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Genetic Factors and Normal Variation in the
Organization of Language

Roeland Hancock & Thomas G. Bever

1.  Introduction and Summary

In this essay we present two themes. The first is a factual review of the behavioral
and neurological differences in language and cognition between people with and
without familial left handedness: These differences begin to justify the claim that
there is a continuum of how language and cognition are represented in the brain,
reflecting a quantitative difference in the role of the right hemisphere, and
consequent potential qualitative differences.

The second theme involves the implications of this finding. Various cases
of rare neurological organization for language have called into question the idea
that there is a single form of representation: These include cases of left-hemis-
pherectomy in which the patients with a lone right hemisphere can grow up to be
normal linguistically (Curtiss et al. 2001, Devlin et al. 2003) with normal develop-
mental stages (Curtiss & Shaeffer 1997) as well as unique instances such as the in-
famous formerly hydrocephalic mathematician whose neocortex was a thin layer
of tissue lining the skull (Lewin 1980) — clearly the topology and connections of
different cortical areas are very different in these cases from the norm. Even
classic and recent studies call into question the unique location and function of a
linguo-central structure such as Broca’s and Wernicke’s areas (Penfield & Roberts
1959, Bogen & Bogen 1976, Anderson 2010, Rogalsky & Hickok 2011). But people
with familial left-handedness comprise 40% of the population, so we cannot
consign their unique behavioral and neurological structures to an odd distaff
‘minority’.

A profound implication for language of these considerations is the possi-
bility that the existence of language is not causally dependent on any particular
unique neurological organization. Rather, especially the sentence construction
mechanism of syntax is a computational type that recruits different neurological
structures. On this view the possibility for syntax emerges as a function of the
availability of propositional relations, combined with an explosive growth in the
number of lexical items that can externalize the internally represented categories.
The syntactic computational architecture is represented neurologically via co-
option and integration of multiple brain regions that are collectively suited to the
type of computation that language requires. On this view, there can be significant
lability of how language will be represented in an individual’s brain, if there is
significant variability in how the computationally relevant areas function or are
interconnected.
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We will show that there is significant variability in functional cortical organi-
zation differentiating individuals with familial sinistrality (FS+) and those with-
out (FS-), along a continuum of genetic effects associated with left-handedness.
The steps in this argument are first to review some general considerations about
the basis for cerebral asymmetries for higher functions in general; we then turn to
a brief review of current evidence that people with and without familial left-
handedness (sinistrality) have characteristic differences for language behavior —
people with familial left-handedness appear to access lexical items more readily
than other; these behavioral differences are reflected in some recent studies of
brain imaging, which show both qualitative and quantitative effects. We suggest
that the apparent qualitative effects may result from the quantitative differences,
but leave open the possibility that the qualitative differences reflect real differ-
ences in how language is realized neurologically.

2. Cerebral Asymmetries — Computational Differences in the Hemispheres
and Alternative Explanations

A number of cognitive functions and processing characteristics have been traditi-
onally ascribed to a specific cerebral hemisphere, notably verbal, relational and/
or sequential processing in the left and nonverbal, spatial, prosodic, and holistic
processing in the right. It has become increasingly clear that these dichotomies
are not entirely accurate and show considerable individual variability. Since sub-
stantial and quantitatively predictable shifts from left hemisphere language pro-
cessing may be present in up to 40% of the general population, consideration of
these differences is not only theoretically illuminating but also relevant to bio-
linguistic research programs in practice. That is, these individual differences in
hemispheric specialization can provide considerable insight into the compu-
tational flexibility of the brain and computational options of how behavioral
interfaces might be represented. We first review some of the more reliable evi-
dence for moderate hemispheric specialization in several cognitive and linguistic
domains in relation to theories of lateralization. Then we discuss the relation bet-
ween functional and behavioral asymmetry and evidence for a common genetic
influence. Finally, we consider how variable cerebral asymmetries may inform
theories of syntax—semantics and syntax-phonology interfaces.'

It is uncontroversial to assume that hemispheric specialization is largely
driven by the anatomical separation of the brain by the longitudinal fissure and
interconnecting axon tracts — the corpus callosum, connecting cortical areas and
the anterior commissure, connecting subcortical areas. The corpus callosum is a
dense tract of approximately 200 million topographically organized axons

Some theories of cerebral lateralization hinge exceptionally on a close connection between
language and motor function, for instance suggesting that the population-level bias for
right-handedness (from e.g., mother-child bonding or a hand-to-hand combat advantage)
and an essential link between fine motor skill in speech (for articulation) ultimately estab-
lishes a left hemisphere bias for language processing (e.g., Jonas & Jonas 1975). We omit a
discussion of such theories since they lack both evidence and utility, instead focusing on
lateralization theories that address the connection between brain function and compu-
tational properties.
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connecting the two hemispheres, with many of the fibers dedicated to motor
cortex. The corpus callosum introduces a significant conduction delay in inter-
hemispheric communication since the human brain is larger than other primate
brains, but axons in the human corpus callosum are not proportionally larger
(Olivares et al. 2001). Morphological changes in the corpus callosum diameter
have been associated with left-handedness (Dunham & Hopkins 2006), develop-
mental (Duara et al. 1991, Hynd et al. 1995) and psychiatric disorders (see Inno-
centi et al. 2009 for a review).

Ringo et al. (1994), among others, proposed a “callosal distance hypothesis’,
that interhemispheric communication delays through the corpus callosum are
critical to functional lateralization, particularly in large brains where conduction
delays may be on the order of tens of milliseconds (Aboitiz et al. 2003). This
theory receives substantial support from a range of neuroanatomical evidence
and computational models. Using simple self-organizing neural networks, Levi-
tan and Reggia (Levitan & Reggia 1999, 2000; Shevtsova & Reggia 1999) demon-
strated that lateralization of self organized neural maps, akin to functional speci-
alization, depended on the properties of a connecting simulated corpus callosum,
in addition to the number of neurons each hemisphere and their dynamical
properties (e.g., excitability). Many fibers in the corpus callosum are thought to
be inhibitory, such that a functional bias in one hemisphere will inhibit recruit-
ment of corresponding regions in the opposite hemisphere for the same function.

Empirically, recent studies suggest that a measure as simple as overall skull
size can predict the strength of behavioral asymmetries — smaller brains have
less lateralization for language (but not visual processing) than large brains, as
would be predicted by the callosal distance hypothesis (Tzourio-Mazoyer et al.
2010). This distinction between language and vision is also consistent with
connectionist models that suggest the degree of hemispheric specialization may
depend on the complexity of the task, showing greater emergent unilateral
involvement for complex tasks (e.g., language; Monaghan & Pollmann 2003). The
callosal distance hypothesis thus provides a clear neuroanatomical mechanism
for establishing functional cerebral asymmetry. In the next section, we consider
possible mechanisms for a left-hemisphere bias in language lateralization.

2.1. Processing Speed and Relational/Holistic Processing

Language is arguably the most complex of cognitive processes, requiring rapid
analysis and integration at multiple levels of complex structure to support
natural speech. Thus, many historically important ideas about cerebral asym-
metries start with language as the critical case. In the late 19" century, Hughlings
Jackson suggested that the basis for language asymmetries is not modality-
specific, but rather follows from an essential difference between the hemispheric
‘styles” of processing: The left hemisphere is ‘propositional’, while the right hemi-
sphere is “associative’ (Hughlings-Jackson 1878, 1879). Bever (1975) reformulated
this as a more general distinction between ‘relational’ and ‘holistic’ processing,
relating it to the relative number of representations that are integrated at one
time. Bever (1980) suggested that the basis for such an essential difference could
be resolved to a (potentially very small) left hemisphere superiority in computati-
onal power — in conjunction with a developmental lateralization process involv-
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ing complementary inhibition, this computational difference would produce the
observed left hemisphere superiority for relational processing. Relational pro-
cessing requires at least two distinct representations to be stably maintained in
order to be interrelated: By definition, this involves more representations than
holistic processing, which can be processed one representation at a time.

Greater ‘computational power’ in the left than right hemisphere could be
reflected in anatomic asymmetries that might suggest more computational
power. An obvious candidate for this is the asymmetry of the planumtemporale,
a region of auditory cortex that is often substantially larger in the left hemisphere
than the right. Early (around 30 weeks gestation) anatomical asymmetries of the
planumtemporale (Geschwind & Levitsky 1968), in addition to more developed
cortical folding in the right hemisphere partially motivated the Geschwind &
Galaburda (1985) theory of cerebral asymmetry. The Geschwind-Galaburda
theory rests on the apparent developmental origin of cerebral asymmetry —
namely that the left hemisphere matures more slowly than the right — and the
hypothesis that rate of maturation is mediated by the intrauterine environment.
Noting that left-handedness is more prevalent in males, Geschwind and Galabur-
da hypothesized that testosterone is a key environmental factor that influences
the maturation of the fetal brain. This hypothesis also offers an explanation for
(Geschwind & Behan 1982, 1984) and others’ finding that immune and develop-
mental disorders are more prevalent in left-handers and individuals with familial
left-handedness.

The testosterone hypothesis has broad implications beyond cerebral asym-
metries that could support it: They note that the development prevalence of
asthma in each sex reverses around puberty (from being more common in males
during childhood to more common in post-pubescent females), consistent with
an immune-testosterone link. However, Vink et al. (2010) found no association
between hormone levels and the change in the prevalence of asthma in a large
Dutch sample and suggested that other sex-dependent developmental factors,
such as differential lung development or obesity, may account for the reversal.
While not fatal to the Geschwind-Galaburda theory, this evidence undermines a
major feature of the theory, suggesting that non-hormonal sex effects may be res-
ponsible for the apparent link between left-handedness and immune disorders.

Using hemispheric neural network models, Shevtsova & Reggia (1999)
found that lateralization is biased towards larger networks, consistent with the
Geschwind-Galaburda theory. On the other hand, there are well-known
examples of neural growth in response to usage, even in adults (Maguire et al.
2000). Since fetal hearing develops as early as 24 weeks (Birnholz & Benacerraf
1983), some six weeks before planumtemporale asymmetry emerges, it is plaus-
ible that this asymmetry reflects an earlier predisposition for left-hemisphere
language and /or auditory processing.

Aside from differences in the anatomical size of specific brain structures, a
number of empirical hypotheses suggest that the functional basis for a compu-
tational superiority of the left hemisphere could be increased processing speed.
Differential processing speed between cerebral hemispheres, has been proposed
as an adaptive energy-conserving mechanism that will naturally arise when a
split neural network must support at least one highly demanding task while



Biolinguistics * Forum * 79

minimizing energy consumption (Grushin 2005). Empirically, some support has
been found for the view that a deficiency in processing speed may explain certain
cases of Specific Language Impairment behaviors (Leonard et al. 2007).

Poeppel (2003) has focused on differences in processing speed for auditory
input in particular: He suggested that language lateralization is related to
intrinsic differences in hemispheric specialization for processing auditory input
on different timescales. On his “asymmetric sampling in time’ (AST) hypothesis,
initial auditory processing occurs bilaterally, with later resolution of auditory in-
put into laterally distinct timescales of information integration: a short (20-40ms;
gamma EEG frequency band) time window more prominent in the left hemi-
sphere and a long (150-250ms; theta band) window more prominent in the right
hemisphere. These timescales reflect two components of the speech signal: rapid
spectral changes associated with formant information and slower spectral
changes associated with prosodic information. To provide support for this hypo-
thesis Poeppel and colleagues have shown greater gamma band activity in the
left than right auditory cortex and greater theta band activity in the right audi-
tory cortex at rest (Giraud et al. 2007). Boemio et al. (2005) also found greater
sensitivity to long (>85ms) frequency modulated segments in the right superior
temporal sulcus than the left. Gamma band oscillations have been suggested to
have a critical role in the binding problem (e.g., Engel et al. 1991, Miltner et al.
1999, Uhlhaas et al. 2010). Since a ‘faster’ hemisphere might be expected to bind
representations more rapidly, increased gamma activity in the left hemisphere
could be consistent with differential processing speed.

Greater processing speed could be the result of a larger number of parallel
computation units (e.g., more neural assemblies), faster low-level processing
(e.g., at a higher oscillator frequency, say gamma vs. theta) or an increase in the
efficiency of processing and reduction in the time needed to converge to a stable
state in a neural network. We now consider an alternative to the processing
speed/ capacity as the sole explanation for the hypothesized computational sup-
eriority of the left hemisphere: The critical distinction between the hemispheres
may be the relative level of neural noise in processing that results from functional
differences. Conceptually, if noise effects each representation equally, the effect
on relational tasks involving many simultaneous representations will increase
geometrically, compared with minimal effect on holistic tasks involving only one
representation at a time.

The signal-to-noise ratio (SNR) describes the power of a stimulus-induced
electrophysiological response to the non-induced fluctuations around the signal
(not to be confused with the ratio of induced signal power to resting activity).
More generally, this is the fidelity with which an encoding signal can be repro-
duced. SNR can be non-invasively measured with EEG by comparing the average
evoked response to some repeated stimulation to the level of trial-by-trial
variability (Mocks et al. 1988). SNR has important theoretical implications for
neural processing, for instance bounding the information capacity of a channel,
under certain assumptions (Shannon & Weaver 1949), the memory capacity of a
neural population (Ganguli ef al. 2008) and coupling properties of neural oscil-
lators. Thus, it is directly relevant that SNR has already been shown to be higher
in the left hemisphere than the right (Winterer 1999).
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High SNR is generally considered to be a desirable property for compu-
tational efficiency. However, the optimal level of SNR, may not always be the
highest, but can be intermediate. In the brain, neural noise has been proposed as
beneficial to neural processing by inducing stochastic resonance. Stochastic
resonance is the slightly counterintuitive phenomenon in which noise actually
increases SNR by essentially lowering the neural response threshold, thus
increasing sensitivity (and response to) to low amplitude signals. For example, in
the human visual system, monocular subthreshold visual stimulation was found
to evoke changes in scalp potentials when accompanied by visual noise (to the
other eye, but overlapping visual field), suggesting that the brain does benefit
from stochastic resonance, at least in sensory processing (Mori & Kai 2002). Lang-
uage processing is poorly described in terms of low amplitude thresholds at this
level of abstraction, but neural computation properties such as SNR do have
relatively direct relevance for dynamical systems models of language acquisition
(Andrews 2003, Hancock 2009) and processing (Tabor & Tanenhaus 1999, Tabor
& Hutchins 2004) and general theories of binding in vision science and lingu-
istics. Conceptually, language may be preferentially lateralized to the hemisphere
having (close to) a computationally optimal SNR.

Hemispheric differences in the modulatory action of dopamine in the
cortico-striatal-thalamic loop present a possible and theoretically appealing
source of SNR asymmetry. The corticostriatal loop, consisting of largely ipsi-
lateral parallel ‘direct’” and “indirect’ pathways within the basal ganglia, plays a
key role in most aspects of cognitive processing and motor control. Thus, asym-
metries in this pathway may have broad effects on functional lateralization and
an intrinsic link to motor lateralization. The dominant types of striatal dopamine
receptors, D1 and D2, have excitatory and inhibitory modulatory effects on
cortical projections, respectively, and together provide a contrast enhancement
mechanism affecting cortical SNR.

We propose that a left-right asymmetry in D2 receptor activity produces a
corresponding asymmetry in cortical SNR, thus affecting the degree to which
noise-sensitive cognitive processes are lateralized. Several lines of indirect
evidence support this hypothesis:

1. In normal, right-handed adults, there is evidence of greater D2 activity in
the left striatum than the right (Larisch et al. 1998, Vernaleken et al. 2007).
2. Dopamine activity, especially D2 activity, is known to bias motor activity

(e.g., turning preference) in animals (Giorgi & Biggio 1990) and may be
similarly linked to hand preference in humans (Mohr & Lievesley 2007,
Mohr et al. 2003)

3.  Dopamine D2 function is closely linked to a number of psychiatric dis-
orders that have been linked to non right-handedness and reduced cerebral
lateralization (e.g., Abi-Dargham et al. 2000).

4.  The major candidate gene associated with handedness (LRRTM1) is not-
ably expressed in the human striatum, where it may interact with dopa-
minergic synapses.
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While non-dopaminergic neural changes could produce similar effects (e.g.,
increased cortical excitability as proposed in ADHD), these effects would not be
expected to have the same close link to motor lateralization.

3.  Familial Handedness and Heritable Variation in the Neurological
Representation of Language

The usual reasons in today’s science to study genetic effects on language is to
demonstrate evidence that language is ‘innate’ in some interesting sense, that
differentiates it from heritability of ‘general cognition’, ‘communicative capacity’
and so on. Thus, there are alleged investigations of spared syntactic capacity in
Williams” Syndrome children (Bellugi ef al. 1994, Clahsen 1998, Zukowski 2004),
as well as children with severe motor disabilities: Conversely, there are forms of
selective impairment of language in, for example, Turners syndrome (Curtiss
2012) and ‘FoxP2’ (Watkins et al. 2002) children. In each of these cases, the usual
method (in principle) is to isolate a particular genetic abnormality, and relate it to
the selective sparing or selective impairment of language ability, thereby making
more specific the claim that language is ‘innate’.

In our behavioral research of many decades and recent neurolinguistic
studies, we have adopted a different method to provide converging information
about the heritability of how language is used and represented. In particular, we
have tracked the effects of familial left-handedness in right-handers. Many
thousands of questionnaires have shown that about 40% of all college students
are right-handers with familial left-handedness, and an equal percentage of right-
handers without familial left-handedness. Thus, we can use familial handedness
as a tool to explore differences in how language is used and represented in two
equally large ‘normal’ populations. Of course, there is no guarantee that there is
any effect, any more than would be found by differentiating people by height.
But we have in fact found significant effects of familial handedness: This presum-
ably is mediated by differences in neurological organization, particularly asym-
metries, as affected by genetic tendencies towards cerebral symmetry, even in
phenotypic right-handers. Below we review some findings from others as well as
our research.

Loss of linguistic ability results from damage to specific areas of the left
neocortex. The fact that normal language depends on (rather small) specific areas
suggests that it may be critically ‘caused” by those areas. However, certain
aspects of language may have considerable latitude in their neurological repre-
sentation. For example, Luria (1970) and colleagues noted that right-handed
patients with left-handed relatives (FS+) recover faster from left-hemisphere
aphasia, and show a higher incidence of right-hemisphere aphasia than those
without familial left-handers (FS-). They speculated that FS+ right-handers have
a genetic disposition towards bilateral representation for language, which often
surfaces in their families as explicit left-handedness. In individuals of both left-
and right hand preference, familial sinistrality may account for some of the
variability seen in aphasia symptoms (Ettlinger et al. 1956, Subirana 1958) and
language symptoms in individuals with unilateral lesions (Hécaen et al. 1981).
Individuals with crossed aphasia show symptoms similar to those with left-
hemisphere damage, but have a higher incidence of FS+ (Coppens et al. 2002).
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We have found a consistent behavioral difference between the two familial
groups in how language is processed, which may explain Luria’s observation.
Normal FS+ people comprehend language initially via individual words, while
FS- people give greater attention to syntactic organization. A simple demon-
stration is that FS+ people read sentences faster and understand them better in a
visual word-by-word paradigm than a clause-by-clause paradigm: The opposite
pattern occurs for FS— people. Another example is that if words in a short essay
alternate in isolation between the ears at a normal rate, FS+ people understand
the essay better than if the words are presented all monaurally: The converse is
true for FS— people. Bever ef al. interpreted this as a result of the relative segrega-
tion of each word from the adjacent ones in the alternating ear condition, making
it easier for FS+ people to recognize each word separately (these studies and
others are reported in Bever et al. 1987, Bever 1988). In another set of studies,
Townsend and colleagues reported that recognition of an auditory probe word
from a just-heard sentence fragment is faster in FS+ people than FS— people,
while the latter are more sensitive to the overall grammatical structure of the sen-
tence fragment (main vs. subordinate clause; Townsend et al. 2001).

The bilateral representation of language in FS+ people may be specific to
lexical knowledge, since acquiring that is less demanding computationally than
syntactic structures, and hence more likely to find representation in the right
hemisphere. On this view, FS+ people have a more widespread representation of
individual lexical items, and hence can access each word more readily and
distinctly from syntactic processing than FS— people (Bever et al. 1987, Bever et al.
1989). This hypothesis would explain the relative ease of processing lexical items
in FS+ people.

This leads to a prediction: Lexical processing is more bilateral in FS+ right-
handers than FS- right-handers, but syntactic processing is left-hemisphered for
all right-handers. Recently, we tested this using fMRI brain imaging of subjects
while they are re-ordering word sequences according to syntactic constraints or
according to lexico-semantic relations between the words. We found suggestive
evidence that the lexical tasks activated the language areas bilaterally in FS+
right-handers, but activated only the left hemisphere areas in the FS- right-
handers: All subjects showed strong left-hemisphere dominance in correspond-
ing syntactic tasks (Chan 2007). This confirms our prediction, and supports our
explanation for Luria’s original clinical observations. It also demonstrates that
there is considerable lability in the neurological representation of important as-
pects of language.

Familial handedness and the critical period offers further evidence for the
genetic differentiation of language representation. The notorious case of the
critical period is syntactic knowledge of an explicit language, which is neither
determined by sensory/motor learning nor related directly to universals of
thought. Bever has argued that the critical period for syntax learning is a natural
result of the functional role that syntax plays in learning language — namely, it
assigns consistent computational representations that solidify perceptual and
productive behavioral systems, and reconciles differences in how those systems
pair forms with meanings (Bever 1975, 1981). On this view, the syntactic deri-
vational system for sentences is a bilateral filter on emerging perceptual and
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productive capacities: Once those capacities are complete and in register with
each other, further acquisition of syntax no longer has a functional role, and the
syntax acquisition mechanisms decouple from disuse, not because of a biological
or maturationally mechanistic change (see Bever 1988) for a demonstration of the
hypothesis that grammars act as cognitive mediators between production and
perception in adult artificial language learning).

This interpretation is consistent with our recent finding that the age of the
critical period differs as a function of familial handedness: FS+ deaf children
show a younger critical age for mastery of English syntax than FS— children (Ross
& Bever 2004). This follows from the fact that FS+ people access the lexical struc-
ture of language more readily, and access syntactic organization less readily than
FS— people: FS+ children are acquiring their knowledge of language with greater
emphasis on lexically coded structures, and hence depend more on the period
during which vocabulary grows most rapidly (between 5 and 10 years; itself
possibly the result of changes in social exposure, and emergence into early ado-
lescence).

4.  The Genetics of Cerebral Asymmetries

Remarkably little is known about the genetics of asymmetries as reflected in
phenotypic handedness. Part of the difficulty lies in the paucity of reliable
behavioral measures of asymmetries other than subject-reported or measured
hand dominance and the associated debate over whether handedness should be
viewed as a strictly categorical trait or a quantitative trait, and if so, how to
measure the continuum. Dichotic listening tests (Kimura 1961) have been widely
used as a non-invasive, behavioral method of assessing cerebral dominance at a
cerebral level: These measures are generally consistent with sodium amytal tests
and fMRI measures of functional language lateralization (Zatorre 1989, Hund-
Georgiadis et al. 2002). Overall, the majority of subjects typically show a right ear
advantage (REA) in dichotic listening studies, with a tendency for reduced REA
in left-handed subjects. Zurif & Bryden (1969) found that the latter effect was mo-
derated by familial sinistrality: Both right-handed and FS- left-handed subjects
showed a REA while FS+ left-handed subjects showed minimal asymmetry
effects. Zurif & Bryden (and Hines & Satz 1971) also found similar visual field
dominance effects, with reduced right visual half field (VHF) superiority for
digits in left-handed FS+ than FS-.

Studies of familial sinistrality effects on complex cognitive functions have
yielded extremely mixed results, likely reflecting the statistically underpowered
nature of many studies. Considering the moderate heritability (~20-30%) of non-
right-handedness, unreliability of self-report and problems introduced by vari-
able family size (Bishop 1990), sample sizes of several hundred subjects are
needed to attain acceptable statistical power (>.8). Power can be increased sub-
stantially with the use of non-categorical measures of familial sinistrality (Corey
& Foundas 2005), but these are not widely used. Even when more genetically
informed familial handedness measures are used, these are sometimes based on a
particular theory of genetic transmission and expression, thus confounding famil-
ial handedness effects with a specific, and likely incorrect, genetic model (e.g.,
McManus 1995).
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Two major genetic models of handedness have been proposed: Annett’s
Right Shift theory and McManus's Dextral Chance theory. Both models propose
that a single locus, dominant for left-hemisphere specialization, controls asym-
metry, with random factors or minor alleles producing right-hemisphere shift.

The Right Shift theory (Annett 1985) proposes that a single gene, rs, handi-
caps language processing in right hemisphere (through unspecified mecha-
nisms). The majority of the population is expected to be rs++, homozygous for
the right shift allele, and thus strong right-handed with left-language hemi-
sphere. Heterozygotes and those lacking the allele (rs—) have a reduced left
hemisphere handicap and lateralization becomes subject to random factors. Later
versions of the right shift theory include an ‘agnosic’ modification to the right
shift gene that removes the specificity to the right hemisphere in an attempt to
account for the possible links between left-handedness and autism and schizo-
phrenia (Annett 1999).

The Dextral Chance model (McManus 1985, 1995; Annett & Alexander
1996) proposes dextral (D) and chance (C) alleles (the latter being the minor
allele). Only one allele (with equal chance of being expressed) contributes to the
phenotype in this model: The D allele produces right-handedness and left lang-
uage lateralization; the C allele produces random handedness and lateralization,
independently.

Neither the Dextral Chance or Right-Shift theories have been supported by
complex segregation analysis of family and twin data (Medland et al. 2009, 2006),
nor have candidate genes for handedness been robustly identified. The absence
of a candidate gene, despite genome wide association efforts, suggests that a
simple, single locus model of direct genetic influence on handedness is inade-
quate and complex polygenic models of small effects (Francks et al. 2002, 2007;
Medland et al. 2009) should be pursued.

Rather than relying on single-gene models of handedness, we have applied
a more general Bayesian multifactorial model to estimate the genetic effects of
familial handedness in subjects. Categorical phenotypes can be mapped to a con-
tinuous latent variable using a standard multifactorial threshold model (Falconer
1965), a particularly useful method when Mendelian inheritance patterns are not
observed, as in handedness. Under this model, the probability of expressing a
phenotype in a given category is function of an unobserved liability for a pheno-
type, in part the sum of additive genetic effects at an unknown number of loci. A
variety of maps from liability to phenotype are possible; we use the simplest case
in which a phenotype is categorically expressed (or not) if the liability is above
(below) a threshold.? We have applied such a binary threshold model to proband-
reported handedness pedigrees, estimating genetic effects and latent liabilities
(see Sorensen & Gianola 2002 for a technical description of the algorithm). This
model produces two useful results: an estimate of the heritability of handedness
under a basic genetic model and estimated liabilities (and underlying genetic
effects) for our experimental subjects. As expected, this method estimates the he-
ritability of handedness at h*=.22-.36 (95% CI), consistent with Medland’s (2009)

?  Since liability is unobserved, a threshold for a binary trait may be chosen for convenience,

e.g., zero.
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maximum likelihood estimate of .20-.27 from a much larger twin study.’

The use of estimated liabilities, like other methods of quantifying the
degree of familial sinistrality (Corey & Foundas 2005, Karev 2010), yields a sub-
stantial power increase over dichotomous FS+/— methods and does so with mini-
mal genetic assumptions. In addition, the Bayesian nature of our method pro-
duces liability distributions, rather than point estimates of familial sinistrality.
This not only produces an implicit measure of uncertainty for each individual,
but also avoids the common confounding of familial sinistrality measure and
family size (Bishop 1990), since dispersion, rather than the mean, is largely
affected by family size. Emerging results from our laboratory using this measure,
in conjunction with EEG measures promise to identify familial handedness
effects more robustly than previous behavioral studies. In an event-related po-
tential (ERP) version of the Townsend et al. (2001) word probe study, we have
found evidence for variability mediated by familial sinistrality in the lateral-
ization of the P2 ERP component, a possible marker for early lexical processing
(Hancock & Bever 2010). This lends initial support and validity to this approach,
and to its significance for functional processing of language.

Of course, there are differences in neurological organization mediated by
familial sinistrality in modalities other than language. For example, we recently
found that an early right hemisphere negativity (ERAN) to musical anomalies is
significantly stronger in FS— than FS+ right-handed subjects (Sammler et al. 2012).
The same FS- subjects showed only a trend for a stronger early left hemisphere
negativity (ELAN) to grammatical anomalies. However, almost all FS- subjects
showed both an ERAN for music and an ELAN for language, while almost no
FS+ subjects showed this differential pattern. This suggests further that the neu-
rological organization for complex behaviors is less differentiated and lateralized
in FS+ right-handers (for recent empirical findings related to our research, see
also Fisher et al. 2012, Hancock 2012).

Why are there these effects of familial sinistrality? In the case of language,
our recent findings lend support to Bever et al.’s (1987) hypothesis that lexical re-
presentations are relatively more available in the right hemisphere in FS+ people.
That hypothesis reasoned that the lexicon may be more susceptible to wide-
spread neurological representation than syntactic processing: The latter is more
demanding computationally, and thus may be relegated to the computationally
more powerful hemisphere. But if FS+ people have less lateralized brains, as
suggested by various facts, this would allow for more right hemisphere represen-
tation and processing for the simpler aspects of language, in this case the lexicon.
In a more general framework, the SNR concept of the basis for cerebral asym-
metries would suggest that genetically-mediated more equilateral dopamine D2
activity in FS+ people reduces the bias towards left hemisphere language func-
tion typical in FS- people. Under this model, non-linguistic effects of familial
handedness are also expected, based on the extent to which the basal ganglia are
involved in non-linguistic tasks.

*  Heritability here is the ratio of variance explained by genetic factors to variance explained

by genetic, familial and environmental factors.
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5.  Implications of Genetic Variation in Language Organization and
Representation

The empirical premise behind the differences between FS+ and FS- people is that
FS+ people have reduced left hemisphere lateralization, and correspondingly
weaker differential lateralization for language and other complex behaviors: In
some cases, this (by hypothesis) initially quantitative difference results in appar-
ent qualitative categorical effects. There are several different kinds of impli-
cations of our findings that support these results.

a)  Implications for clinical research and therapies

Virtually every clinical study of language dysfunctions and special language
behaviors reports the handedness of the patients. Yet, despite Luria’s classic
findings on aphasia in FS+ patients, and the established association between
familial left-handedness and psychiatric disorders, almost no studies of language
dysfunction report familial handedness of the patients. Our 30 years of behavi-
oral research and our recent modeling and imaging results argue strongly that it
is critical to differentiate patients according to the familial-handedness-based
likelihood that they are, or would have been, left-handed. Our current model of
family pedigree effects offers an opportunity to enrich clinical research in this
way.

b)  Implications for experimental research and theory

Psycholinguistic behavioral and neurolinguistic research continues today in
attempts to build models of language acquisition and language performance. The
behavioral differences between FS+ and FS- people we have outlined is sufficient
reason alone to keep track of this variable: If FS+ people consistently access lexi-
cal items more readily than FS— people, and conversely for syntactic patterns, this
will surely interact with many specific kinds of experiments. Our recent neuro-
logical findings go further to substantiate the importance of familial handedness,
since today’s model building often refers to potential neurological concomitants
of the postulates of the models.

c)  Implications for the genetics of handedness: a refined phenotype

As we have noted, remarkably little is known about the genetics of left-
handedness, despite its frequency and substantial heritability. In part this may be
because handedness in general is multiply determined; it is also made more
difficult to study because at least some left-handedness has been shown to be the
result of acquired brain damage in people who are genetically right handed:
Conversely, many ‘right’ handed people may be genetically left handed, but
forced by social pressures to be right-handed. In sum, the phenotypic differenti-
ation of left and right-handedness is not sharp, which complicates any search for
specific polymorphisms or other genetic effects that influence handedness. An
outcome of our research, using the model that estimates additive genetic effects
associated with left-handedness as a function of family background, will be to
sharpen the cognitive and neurological phenotypes of explicit left-handers, as
well as explicit right-handers, with high and low genetic loadings for left-
handedness. The result will be a better chance that DNA assays will reveal poly-
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morphisms associated with handedness phenotypes than current case-control
studies that consider only phenotypic hand preferences.

d)  Implications for linguistic theory and the biological foundations of language

Finally, it is clear that there are different mechanisms for the expression of lang-
uage in behavior, at least in the quantitative contributions and interactions bet-
ween the hemispheres. This raises the question for linguistic theory and the
genetics of language as to whether the quantitative differences result in actual
qualitative differences in how language is represented neurologically and pro-
cessed computationally. To put it bluntly:

(i) Is there more than one ‘normal’ form of neurological representation for
language?

(ii) If so, is there more than one ‘normal’ computational architecture for gram-
mars?

(iii) If so, is there more than one normal system for language behavior?

To decide the answer to (i) and (ii) requires a fuller analysis of what kind of
lexical information is in fact relatively strongly represented or accessed in the
right hemisphere in FS+ people. It could be information directly relevant to syn-
tactic representations, such as lexical category, morphological structure, and rele-
vant to phonological theory if it is represented in abstract phonological terms. In
this case, we would have to conclude that indeed there is more than one normal
form for neurological representation of language. On the other hand, the relevant
‘lexical” information in the right hemisphere of FS+ people could be associative
information, information that would facilitate lexical access in behavior, but not
be directly relevant for syntactic computations.

There are corresponding options for the implications of the differences for
the actual structure of linguistic grammars. For example, a current controversy in
linguistic theory has to do with whether lexical representations are simply special
cases of idioms which in turn are special cases of sentence constructions and
conversely (e.g., Goldberg 1995, Boas & Sag 2012, Fillmore et al. 1988; see also
Culicover & Jackendoff 2006). On such theoretical views of grammar, different
representational systems for relating the lexicon to larger compositional struc-
tures would definitely imply different kinds of computational architectures in
different groups of people.

The largest question has to do with the implications of our findings for the
causal relation between neurological structures and the structure of language. It
is often implicit in biolinguistic discussions that a critical contributor to the
structure of language is in the details of the biological basis for its acquisition,
representation and use. On this view, the biopsychoneurological basis for lang-
uage exists (whether by exaptation, saltation, or selection) in such a way to make
possible language as we see it neurologically organized. Our findings of the con-
siderable lability of that organization suggest another possibility: that the basis
for language lies not in any specific neurological set of centers and connections,
but in the availability of various cerebral components that can carry out the kind
of computations required for the external mapping of sequences of internal pro-
positional relations.
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This view is a particular implementation of the recent ‘minimalist’ pro-
gram, on which syntax is a direct expression of a system that efficiently relates
propositional structures to externalized serial representations (Chomsky 2000,
Boeckx 2006). On this view, the neurological organization for the best mapping
system follows otherwise available computational centers and connections
between them — the neurological organization in each case is itself the best
available implementation. But what is the ‘best’ implementation will differ as a
function of larger tendencies and constraints on how the different computational
components of the brain are ‘best’ connected. Our research suggests that there is
systematic normal variation in what is “best’.

There are at least two implications of this idea for the biological foun-
dations for language. The more conservative assumption would be that all people
share a fundamental form of neurological capacity for language, but differ in the
emphasis on lexical versus compositional mapping processes. This would mean
that attested languages must convey substantial structural information both in
their lexicon and in syntactic patterns, to accommodate to each of the major
normal populations. This may underlie the apparent fact that languages are often
structurally redundant in the corresponding way — both lexical and compo-
sitional structures are evident in actual sentences.

A more radical interpretation of the normal variation in neurological orga-
nization for language is that the unique biological capacity for language is rooted
more deeply in human neurophysiology than in specific computational centers
and connections between them. While this may seem mysterious or at least
radically speculative, stranger things have turned out to be true (for more ex-
tensive discussion of these issues, see Bever, in press).

References

Abi-Dargham, Anissa, Janine Rodenhiser, David Printz, Yolanda Zea-Ponce,
Roberto Gil, Lawrence S Kegeles, Richard Weiss, et al. 2000. Increased
baseline occupancy of D2 receptors by dopamine in schizophrenia.
Proceedings of the National Academy of Sciences 97(14), 8104-8109.

Aboitiz, Francisco, Javier Lépez & Juan Montiel. 2003. Long distance
communication in the human brain: Timing constraints for inter-
hemispheric synchrony and the origin of brain lateralization. Biological
Research 36(1), 89-99.

Anderson, Michael L. 2010. Neural reuse: a fundamental organizational principle
of the brain. The Behavioral and Brain sciences 33(4), 245-66.

Andrews, Mark W. 2003. Language learning and nonlinear dynamical systems.
Ithaca, NY: Cornell University dissertation.

Annett, Marian. 1985. Left, Right, Hand and Brain. Hove: Psych Press.

Annett, Marian. 1999. The theory of an agnosic right shift gene in schizophrenia
and autism. Schizophrenia Research 39(3), 177-182.

Annett, Marian & M. P. Alexander. 1996. Atypical cerebral dominance:
Predictions and tests of the right shift theory. Neuropsychologia 34(12), 1215-
1227.



Biolinguistics * Forum * 89

Bellugi, Ursula, Paul P Wang & Terry Jernigan. 1994. Williams syndrome: An
unusual neuropsychological profile. In S Broman & ] Grafman (eds.),
Atypical Cognitive Deficits in Developmental Disorders: Implications for Brain
Function. Hillsdale, NJ: Lawrence Erlbaum Associates.

Bever, Thomas G. In press. The bio-psychology of language universals — the
next 40 years. In I. Laka & M. Sanz (eds), Cognition and Language: Enduring
Themes. Oxford: Oxford University Press.

Bever, Thomas G. 1975. Psychologically real grammar emerges because of its role
in language acquisition. In Daniel P. Dato (ed.), Developmental
Psycholinguistics: Theory and Application. Washington, DC: Georgetown
University Press.

Bever, Thomas G. 1981. Normal acquisition processes explain the critical period
for language learning. In K. C. Diller (ed.), Individual Differences and
Universals in Language Learning Aptitude, 176-198. Rowley, MA: Newbury
House.

Bever, Thomas G. & R. J. Chiarello. 1974. Cerebral dominance in musicians and
nonmusicians. Science 185(4150), 537-539.

Bever, Thomas G. & Ralph Hansen. 1988. The induction of mental structures
while learning to use symbolic systems. Proceedings of the 10th annual
meeting of the Cognitive Science Society.

Bever, Thomas G., C. Carrithers & David J. Townsend. 1987. A tale of two brains;
or, the sinistral quasimodularity of language. Cognitive Science Society, 764—
773.

Bever, Thomas G, C. Carrithers, W. Cowart & David ]J. Townsend. 1989.
Language processing and familial handedness. In Albert M. Galaburda
(ed.), From Reading to Neurons, 341-357. Cambridge, MA: MIT Press.

Birnholz, Jason C. & Beryl R. Benacerraf. 1983. The development of human fetal
hearing. Science 222(4623), 516-518.

Bishop, Dorothy V. M. 1990. On the futility of using familial sinistrality to
subclassify handedness groups. Cortex 26(1), 153-155.

Boas, Hans C., and Ivan A. Sag (Eds.) 2012. Sign-Based Construction Grammar.
Stanford: CSLI Publications. [Distributed by U. of Chicago Press]

Boeckx, Cedric. 2006. Minimalist Essays. John Benjamins Publishing Co.

Boemio, Anthony, Stephen Fromm, Allen Braun & David Poeppel. 2005.
Hierarchical and asymmetric temporal sensitivity in human auditory
cortices. NatureNeuroscience 8(3), 389-395.

Bogen, ] E & G M Bogen. 1976. Wernicke's region--Where is it? Annals of the New
York Academy of Sciences 280, 834—843.

Chan, Shiao-hui. 2007. Linguistic sequencing in the cortex and the basal ganglia.
Tucson, AZ: University of Arizona dissertation.

Chomsky, Noam. 2000. Minimalist inquiries: The framework. In R Martin, D
Michaels & Juan Uriagereka (eds.), Step by Step, 89-155. Cambridge, MA:
MIT Press.

Clahsen, Harald & Mayella Almazan. 1998. Syntax and morphology in Williams
syndrome. Cognition 68(3), 167-198.

Coppens, Patrick, Suzanne Hungerford, Satoshi Yamaguchi & Atsushi Yamadori.
2002. Crossed aphasia: An analysis of the symptoms, their frequency, and a



90 Biolinguistics * Forum *

comparison with left-hemisphere aphasia symptomatology. Brain and
Language 83(3), 425-463.

Corey, David M. & Anne L. Foundas. 2005. Measuring familial sinistrality:
Problems with dichotomous classification. Laterality 10(4), 321-335.

Culicover, Peter & Ray Jackendoff. 2005. Simpler Syntax. Oxford: Oxford
University Press.

Curtiss, Susan & Jeannette Shaeffer. 1997. Syntactic development in children with
hemispherectomy: The INFL-system. In E Hughes (ed.) BUCLD 21
Proceedings. Somerville, MA.

Curtiss, Susan, Stella de Bode & Gary W Mathern. 2001. Spoken language
outcomes after hemispherectomy: factoring in etiology. Brain and Language
79(3), 379-396.

Curtiss, Susan. 2013. Revisiting modularity: Using language as window to the
mind. In Massimo Piattelli-Palmarini & Robert C Berwick (eds.), Rich
Languages From Poor Inputs, 68-90. Oxford: Oxford University Press.

Devlin, A M, ] H Cross, W Harkness, W K Chong, B Harding, Faraneh Vargha-
Khadem & B G R Neville. 2003. Clinical outcomes of hemispherectomy for
epilepsy in childhood and adolescence. Brain 126(3), 556-566.

Duara, Ranjan, Alex Kushch, Karen Gross-Glenn, W. William Barker, Bonnie
Jallad, Shlomo Pascal, David Loewenstein, Jerome Sheldon, Mark Rabin &
Bonnie Levin. 1991. Neuroanatomic differences between dyslexic and
normal readers on magnetic resonance imaging scans. Archives of Neurology
48(4), 410-416.

Dunham, Leslie A. & William D. Hopkins. 2006. Sex and handedness effects on
corpus callosum morphology in chimpanzees (Pantroglodytes). Behavioral
Neuroscience 120(5), 1025-1032.

Engel, Andreas K, Peter Konig, Andreas K Kreiter & Wolf Singer. 1991.
Interhemispheric synchronization of oscillatory neuronal responses in cat
visual cortex. Science 252(5009), 1177-1179.

Ettlinger, George, C. V. Jackson & O. L. Zangwill. 1956. Cerebral dominance in
sinistrals. Brain 79(4), 569-588.

Falconer, Douglas. 1965. The inheritance of liability to certain diseases, estimated
from the incidence among relatives. Annals of Human Genetics 29(1), 51-76.

Fillmore, Charles, Paul Kay & Mary C O'Connor. 1988. Regularity and
idiomaticity in grammatical constructions: The case of let alone. Language
64(3). 501-538.

Fisher, Julia, Roeland Hancock & Thomas G. Bever. 2012. Auditory Masked
Priming and Lexical Processing in People with Differing Familial
Handedness. Poster presented at The Neurobiology of Language Conference,
San Sebastian, Spain. [October 25-27, 2012]

Francks, Clyde, Shinji Maegawa, Juha Laurén, Brett S. Abrahams, Antonio
Velayos-Baeza, Sarah E. Medland, Stefano Colella, Matthias Groszer, E. Z.
McAuley, Tara M. Caffrey, Tonis Timmusk, Priit Pruunsild, Indrek Koppel,
Penelope A. Lind, Noriko Matsumoto-Itaba, Jérome Nicod, Lan Xiong,
Ridha Joober, Wolfgang Enard, Benjamin Krinsky, Eiji Nenba, Alex J.
Richardson, Brien P. Riley, Nicholas G. Martin, Stephen M. Strittmatter,
Hans-Jiirgen Moller, Dan Rujescu, David St Clair, Pierandrea Muglia, J.



Biolinguistics * Forum * 91

Louw Roos, Simon E. Fisher, Richard Wade-Martins, Guy A. Rouleau, John
F. Stein, Maria Karayiorgou, David H. Geshwind, Joannis Ragoussis,
Kenneth S. Kendler, Matti S. Airaksinen, Mitsuo Oshimura, Lynn E. DeLisi
& Anthony P. Monaco. 2007. LRRTM1 on chromosome 2p12 is a maternally
suppressed gene that is associated paternally with handedness and
schizophrenia. Molecular Psychiatry 12(12), 1129-1139.

Francks, Clyde, Simon E. Fisher, I. Laurence MacPhie, Alex J. Richardson, Angela
J. Marlow, John E. Stein & Anthony P. Monaco. 2002. A genomewide
linkage screen for relative hand skill in sibling pairs. American Journal of
Human Genetics 70(3), 800-805.

Ganguli, Surya, Dongsung Huh & Haim Sompolinsky. 2008. Memory traces in
dynamical systems. Proceedings of the National Academy of Sciences 105(48),
18970-18975.

Geschwind, Norman & Albert M. Galaburda. 1985. Cerebral lateralization:
Biological mechanisms, associations, and pathology. Archives of Neurology
42(5), 428-459.

Geschwind, Norman & Peter Behan. 1982. Left-handedness: Association with
immune disease, migraine, and developmental learning disorder.
Proceedings of the National Academy of Sciences 79, 5097-5100.

Geschwind, Norman & Peter Behan. 1984. Laterality, hormones, and immunity.
In Norman Geschwind & Albert Galaburda (eds.) Cerebral Dominance: The
Biological Foundations. Cambridge, MA: Harvard University Press.

Geschwind, Norman & Walter Levitsky. 1968. Human brain: Left-right
asymmetries in temporal speech region. Science 161(3837), 186-187.

Giorgi, Osvaldo & Giovanni Biggio. 1990. Selective unilateral inactivation of
striatal D1 and D2 dopamine receptor subtypes by EEDQ: Turning
behavior elicited by D2 dopamine receptor agonists. Brain Research 533(1),
53-59.

Giraud, Anne-Lise, Andreas Kleinschmidt, David Poeppel, Torben E. Lund,
Richard S. J. Frackowiak & Helmut Laufs. 2007. Endogenous cortical
rhythms determine cerebral specialization for speech perception and
production. Neuron 56(6), 1127-1134.

Goldberg, Adele E. 1995. Constructions: A construction grammar approach to
argument structure. Chicago, IL: The University of Chicago Press.

Grushin, Alexander & James Reggia. 2005. Evolving processing speed
asymmetries and hemispheric interactions in a neural network model.
Neurocomputing 65-66, 47-53.

Hancock, Roeland. 2009. Partitions and parameters. Presented at the 31st annual
meeting of the Deutsche Gesellschaft fiir Sprachwissenschaft, Osnabriick,
Germany. [March 4-6, 2009]

Hancock, Roeland & Thomas G. Bever. 2010. Familial Sinistrality Effects in Probe
Word Recognition. Poster presented at Neurobiology of Language Conference,
San Diego, CA. [November 11-12, 2010].

Hancock, Roeland. 2012. Bayesian estimates of genetic handedness predict
oscillatory brain activity. Poster presented at the 13" Annual Meeting of the
International Behavioral and Neural Genetics Society, Boulder, CO. [May 14-17,
2012].



92 Biolinguistics * Forum *

Hécaen, Henry, M. De Agostini & A. Monzon-Montes. 1981. Cerebral
organization in left-handers. Brain and Language 12(2), 261-284.

Hines, David & Paul Satz. 1971. Superiority of right visual half-fields in right-
handers for recall of digits presented at varying rates. Neuropsychologia 9(1),
21-25.

Hughlings-Jackson, John. 1878. On affection of speech from disease of the brain.
Brain 1(3), 304-330.

Hughlings-Jackson, John. 1879. On affection of speech from disease of the brain.
Brain 2(3), 323-356.

Hund-Georgiadis, Margret, Ulrike Lex, Angela D. Friederici & D. Yves von
Cramon. 2002. Non-invasive regime for language lateralization in right-and
left-handers by means of functional MRI and dichotic listening.
Experimental Brain Research 145, 166-176.

Hynd, George W., Josh Hall, Edward S. Novey, Deborah Eliopulos, Kathryn
Black, Jose J. Gonzalez, Jane E. Edmonds, Cynthia Riccio & Morris Cohen.
1995. Dyslexia and corpus callosum morphology. Archives of Neurology
52(1), 32-38.

Innocenti, Giorgio M. 2009. Dynamic interactions between the cerebral
hemispheres. Experimental Brain Research 192(3), 417-423.

Jonas, Doris F & A David Jonas. 1975. Gender differences in mental function: A
clue to the origin of language. Current Anthropology 16(4), 626-630.

Karev, George B. 2010. Quantitatively assessed familial sinistrality in right-,
mixed-, and left-handers. Laterality 16(1), 93-106.

Kimura, Doreen. 1961. Cerebral dominance and the perception of verbal stimuli.
Canadian Journal of Psychology 15(3), 166-171.

Larisch, R, W. Meyer, A. Klimke, F. Kehren, H. Vosberg & H. W. Miiller-Gértner.
1998. Left-right asymmetry of striatal dopamine D2 receptors. Nuclear
medicine communications 19(8), 781-787.

Leonard, Laurence B., Susan Ellis Weismer, Carol A. Miller, David ]. Francis, J.
Bruce Tomblin & Robert V. Kail. 2007. Speed of processing, working
memory, and language impairment in children. Journal of Speech, Language,
and Hearing Research 50(2), 408-428.

Levitan, Svetlana & James A. Reggia. 1999. Interhemispheric effects on map
organization following simulated cortical lesions. Artificial Intelligence in
Medicine 17(1), 59-85.

Levitan, Svetlana & James A. Reggia. 2000. A computational model of
lateralization and asymmetries in cortical maps. Neural Computation 12(9),
2037-2062.

Lewin, Roger. 1980. Is your brain really necessary? Science 210(4475), 1232-1234.

Luria, Alexander R. 1970. Traumatic Aphasia. Its Syndromes, Psychology and
Treatment. Berlin: Walter de Gruyter.

Maguire, Eleanor A., David G. Gadian, Ingrid S. Johnsrude, Catriona D. Good,
John Ashburner, Richard S. Frackowiak & Christopher D. Frith. 2000.
Navigation-related structural change in the hippocampi of taxi drivers.
Proceedings of the National Academy of Sciences 97(8), 4398—4403.

McManus, Chris. 1985. Handedness, language dominance and aphasia: a genetic
model. Psychological Medicine Monograph Supplement 8, 1-40.



Biolinguistics * Forum * 93

McManus, Chris. 1995. Familial sinistrality: The utility of calculating exact
genotype probabilities for individuals. Cortex 31(1), 3-24.

Medland, Sarah E., David L. Duffy, Margaret J. Wright, Gina M. Geffen, David A.
Hay, Florence Levy, Catherina E. M. van-Beijsterveldt, Gonneke
Willemsen, Grant C. Townsend, Vicki White, Alex W. Hewitt, David A.
Mackey, J. Michael Bailey, Wendy S. Slutske, Dale R. Nyholt, Susan A.
Treloar, Nicholas G. Martin & Dorret I. Boomsma. 2009. Genetic influences
on handedness: Data from 25,732 Australian and Dutch twin families.
Neuropsychologia 47(2), 330-337.

Medland, Sarah E., David L. Duffy, Margaret ]J. Wright, Gina M. Geffen & N. G.
Martin. 2006. Handedness in twins: Joint analysis of data from 35 samples.
Twin Research and Human Genetics 9(1), 46-53.

Miltner, Wolfgang H R, Christoph Braun, Matthias Arnold, Herbert Witte &
Edward Taub. 1999. Coherence of gamma-band EEG activity as a basis for
associative learning. Nature 397(6718), 434-436.

Mohr, Christine, T. Landis, H. S. Bracha & P. Brugger. 2003. Opposite turning
behavior in right-handers and non-right-handers suggests a link between
handedness and cerebral dopamine asymmetries. Behavioral Neuroscience
117(6), 1448-1452.

Mohr, Christine & Alex Lievesley. 2007. Test-retest stability of an experimental
measure of human turning behaviour in right-handers, mixed-handers, and
left-handers. Laterality 12(2), 172-190.

Monaghan, Padraic & Stefan Pollmann. 2003. Division of labor between the hemi-
spheres for complex but not simple tasks: An implemented connectionist
model. Journal of Experimental Psychology General 132(3), 379-399.

Mori, Toshio & Shoichi Kai. 2002. Noise-induced entrainment and stochastic
resonance in human brain waves. Physical Review Letters 88(21), 218101.

Mocks, Joachim, Theo Gasser & Walter Kohler. 1988. Basic statistical parameters
of event-related potentials. Journal of Psychophysiology 2(1), 61-70.

Olivares, Ricardo, Juan Montiel & Francisco Aboitiz. 2001. Species differences
and similarities in the fine structure of the mammalian corpus callosum.
Brain, Behavior and Evolution 57, 98-105.

Penfield, Wilder & Lamar Roberts. 1959. Speech and brain mechanisms. Princeton,
NJ, US: Princeton University Press.

Poeppel, David. 2003. The analysis of speech in different temporal integration
windows: Cerebral lateralization as asymmetric sampling in time. Speech
Communication 41, 245-255.

Ringo, James L., Robert W. Doty, Steven Demeter & Patrice Y. Simard. 1994. Time
is of the essence: A conjecture that hemispheric specialization arises from
interhemispheric conduction delay. Cerebral Cortex 4(4), 331-343.

Rogalsky, Corianne & Gregory Hickok. 2011. The role of Broca's area in sentence
comprehension. Journal of Cognitive Neuroscience 23(7), 1664—1680.

Ross, Danielle S. & Thomas G. Bever. 2004. The time course for language
acquisition in biologically distinct populations: evidence from deaf
individuals. Brain and Language 89(1), 115-121.

Sammler, Daniela, Angela D. Friederici, Roeland Hancock, Roberta Bianco &
Thomas G. Bever. 2012. Genetic factors in the cerebral asymmetries for



94 Biolinguistics * Forum *

language and music. Poster presented at The Neurobiology of Language
Conference, San Sebastian, Spain. [October 25-27, 2012]

Shannon, Claude E. & Warren Weaver. 1949. The Mathematical Theory of
Communication. Urbana, IL: University of Illinois Press.

Shevtsova, Natalia & James A. Reggia. 1999. A neural network model of
lateralization during letter identification. Journal of Cognitive Neuroscience
11(2), 167-181.

Sorensen, Daniel & Daniel Gianola. 2002. Likelihood, Bayesian and MCMC Methods
in Quantitative Genetics. New York: Springer.

Subirana, A. 1958. The prognosis in aphasia in relation to cereberal dominance
and handedness. Brain 81(3), 415-425.

Tabor, Whitney & Michael K. Tanenhaus. 1999. Dynamical models of sentence
processing. Cognitive Science 23(4), 491-515.

Tabor, Whitney & Sean Hutchins. 2004. Evidence for self-organized sentence
processing: Digging-in effects. Journal of Experimental Psychology Learning
Memory and Cognition 30, 431-450.

Townsend, David J., Caroline Carrithers & Thomas G. Bever. 2001. Familial
handedness and access to words, meaning, and syntax during sentence
comprehension. Brain and Language 78(3), 308-331.

Tzourio-Mazoyer, Nathalie, Laurent Petit, Annick Razafimandimby, Fabrice
Crivello, Laure Zago, Gael Jobard, Marc Joliot, Emmanuel Mellet &
Bernard Mazoyer. 2010. Left hemisphere lateralization for language in
right-handers is controlled in part by familial sinistrality, manual
preference strength, and head size. The Journal of Neuroscience 30(40), 13314
13318.

Uhlhaas, Peter J, Frédéric Roux, Eugenio Rodriguez, Anna Rotarska-Jagiela &
Wolf Singer. 2010. Neural synchrony and the development of cortical
networks. TRENDS in Cognitive Sciences 14(2), 72-80.

Vernaleken, Ingo, Carsten Weibrich, Thomas Siessmeier, Hans-Georg Buchholz,
Frank Rosch, Andreas Heinz, Paul Cumming, Peter Stoeter, Peter
Bartenstein & Gerhard Griinder. 2007. Asymmetry in dopamine D(2/3)
receptors of caudate nucleus is lost with age. Neurolmage 34(3), 870-878.

Vink, Nienke M., Dirkje S. Postma, Jan P. Schouten, Judith G. M. Rosmalen & H.
Marike Boezen. 2010. Gender differences in asthma development and
remission during transition through puberty: the TRacking Adolescents'
Individual Lives Survey (TRAILS) study. The Journal of Allergy and Clinical
Immunology 126(3), 498-504.e1-6.

Watkins, Kate E., N. F. Dronkers & Faraneh Vargha-Khadem. 2002. Behavioural
analysis of an inherited speech and language disorder: Comparison with
acquired aphasia. Brain 125(Pt 3), 452-464.

Winterer, Georg. 1999. Cortical activation, signal-to-noise ratio and stochastic
resonance during information processing in man. Clinical Neurophysiology
110(7), 1193-1203.

Zatorre, R J. 1989. Perceptual asymmetry on the dichotic fused words test and
cerebral speech lateralization determined by the carotid sodium amytal
test. Neuropsychologia 27(10). 1207-1219.

Zukowski, Andrea. 2004. Investigating knowledge of complex syntax: Insights



Biolinguistics * Forum * 95

from experimental studies of Williams Syndrome. In M Rice & S Warren
(eds.), Developmental Language Disorders: From Phenotypes to Etiologies.
Mahwah, NJ: Lawrence Erlbaum Associates.

Zurif, Edgar & M. P. Bryden. 1969. Familial handedness and left-right differences
in auditory and visual perception. Neuropsychologia 7(2), 179-187.

Roeland Hancock Thomas G. Bever
University of Arizona University of Arizona
Department of Psychology Department of Linguistics
1503 E University Blvd. 1103 E University Blvd.
Tucson, AZ 85721-0068 Tucson, AZ 85721-0025
United States United States

rhancock@email.arizona.edu teb@email.arizona.edu




