on the strength of genetic relationship
between them (53). However, for either model to be plausible, we would need better
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evidence that genes that affect language/literacy impairment also have reliable effects on
cerebral asymmetry. Current evidence suggests that, just as with handedness (54), genetic
variants may play a measurable, but relatively small, role in accounting for individual
variation in lateralization.

cerebral lateralization associated with cognitive deficits?

Perhaps the greatest challenge for any causal account comes from studies that look at the
association between atypical cerebral lateralization and impairment in a different way:
starting with individuals selected for atypical cerebral lateralization, and assessing their
language and literacy skills. In one such study, skills in a range of domains, including
mastery of foreign languages, academic achievement, and verbal fluency, were not
correlated with language lateralization in 31 people with right hemisphere language, 31 with
bilateral language and 264 with left hemisphere language (55).

Two smaller studies with children from the general population did, however, find some
evidence of benefit of left-sided language lateralization. In a Canadian study, structural brain
asymmetry — laterality of the arcuate fasciculus measured on diffusion tensor imaging — was
modestly correlated (r = .32) with receptive vocabulary in 68 children, with highest scores
for those with strong left lateralization (56). Our group found similar results in a study using
fTCD to assess functional brain lateralization in 55 children, with a small but significant
correlation of .34 between laterality index and vocabulary score (57). Nevertheless, in both
studies there were several right-lateralised children with mean vocabulary scores well above
average. And a study of adults found no relationship between left-lateralisation of the
arcuate fasciculus and vocabulary — on the contrary, in this study only one of 15
neuropsychological measures — a verbal memory task — showed any association with
asymmetry of the arcuate fasciculus, and the effect was contrary to prediction, with worse
performance associated with strong lateralization (58).

It would seem that atypical lateralization is compatible with normal, or even above-average,
cognitive function, but in studies that over-sample those with developmental difficulties, an
association with language/literacy skills becomes apparent. There are two main lines of
explanation that might account for this puzzling pattern of findings. First, atypical
lateralization may add or interact with genetic risk for language/literacy impairments;
second, the asymmetry phenotype could differ for those who have language/literacy
impairments and the remainder of the population,

cerebral asymmetry a contributory factor for language/literacy

impairments?

Figure 1 also illustrates the Additive/Interactive Risks model; this treats atypical
lateralization as a risk factor for language/literacy impairment, while postulating that the
origins of cerebral asymmetry are distinct from the genetic risk for language impairment.
The idea here is that atypical cerebral asymmetry adds to or interacts with the genetic risk
factors for language impairment. Figure 3 illustrates the logic. Let us consider a hypothetical
genotype found in 30% of the population that, on average depress verbal skills so that for
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those with this risk genotype, the mean scaled score on a language measure is 94, rather than
100 (effect size, d = 0.4). In addition, lack of left-sided cerebral lateralization (bilateral or
right-hemisphere speech) is estimated to affect 10% of people and have a similar impact.
These effects are assumed to be independent and additive, so that the mean score for
someone with both risks would be 88. Figure 3 shows data simulated using these
assumptions. Overall, the rate of atypical cerebral asymmetry is roughly doubled among
those with a language z-score below —1.5 compared to the rest of the population — even
though there is no significant correlation between laterality and language ability in the whole
population. The impact of atypical cerebral asymmetry on language would be hard to detect
in the general population because of the rarity of this phenotype. A power calculation shows
that if there is a 9:1 ratio between two groups, a sample of around 600 cases would be
needed to detect an effect size of .4 with 80% probability.

We can go further and suppose that the combination of atypical cerebral asymmetry and risk
genotype might be not additive but interactive, such that the impact of the two factors
together is more severe than would be predicted from each effect independently. This would
further strengthen the association between atypical asymmetry and language impairment.
However, the language deficit in those with atypical asymmetry would remain hard to detect
in samples from the general population, because those affected by the interactive effect
would be in such a minority.

The important point here is that when an association is detected between traits in a clinical
sample, it need not indicate shared origins. Genetic causes of language impairment and
causes of cerebral lateralization could be quite independent: co-occurrence of these
phenotypes may be a consequence of how the sample was selected, if those with two risk
factors are more likely to end up in the clinical group. According to this causal account, risk
factors for atypical cerebral asymmetry, which could be non-genetic and/or genetic, are
separate for genetic risks for language impairment.

Phenotypic variation: Is cerebral lateralization a unitary variable?

Most people have visuospatial functions mediated by the right hemisphere, and language by
the left. This fits with the idea that cerebral lateralization allows for division of labor
between the hemispheres, with the left specializing in language, while the right specializes
in visuospatial functions. In practice, however, some patients with focal brain lesions depart
from this pattern, with both language and visuospatial functions controlled by the same
hemisphere (59). Furthermore, extent of left-hemisphere lateralization for verbal tasks is not
strongly correlated with extent of right-hemisphere lateralization for spatial processing,
either in fMRI (60), (61) or fTCD (62), (63), (64), (57). It has been suggested that departures
from complementarity simply reflect non-optimal methods for computing a laterality index
and consequent unreliability of laterality assessment (65): If measurement is noisy, then
correlations between different indices may be swamped by random error. However, some
degree of dissociation between different indices of laterality appears to be the rule rather
than the exception, even where asymmetry is measured with very little error. For instance,
the measurement of handedness is highly reliable, yet handedness and structural brain
asymmetries are often poorly correlated (66).
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Indeed, studies that use multiple measures of cerebral lateralization suggest that, even within
the domain of language, there can be dissociation between functions. Early studies with the
Wada test found that some people showed opposite patterns of laterality for two language
tasks: naming objects, and saying a well-known series, such as days of the week (67). These
cases were rare, and Wada testing is only done with patients prior to epilepsy surgery, so
one might dismiss this evidence as reflecting pathology rather than normal variation.
Dissociation between different language functions can, however, be seen in the fTCD
paradigm, where intercorrelations between laterality indices from different tasks are lower
than the split-half reliability of each individual task (68). The evidence is not watertight: the
key question is whether the correlation between the laterality index obtained with the same
task given on different occasions (i.e., test-retest reliability) is higher than correlations that
are observed between different tasks.

If we accept that cerebral lateralization is not a unitary function, this provides a possible
resolution of the apparently contradictory findings, whereby individuals with language/
literacy impairments have weak cerebral lateralization, but those with weak cerebral
lateralization usually have normal cognitive skills. It may be that atypical lateralization can
take different forms, only some of which are associated with poor functioning. For instance,
could there be a cognitive disadvantage to having language and visuospatial functions
mediated by the same hemisphere? To date, this notion has not received support, either from
studies of neuropsychological patients (59) or from fTCD data from 6- to 12-year-old
children (57). It would, however, be interesting to test a related idea: that within the domain
of language, there could be a disadvantage of having different linguistic functions
distributed between the two hemispheres. Because it is typically assumed that language
laterality is a unitary function, this idea has not been explored.

Does cerebral lateralization change with age and language development?

The final model in Figure 1 is the Neuroplasticity model, in which the causal path between
cerebral lateralization and language/literacy development is reversed: i.e., language ability
influences cerebral lateralization. This may seem implausible, because structural brain
asymmetries are evident in utero, long before the child learns language (69-73). However,
this does not rule out a role of maturation or experience on functional laterality, given
evidence from infants and toddlers that asymmetric processing of language increases with
age (74). A key question is whether this change simply reflects a maturational process under
genetic control, or whether it is experience-dependent. Minagawa-Kanai et al. put forward a
complex model that included a role for early perceptual asymmetries based on acoustic
properties of auditory input, onto which was superimposed an increasing left-sided bias that
developed as language engaged lateralized learning systems (74). Processing of phonemes in
one’s native language becomes increasingly left-lateralized, whereas detection of prosody
becomes more right-lateralized with age. Linguistic status of sounds is critical in
determining laterality: the same sound may be processed asymmetrically or symmetrically,
depending on whether it is in the phonemic repertoire of the listener’s native language. Pitch
provides a particularly striking example: it is usually preferentially processed in the right
hemisphere, but for learners of tone languages, where pitch is used phonemically to contrast
meanings, a left hemisphere processing bias emerges. Thus, developing cerebral asymmetry
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could reflect the growing engagement of lateralized systems for language learning and
analysis as the child matures (74).

An earlier theory by Locke went further in linking a failure of cerebral lateralization to
developmental language difficulties. He argued that if a child’s language learning is
disrupted or delayed for any reason, then left-hemisphere syntactic systems will fail to be
engaged during a critical period of neurobiological development, and cerebral asymmetry
will never be fully established (75)

Development of lateralization with age may involve topographic as well as directional
changes (Figure 4). Learning of perceptual and motor skills is sometimes associated with a
more focal representation in the brain (76). Consistent with this, language-impaired children
with poor phonological skills have more diffuse and bilateral processing of speech sounds
than typically-developing children (77). If focal representation develops as language
competence improves, then we should see different patterns of bilateral cerebral
representation, depending on language skill: In those with SLI, the bilaterality would reflect
persistence of an immature pattern of diffuse activity, whereas in children with age-
appropriate language skills, we should see activation of separate focal regions in left and
right hemispheres (Figure 4). To test this idea, we would need to move from treating
cerebral lateralization as a single dimension to distinguish different types of atypical
lateralization, taking into account the spatial extent of activation associated with language
functions in the two hemispheres.

Alternatives to the Endophenotype account

There is growing support for the idea that atypical functional cerebral lateralization is
associated with language/literacy impairments, but the work reviewed here challenges the
conventional explanation for this association. At first glance, it is tempting to think of
cerebral lateralization as an endophenotype that mediates the relationship between genetic
risks and language/literacy impairments. However, there are difficulties for this account:
First, most, people with weak cerebral lateralization have no indications of cognitive
deficits. Second, an endophenotype account would predict that risk genes should exert a
stronger effect on cerebral asymmetry than on the language/literacy phenotype, yet the
converse appears to be the case. The literature on genetics of cerebral lateralization is in its
infancy and we should not take lack of evidence for association as evidence of lack of
association, especially as much of the evidence is from structural rather than functional brain
asymmetry. Nevertheless, the data from twin studies suggest that, as with the related trait of
handedness (54), individual differences in cerebral lateralization may turn out to be
substantially influenced by non-genetic factors — possibly largely determined by random
events occurring in early neurodevelopment (78). Genes almost certainly play a part in
determining cerebral asymmetry, but their role is likely to be smaller and more probabilistic
than generally assumed.

Alternatives to the endophenotype account are seldom considered, yet, as shown in Figure 1,
there are several other ways to account for the association between language/literacy
impairments and cerebral asymmetry. Pleiotropic genes that exert separate influences on
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cerebral asymmetry and language development are one possibility, but here again, if
heritability of cerebral asymmetry turns out to be much lower than that seen for language/
literacy problems, it would be hard to fit existing data into such a model. An alternative is
that cerebral asymmetry does not share genetic origins with language/literacy problems, but
acts as a separate risk factor, that adds to or interacts with other risks. A final possibility is
that atypical asymmetry in those with dyslexia or SLI is more a consequence than a cause of
the language/literacy impairments. These possibilities are not mutually exclusive.

Future directions

Measurement issues

Genetic and

Even when structural brain asymmetries are the focus of research, there has been
disagreement about how they should be measured, and how far they relate to functional
asymmetries in handedness or language processing. Progress has been made, but systematic
asymmetries can still be difficult to localize and to distinguish from random fluctuations
(66). This problem is magnified for functional measures of language lateralization.
Furthermore, there is no agreement as to whether functional brain asymmetry is
unidimensional or multifactorial, because when two laterality indices disagree, we typically
are unable to tell if the difference is meaningful, a consequence of poor reliability of
measurement (65), or indicative of genuine plasticity in functional lateralisation. Now that
methods such as fMRI and fTCD make it possible to study brain activity in healthy
volunteers, we are in a position to do larger-scale studies that assess laterality for different
tasks on repeated occasions, which will help us determine whether it is reasonable to derive
a single scale from different measures, or whether a spectrum of laterality measures is more
appropriate.

The phenomenon of bilateral language processing is under-researched, yet is of considerable
interest because of claims of links to various neurodevelopmental disorders. If, as argued
above, lateralization of different language functions can fractionate, then there may be
different cognitive consequences for those who have opposite biases for different
components of language, compared to those whose language processing is predominantly in
one hemisphere. In addition, it may be important to distinguish between diffuse vs. focal
activation associated with language processing.

non-genetic influences on laterality

Once we have methods of adequate validity and reliability, we will be able to forge ahead
with studies designed to identify genes that bias the human brain to left-sided language
processing. The methods noted above, including twin and family studies, as well as
molecular genetics, have potential to inform our understanding of the etiology of individual
differences in lateralization. Genes known to be involved in determining the left-right axis
of the body may be more promising candidates for this purpose than those implicated in
language/literacyimpairments (79).

It is worth pausing, however, to consider whether in the search for genes involved in
cerebral lateralization we may have downplayed a role for non-genetic factors. These could
potentially be of two kinds: systematic or stochastic. One systematic influence is the
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position of the fetus in utero, where most commonly the right ear faces outward (80).
Potentially, a range of non-genetic prenatal influences could lead to small perceptual or
motor asymmetries, which in turn could influence asymmetry of higher cognitive functions.
The second kind of factor to consider is stochastic influences, i.e. random fluctuations in the
expression of individual genes (78). Even if we find genes that bias the human brain to left-
sided language, we should not assume that variability in human asymmetry must be
heritable: there could be a fixed gene (i.e. with no genetic variation) that has a probabilistic
effect. Genetically identical individuals could show different degrees of asymmetry because
of purely stochastic influences.

Studies of MZ twins could illuminate our understanding of cerebral asymmetry in two
important ways. First, they can help identify environmental factors associated with
phenotypic differences — for instance, we could test whether prenatal positioning can
account for postnatal differences in asymmetry. Second, they could help distinguish between
the causal models outlined here. For instance, can we find MZ twins who are concordant for
language/literacy impairments, yet discordant for cerebral asymmetry? A consideration of
the associations between traits both within and between related individuals can be helpful in
distinguishing causal models (53).

Although language is specific to humans, lateralization of vocal behavior is not; song-birds,
notably the zebra finch, provide an intriguing model organism for studying biological bases
of structural and functional brain asymmetry (81). This work has potential for our
understanding of the impact of genes on cerebral lateralization; the genome of the zebra
finch has been mapped, and much is known about genetic influences on song learning (82),
as well as the role of experience (81). It has even been suggested that there may be overlap
in the mechanisms involved in song-learning in birds and language-learning in humans (83).
It would be a natural next step to test how gene expression relates to lateralization in the
zebra finch brain.

Neuroplasticity of cerebral lateralization

Work with songbirds is useful for not only for genetics — it has also emphasized that cerebral
asymmetry is not fixed at birth, but can change substantially throughout development, and
be subject to experience. We still understand relatively little about such processes in
humans, and we are limited by ethical considerations that preclude the kinds of experiential
manipulations that are used with other species. Nevertheless, we can learn a great deal from
the study of natural experiments. There is already fascinating research with deaf children
learning sign language, indicating that processing of a visual language shows remarkably
similar lateralization to processing of spoken language (84). But what of children who have
milder hearing impairments, who learn oral language but suffer from language delays (85) —
or those who have cochlear implants, where language outcomes are highly variable (86)?
Avre the language delays typically associated with hearing impairment accompanied by a
delay in establishing language laterality? Another group of interest is children who can hear
normally, but cannot speak because of physical or motor impairment affecting the
articulators. We know that, where there is adequate general intelligence, it is possible for a
child with cerebral palsy to develop good grammatical and phonological skills, even in the
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case of total anarthria (inability to speak) (87). It would be fascinating to study cerebral
lateralization in such children while they do a phonological judgement task, to establish
whether their good receptive language skills are underpinned by an asymmetric language
system. And finally, with development of child-friendly methods such as fTCD we start to
be able to look at development of lateralization in late-talkers — children who have few
spoken words around 2 years of age, many of whom catch up with their peer group by the
age of 4 or 5 years — to consider how cerebral asymmetry changes as language skills are
acquired.
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Box 1

Handedness, cerebral lateralization and language/literacy impairment:
myth and reality

It is commonly asserted as fact that left-handedness is associated with conditions such as
dyslexia, and that handedness is highly heritable, and yet the evidence for both claims is
lacking. A comprehensive review of the literature found no association between
handedness and language/literacy impairments (88). Twin studies confirm that there is
some genetic influence on handedness, but around 75% of the variance is non-genetic
and specific to the individual, with only 25% explained by genes (33). Molecular genetic
studies have found significant associations with handedness, but the effects are complex
and small in magnitude, suggesting a complex polygenic etiology, rather than a single
gene that determines an individual’s handedness (89). Furthermore, the relationship
between handedness and language laterality, though significant, is imperfect: around 96%
of right-handers have left hemisphere speech, compared with around 70% of left-handers
(90). For these reasons, research using handedness as a proxy for cerebral lateralization
will not be included in this review.
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Figure 1.

Fc?ur path diagrams of the association between weak cerebral lateralization for language and
language/literacy problems. These causal models are simplified abstractions and not
mutually exclusive, but they illustrate the differing predictions about the pattern of
associations that might be found between genotypes, language/literacy impairment and
cerebral lateralization. The Endophenotype model depicts the situation where genes that
influence risk for language impairment do so by affecting cerebral lateralization. This model
predicts that cerebral lateralization should be at least as heritable as language impairment,
with the same genes affecting both traits. The Pleiotropy model also assumes that the same
genes that lead to risk for language impairment also affect cerebral lateralization, but there is
no direct causal link: weak laterality and language impairment co-occur because they have
common origins, not because one causes the other. In the Additive/interactive risks model,
the genetic risk factors for language impairment do not affect lateralization. However, weak
laterality, which could have genetic and/or non-genetic origins, exerts an independent causal
influence on language impairment, which may add or interact with other genetic risk factors.
In the Neuroplasticity model, cerebral lateralization has no causal effect on language; rather,
language impairment influences how the brain develops and is associated with weaker
cerebral lateralization. The dotted arrows indicate that for each construct there will be
sources of variation in addition to those depicted in the model.
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Figure 2.

Summary of effects of language/reading associated SNPs on asymmetry of brain structure or
function. Unfilled shapes on the rim of the figure correspond to SNPs with no effect on brain
structure (squares) or function (circles). Filled shapes on the rim correspond to a bilateral
effect. For the remaining shapes, a solid line indicates reduced asymmetry for the risk
genotype; a dashed line indicates reduction of left-hemisphere size or function; a dotted line
indicates other lateralized brain difference. Genes correspond to color-coding of the dots.
SNP reference IDs are shown on the rim of the figure with the study identified by letter. An
asterisk denotes a non-standard definition of risk genotype (see text). The study codes are
(T) Tan et al (40); (Z) Scott— van Zeeland et al (39) discovery sample; (Z’) Scott-van
Zeeland et al, replication sample; (F) Folia et al (43); (W) Whalley et al (41); (E) Dennis et
al (42); (D) Darki et al (45); (K) Kos et al (44); (P) Pinel et al (46); (S) Scerri et al (same
sample as (D)) (47). See text for more details.
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Figure 3.
Simulated data for a common genetic variant present in 30% of the population that depresses

language z-score by 0.4. In addition, language scores are depressed by 0.4 z in those with
bilateral speech. The genetic variant and bilateral speech have independent origins, but their
effects are additive. The rate of bilateral speech is 9% in those with unimpaired language (z-
score higher than —1.5) but 19% in those with language impairment (z-score less than or
equal to —1.5). If the simulation is modified to give an interaction between genetic risk and
bilateral speech, then the association between bilateral speech and language impairment
becomes even stronger.
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Figure 4.
Illustration of hypothetical distinction between different kinds of typical and atypical

language lateralization. Red and purple regions correspond to different language functions
(e.g. naming and series repetition as tested in the Wada test). The typical developmental
progression is from more diffuse language representation in infancy that steadily becomes
more focal as skill develops and synaptic pruning occurs. Usually both language functions
will be represented in the left hemisphere, but normal language function is compatible with
separation into left and right hemispheres. For children with language impairments, the
developmental progression to focal representation is much slower if it occurs at all.
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