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Abstract 

 

The current review investigates the question of the relationship of different hemispheric 

specializations. Hemispheric specializations are the result of the seemingly distinctive ability of the 

left and right hemisphere to specialise in different cognitive functions. The review focuses on the 

concept of complementarity whereby the lateralization of one function predicts the asymmetric 

processing of another one. The complementarity of hemispheric specializations presents an 

interesting dilemma as the literature evidence is outwardly mixed. The causal and statistical 

hypotheses attempt to account for the observed findings, with support for both hypotheses. 

However, most of the evidence appears to align with the statistical pattern of complementarity. 

Converging lines of evidence suggest that there are multiple independent biases that play a role in 

how these functional cerebral asymmetries are organized in the human brain. Some of the 

functional and evolutionary implications of the existence of complementarity of hemispheric 

specializations are also briefly discussed.  
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Introduction 

Ever since Paul Broca’s discovery of language impairments after left hemisphere lesions, the concept 

of hemispheric specialization, whereby one hemisphere is superior compared to the other in 

processing a certain cognitive function, has received much attention (Josse & Tzourio-Mazoyer, 

2004; Bryden, 1982). Interestingly though, not all individuals adhere to this pattern with a minority 

reversing or negating the asymmetry.  In terms of language dominance, a relationship with 

handedness, which can be considered a different form of hemispheric specialization, has been well 

documented, with about 95% of right-handers having left-hemispheric specialization compared to 

about 70% of left-handers (e.g., Badzakova-Trajkov, Häberling, Roberts, & Corballis, 2010; 

Rasmussen & Milner, 1977). The right hemisphere is considered to play a bigger role in a variety of 

non-verbal abilities, including spatial abilities, face recognition, and emotional expression (Hellige, 

1996; Duecker, Formisano, & Sack, 2013; Thoma et al., 2014; Bourne, 2008; Onal-Hartmann, Pauli, 

Ocklenburg, & Güntürkün, 2012). Right-hemisphere specialization for these functions is well 

established but is not as striking or clear-cut. Only about 76% of right-handed males and 59% of 

right-handed females are right-hemisphere dominant for spatial ability (Bryden, Hécaen, & 

DeAgostini, 1983), based on the incidence of spatial disorders following unilateral brain lesions, 

which is considerably lower than the over 90% population bias found for language functions.   

Hemispheric specialization has been studied extensively using a variety of approaches: unilateral 

brain lesions, split-brain patients, intraoperative brain stimulation, behavioural methods, and more 

recently, neuroimaging methods.  Using a variety of methods is important as hemispheric 

specialization can be viewed as an underlying principle of how the human brain is organized. More 

recently, resting-state functional Magnetic Resonance Imaging (fMRI) studies, which measure the 

correlation between spontaneous activation patterns of brain regions, provide an opportunity to 

explore the potential underlying organisation of resting-state networks that may provide the 

framework of functional hemispheric asymmetries in the brain. This is feasible given resting-state 

networks consist of anatomically separated, but functionally linked, brain regions that show a high 

level of ongoing functional connectivity during rest (van den Heuvel & Hulshoff Pol, 2010). 

It is believed that hemispheric specialization allows increasing the speed and efficacy of information 

processing (e.g., Levy, 1969). Conversely, deviations of hemispheric specialization have been linked 

to a variety of different disorders and phenomena such as reading disability, schizophrenia, 

stuttering, gender-related differences in spatial ability, infantile autism, and developmental language 

difficulties (Bryden, 1982; Herbert et al., 2002; Kleinhans, Müller, Cohen, & Courchesne, 2008; Crow 

et al., 1989; Whitehouse & Bishop, 2008). Most significantly, perhaps, hemispheric specialization is 

thought to contribute to the evolution of human language as well as providing an axis for the 

specialization of cortical systems beyond language (Liu, Stufflebeam, Sepulcre, Hedden, & Buckner, 

2009). 

Although hemispheric specialization has been widely documented in a variety of cognitive domains, 

research investigating the relationship between functional cerebral asymmetries has been less 

forthcoming or conclusive. The question remains as to whether the localisation of one function to a 

certain hemisphere predicts the localisation of another function to the opposite hemisphere, a 

phenomenon termed complementarity. Complementarity of functional cerebral asymmetries can be 

likened to a “diagonal laterality” mechanism whereby asymmetry to the left in one part of the brain 
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is accompanied by asymmetry to the right in another part of the brain (Wood, Lynn, & Naylor, 1991). 

For the purposes of this review, we are interested in cases where different functions are in opposite 

hemispheres, and are therefore complementary in the sense that specialization in one hemisphere is 

complemented by another specialization in the other hemisphere. The assumption of 

complementarity of functional cerebral asymmetries is generally assumed, yet left- and right-

hemisphere cognitive functions are commonly assessed in isolation, with little attention to the 

relationship in the degree and direction of lateralization within individuals (Badzakova-Trajkov et al., 

2010; Harms & Elias, 2014).  

In this review, we evaluate whether complementarity of functions exists and the patterns of 

complementarity commonly observed. We present the main hypotheses on the complementarity of 

hemispheric specializations, with evidence for each hypothesis presented and evaluated to see 

which hypothesis best fits the data. Finally, a brief discussion around the implications of 

complementarity of functional cerebral asymmetries and some concluding remarks on the topic are 

put forward.  

Literature review 

2.1. Complementarity of functional cerebral asymmetries 

Complete hemispheric specialization is questionable, given that both hemispheres usually contribute 

to complex and multifaceted cognitive domains. It is very typical that both hemispheres have some 

ability to perform the same task, with one hemisphere usually doing so more effectively than the 

other (Hellige, 1993). This is evident in neuroimaging research where brain activity is generally 

observed across both hemispheres even for tasks that commonly exhibit clear hemispheric 

dominance (e.g., Badzakova-Trajkov et al., 2010). In addition, research shows that we must be 

cautious in attributing dominance to one hemisphere for cognitive domains that are complex and 

multifaceted. For example, despite the overwhelming evidence for left-hemisphere dominance for 

language processing, there is extensive evidence of the importance of the right-hemisphere in 

processing pragmatic aspects of language (as reviewed by Hellige, 1993). Language processing in the 

two hemispheres is parallel in the sense that each performs its own computation on information at 

every level of processing (Beeman & Chiarello, 1998). Furthermore, according to Beeman and 

Chiarello (1998), the left-hemisphere language processing is characterised as relatively fine coding, 

resulting in sharp activation patterns and categorical representations whereas right-hemisphere 

language processing is characterized as relatively coarse coding, resulting in diffuse activation 

patterns and analogical representations. This leads one to think that the hemispheres may play 

somewhat complementary roles in the intact brain (Hellige, 1993) given the nature of their 

contributions. More recently, according to Hickok and Poeppel (2007), the cortical organization of 

speech processing is characterised by a dorsal stream that is responsible for language production 

and is left-hemisphere dominant versus a ventral stream that is bilaterally organized and is 

responsible for comprehension. The complementarity of the hemispheres in the processing of 

information for a complex cognitive domain such as language may represent an underlying 

hemispheric organisation that lends itself to complementarity not only within a cognitive domain but 

also across cognitive domains. The wide variety of cognitive systems asymmetrically organized in the 

human brain further highlight the importance of understanding how and why this asymmetry occurs 

(Ocklenburg, Hirnstein, Beste, & Güntürkün, 2014).  
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The idea of complementarity involves the study of more than one asymmetrically distributed 

cognitive function with usually one favouring the left- and the other one the right-hemisphere. 

Despite the abundance of research on the lateralization of functions, only few assess the 

relationship between them in the same sample, and these usually involve language as a left-

hemispheric function and spatial processing as a right-hemispheric function. Therefore, the main 

question is whether being left-lateralized for one function implies being right-lateralized for another. 

If so, a correlation between these functional asymmetries can be observed.  

2.2. Causal or statistical pattern of complementarity 

Two hypotheses as to the nature of complementarity are commonly distinguished, a causal 

hypothesis and a statistical hypothesis. A brief introduction of the two main hypotheses will be 

presented next before reviewing the key evidence in the next section.  

In the causal pattern of complementarity (Bryden, 1990; Bryden et al., 1983), the asymmetrical 

lateralization of one function pushes the other function to the opposite hemisphere. As this pattern 

predicts that two complementary functions should be opposite in lateralization, a negative 

correlation in the direction and degree of lateralization between the two can be observed (Harms & 

Elias, 2014). As reviewed in Andresen and Marsolek (2005), this theory (cf. Bradshaw & Nettleton, 

1981) posits that although subsystems in the two hemispheres may be nearly symmetric at an initial 

time point, the growth of an asymmetry for one subsystem plays a causal role in the development of 

the opposite asymmetry for a complementary subsystem. Potential mechanisms for such a causal 

effect have been put forward. For example, the “snowball” mechanism (Hellige, 1993) suggests that 

a small number of “seed” asymmetric subsystems must be in place (possibly innate in nature).  

Interactions are more effective among subsystems in the same hemisphere, so tuning of a 

subsystem, through practice and training, is more influenced by within-hemisphere subsystems than 

by across-hemisphere subsystems. Eventually, such tuning should have the effect that asymmetries 

similar in nature to the seed asymmetries will be found in the other subsystems as well (i.e., 

asymmetries “snowball” from seed subsystems to other subsystems).  

Another explanation comes from the notion of homotopic callosal inhibition (Cook, 1984). According 

to this, the homotopic areas of the hemispheres mutually inhibit each other. In addition, adjacent 

areas within one hemisphere mutually inhibit one another. If an area in one hemisphere is inhibited, 

two things happen: 1) the surrounding area in that hemisphere is activated; and 2) the activated 

area inhibits its homotopic area in the other hemisphere. The outcome from this is that different 

hemispheres become dominant for the different processes performed in closely contiguous neural 

areas (of one hemisphere) and hence for complementary functions (i.e., become dominant for two 

different ways of processing information in the same general homotopic brain regions). A more 

recent account of the process by which the cerebral hemispheres reach their mature functional 

organization is put forward by Behrmann and Plaut (2015). They propose that printed words and 

faces come to be left- and right-lateralized in complementary fashion through a gradual and 

developmental process that is also constrained by the cognitive systems they need to interact with. 

More specifically, faces and words are represented in cortical areas adjacent to the retinotopic 

cortex due to the demands of discriminating among homogenous exemplars. Orthographic 

representations are also constrained by the need to be proximal to the typically left-lateralized 

language-processing network to minimize connectivity length between visual and language areas. As 
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reading is acquired and it becomes more proficient, orthography becomes more reliant on the left 

fusiform region to bridge vision and language. Conversely, face representations that were initially 

bilateral become more lateralized to the right fusiform region due to competition on the left from 

emerging word representations. This suggests causality as asymmetrical processing of words in the 

left hemisphere pushes the processing of faces to the right hemisphere. 

According to the statistical hypothesis (Bryden, 1982; Bryden, 1990; Bryden et al., 1983), the sources 

of influence underlying asymmetrical lateralization of complementary functions are independent of 

one another. Furthermore, these sources may reflect independent probabilistic biases. In other 

words, each function has an independent statistical probability of either being lateralized to the right 

or left hemisphere based on the source of influence that determines its laterality. For example, the 

underlying influence biasing the asymmetrical lateralization of language processing to the left 

hemisphere is not related to the underlying influence biasing visuospatial processing to the right 

hemisphere. Although typical patterns of asymmetries (e.g., language to the left, visuospatial skills 

to the right) tend to be observed across samples of participants, these typical patterns may simply 

reflect influences on the probabilities that stem from different, independent sources (Andresen & 

Marsolek, 2005). This hypothesis predicts that no correlation should be observed between these 

asymmetrically lateralized functions (Harms & Elias, 2014).  

2.3. The evidence 

The earliest evidence for the statistical hypothesis comes from a large study by Bryden and 

colleagues of 270 patients with brain lesions by looking at the frequencies of aphasia and spatial 

disorder in the sample (Bryden et al., 1983). Due to the nature of the data, they tested for a possible 

association between language and spatial ability using contingency tables, with a negative 

association being indicative of causal complementarity  (i.e., patients would show aphasia or spatial 

disorder, but not both). The authors reported that although a complementary pattern is commonly 

observed, many patients did not show this pattern which was reflected in the lack of a significant 

negative association between aphasia and spatial disorder. For example, looking at right-handers 

with a left-hemisphere (LH) lesion, about 48% showed complementarity, 13% showed both aphasia 

and spatial disorder and the remainder showed neither aphasia nor spatial disorder. For left-handers 

with a LH lesion, about 43% showed complementarity, 39% showed both aphasia and spatial 

disorder and the remainder showed neither aphasia nor spatial disorder. For right-handers with 

right-hemisphere (RH) lesion, 50% showed complementarity, 10% showed both aphasia and spatial 

disorder, and the remainder neither. For left-handers with RH lesion, 42% showed complementarity 

and 23% showed both aphasia and spatial disorder. They also observed that right-hemispheric 

specialization for visuospatial processes in right-handers is not nearly as prevalent as left-

hemispheric language specialization, suggesting that this poses difficulties for the concept of causal 

complementarity. This implies that there must be individuals who are left-hemisphere dominant for 

both language and visuospatial abilities, which was the case for many of the patients in this study. 

This finding has been further reported in more recent neuroimaging studies of functional cerebral 

asymmetries (e.g., Whitehouse & Bishop, 2009). Based on the observed data and the assertion that 

language and visuospatial abilities are statistically independent, Bryden and colleagues estimated 

the frequency of the different patterns of cerebral organization. They estimated that 73% of men 

and 55% of women show statistical complementarity (i.e., a complementary pattern of language and 

visuospatial abilities), with the remainder showing a single hemisphere being responsible for both 
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abilities. They argued that the lateralization of verbal and nonverbal processes is determined by 

different factors, and therefore presumably have different origins. 

Recent development in resting state connectivity analyses allows a look into different networks, over 

the whole brain, and which are not restricted to language and spatial processing. A number of 

studies have shown the feasibility of measuring brain asymmetry using intrinsic activity fluctuations 

(e.g., Liu et al., 2009; Wang et al., 2014; Nielsen, Zielinski, Ferguson, Lainhart, & Anderson, 2013). 

They provide a framework for using intrinsic laterality to ask directly how cerebral lateralization is 

organized by examining variance across subjects and asking whether the laterality of all systems 

track together as a single factor or whether multiple factors emerge (Liu et al., 2009). 

Using resting–state  fMRI, a study by Liu et al. (2009) extends on the early evidence from lesion 

studies above and potentially provides the strongest evidence for statistical complementarity. More 

specifically, using intrinsic activity to measure hemispheric asymmetry in a large healthy sample (300 

adults), Liu et al. (2009) mapped a number of strongly lateralized brain regions. The most left-

lateralized regions included traditional language regions as well as distributed regions along the 

cortical midline. The most strongly right-lateralized regions were localised in the visual cortex, 

occipito-parietal junction, the angular gyrus, and the insula. Using factor analysis on the asymmetric 

regions, they reported that there are four separate (independent) factors that accounted for 

significant variation across subjects. The extracted factors were associated with four cognitive 

systems or domains (vision, internal thought or the default network, attention, and language). The 

identification of these independent dimensions of laterality is contrary to a causal model and 

provides support for the statistical hypothesis. Liu and colleagues also provided evidence that 

intrinsic asymmetries map onto functional asymmetries as they found a significant correlation 

between the intrinsic laterality index (LI) within the language network and a language LI determined 

using a functional language task.  

In another resting-state fMRI study, Wang and colleagues (2014) also reported hemispheric 

asymmetries in a number of underlying brain networks by examining the degree to which brain 

networks preferentially interact with ipsilateral as opposed to contralateral networks. Strong 

hemispheric specialization was observed in the association cortices, including the lateral prefrontal, 

inferior parietal and temporal regions. Visual, somatosensory, and motor cortices exhibited minimal 

hemispheric specialization. In the left hemisphere, strong specialization was observed in the inferior 

prefrontal and temporal regions overlapping the default network and regions traditionally 

associated with language. In the right hemisphere, strong specialization was observed in the insula, 

angular gyrus, and supramarginal gyrus overlapping with regions involved in attention.  This study 

also provided evidence that hemispheric specialization in the left hemisphere, as estimated during 

rest, was significantly correlated with language lateralization during a task, indicating that functional 

lateralization may indeed be inferred from the asymmetry in intrinsic functional connectivity (Wang 

et al., 2014; Gotts et al., 2013; Liu et al., 2009).   

One of the most extensive studies, using fMRI in 155 participants, by Badzakova-Trajkov et al. (2010) 

assessed language (word generation task), visuospatial (landmark task) and face (face recognition 

task) processing functional cerebral asymmetries by calculating laterality indices over three broad 

brain regions of interest (one for each task). They found a small negative correlation (-.176) between 

language and visuospatial processing and a slightly larger negative correlation (-.339) between 
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language and face processing. These small and significant correlations suggest a small degree of 

causal complementarity in functional cerebral asymmetries. However, no correlation (.001) was 

observed between handedness and visuospatial processing implying statistical causality only.  

To further clarify the relationship between the asymmetric processing of these three functions, we 

re-analysed the data set of Badzakova-Trajkov et al. (2010) by re-calculating the laterality indices, 

over a more extended set of brain regions with special considerations of areas activated by the 

different tasks. Specifically, for the language task, these included the pars opercularis, the pars 

triangularis (Broca’s area), and the inferior and superior parietal lobules; for the spatial task, the pars 

opercularis, the inferior and superior parietal lobules, and the supramarginal gyrus; and for the face 

processing task, the pars triangularis, the fusiform gyrus, and the middle temporal gyrus. 

Following the example of Liu et al. (2009), we computed a factor analysis to gain insight into the 

underlying dimensions of the intercorrelations among the laterality indices of the three tasks. 

Extraction of principal components yielded three factors with eigenvalues greater than 1, accounting 

for 60.30% of the variance. The factors were subjected to varimax rotation yielding the solution 

shown in Table 1. Interestingly, all three factors are obviously linked to one of the three tasks. The 

first factor is clearly a language factor, and the only factor showing additional loading of handedness 

inventory scores. The second factor is linked to spatial processing and the third factor represents 

face processing. The factors clearly differentiate even though some of the laterality indices were 

calculated over the same anatomical regions (e.g. the pars opercularis and the parietal lobules for 

the word generation and the landmark task; the pars triangularis for the word generation and the 

faces task). The only area appearing to be split between two different factors is the fusiform gyrus in 

the faces task which also shows a modest factor loading on the language factor. This finding fits well 

with Behrmann and Plaut’s (2015) hypothesis that an initially bilateral face representation in the 

fusiform gyrus is pushed increasingly to the right due to competition for neural space in the left 

fusiform gyrus by orthographic word representations.  

 

INSERT TABLE 1 ABOUT HERE 

 

These results support and extend the conclusions of  Badzakova-Trajkov et al. (2010) who reported 

that handedness and visuospatial asymmetry were not correlated, implying independent lateralising 

processes, one producing a leftward bias closely associated with handedness and language 

asymmetry, and the other a rightward bias closely associated with visuospatial asymmetry. It 

appears that there is at best only weak evidence for causal complementarity between language and 

spatial ability, but some evidence for causal complementarity between language and face 

processing, at least in the fusiform gyrus.  

Support for statistical complementarity has also come from a number of studies using functional 

transcranial Doppler (fTCD) to measure lateralization of function by measuring differences in 

cerebral blood flow. Whitehouse and Bishop (2009) used fTCD laterality indices (LIs) in 75 adults (45 

right-handed, 27 left-handed, three ambidextrous) to examine the relationship in degree and 

direction of lateralization between visuospatial memory and language processing and found no 
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significant correlation between the LIs for both tasks. The majority of participants had language 

lateralized to the left-hemisphere and spatial memory to the right-hemisphere, while a quarter of 

participants had these functions lateralized to the same hemisphere. Importantly, none of the 

participants showed the complete reversal of the typical pattern. The authors concluded that, at the 

population level, there is a bias for language to be represented in the left hemisphere, and for 

visuospatial memory to be represented in the right hemisphere, but these biases are independent. 

Similarly, Rosch, Bishop, and  Badcock (2012) found no correlation between fTCD LIs measured for a 

word generation task and a visuospatial landmark task. Groen, Whitehouse, Badcock, and Bishop 

(2012) investigated the pattern of language and visuospatial lateralization in developing children 

between the ages of six and 16 years. The typical pattern of left-lateralized activation for language 

production and right-lateralized activation for visuospatial memory was observed in only 58% of the 

children, with the rest showing reversed lateralization or crowding of both functions to the same 

hemisphere.  

Harms and Elias (2014) examined complementarity of left-hemisphere processing of speech sounds 

and right-hemisphere processing of emotional vocalisations using a behavioural approach (dichotic-

listening tasks). They reported an overall pattern of complementarity for these two functions across 

participants (i.e., most participants were left-lateralized for language and most participants were 

right-lateralized for emotion). However, there was no significant correlation when correlating the 

two suggesting independence. In another behavioural study, using the visual half-field paradigm, 

Andresen and Marsolek (2005) looked at potential relationships between the functional hemispheric 

asymmetries of visual processing subsystems based on the underlying and well-established 

distinction between the ventral (shape recognition) and dorsal (spatial-location or action-guidance) 

visual streams in visual processing (Milner & Goodale, 2008). The commonly observed left-

hemisphere advantage of abstract/categorical processing and right-hemisphere advantage in 

specific/precise processing were investigated using the shape recognition and spatial-relations tasks. 

Importantly, the asymmetry observed in any one task did not correlate with the asymmetries 

observed in the other task. The results from both of these behavioural studies suggest that functions 

in the left- and right-hemisphere lateralize independently and the observed complementary patterns 

are only probabilistic or statistical in nature and become apparent only after sample-level averaging 

(Andersen & Marsolek, 2015). 

In a very recent fMRI study looking at the relationship between language and visuospatial 

asymmetry in a sample of 293 healthy controls,  Zago and colleagues (In Press) found no correlation 

between the two suggesting that these functions lateralized independently and thus provide further 

support for the statistical pattern of complementarity. The results, however, further indicated that a 

negative relationship between two functional cerebral asymmetries can be observed in left-handers 

with strong degree of left-hand preference (n=99) which were included as part of the sample. The 

authors suggest that including strong left-handers are important in understanding the mechanisms 

of complementary hemispheric specialization.  

Some evidence for causal complementarity between language and spatial attention asymmetries has 

been claimed by Cai, Haegen, and Brysbaert (2013) who claim that the strongest evidence comes 

from left-handers with atypical lateralization, since those with typical lateralization patterns will 

tend to conform on different measures. The study reported that all 13 participants with right-

hemispheric language dominance have left-hemispheric dominance for spatial attention, and all but 
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one of 16 participants with left-hemispheric language dominance are right-hemispheric dominant 

for spatial attention.  According to Cai et al. (2013), the observed complementarity pattern in the 

data lends strong support to the causal hypothesis. However, they are counter to the findings of 

Badzakova-Trajkov et al. (2010), in which five (four left-handers) out of 14 (nine left-handers) 

participants with right-hemispheric language dominance showed left-hemispheric dominance for 

spatial attention, and four (three left-handers) out of nine (seven left-handers) with right-

hemispheric language dominance showed left-hemispheric dominance for face recognition – results 

not inconsistent with statistical independence. This suggests that, in the majority of cases, atypical 

lateralization for language did not alter the typical lateralization pattern on the other functions, with 

many participants showing both left- and right-hemispheric biases lateralizing to the same 

hemisphere (i.e., crowding). It is not clear why these results are discrepant. Nevertheless, the overall 

correlations in the study by Badzakova-Trajkov et al. do suggest a small causal influence, especially 

for language and face cerebral asymmetries as mentioned earlier.  

Methodological issues need to be considered as they might contribute to the perceived favour of the 

statistical hypothesis in the field (Cai et al., 2013). For example, Cai et al. (2013) argue that laterality 

assessment using the fTCD should be interpreted with more caution due to inherent limitations in 

this method; however, evidence suggests strong correlations between fMRI and fTCD in laterality 

indices when applied to the same sample (e.g., Deppe et al., 2000; Somers et al., 2011).  In addition, 

Cai et al. (2013) discussed the influence of the LI threshold on the observed patterns of laterality in a 

number of studies. They argued that setting the LI threshold at .5 for both cerebral asymmetries 

changes the observed patterns in favour of the causal pattern of complementarity.  However, by 

applying these stringent thresholds, researchers need to bear in mind the following: reduced 

individual variability, larger samples needed to ensure sufficient number of subjects meet the LI 

threshold for analyses, and ignoring more bilateral patterns of cerebral asymmetry from 

consideration. Furthermore, the different patterns of complementarity have been repeatedly found 

with different methodologies (e.g., brain lesions, neuroimaging, and behavioural paradigms) which 

means they are less likely to be due to a methodological artefact or limitation. 

According to Cai et al. (2013), the statistical hypothesis is dominant as it is in line with genetic 

models of hand preference (Annett, 2002; McManus, 2013). As acknowledged by the authors, their 

findings of complementarity challenges the models as the models assume that atypical dominance 

of handedness and language are the result of chance and therefore should be statistically 

independent. The findings by Cai et al. (2013) fit the model if one accepts that laterality is indeed a 

matter of chance for left-handers. That is, the absence of the right-shift (RS) factor, or RS- allele, 

(leaving asymmetries to chance in Annett’s genetic model of language and handedness) initially 

allows plasticity, so that laterality of one core function, either language or visuospatial attention, 

increases the chances of crossed asymmetry of the other function to avoid crowding, as 

hypothesised by Kosslyn (1987)(Cai et al., 2013). However, crowding of core functions to the same 

hemisphere has been reported in many other studies (e.g., Badzakova-Trajkov et al., 2010; 

Whitehouse & Bishop, 2009), and the authors do not provide an account for this observed pattern in 

the literature.   

Another example of functions lateralising to the same hemisphere and showing a positive 

correlation is handedness and language (as mentioned above in the introduction and well 

established), and praxis and language (Raymer et al., 1999; Vingerhoets et al., 2013). It should be 
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noted, however, that there is evidence from lesion studies that the association between praxis and 

language is strong but not mandatory, and may depend on how praxis is assessed (Alexander & 

Annett, 1996; Goldenberg, 2013); i.e.,  the association between apraxia and aphasia is stronger for 

meaningful gestures compared to meaningless gestures. Nevertheless, we suggest that functions 

that are considered to have a common underlying lateralising influence or bias (Annett, 2002) are 

more likely to lateralize to the same hemisphere. This suggests that the pattern of complementarity 

observed will depend on both common and independent lateralising influences and on the nature of 

cognitive functions explored.  

In summary, most of the studies (e.g., Bryden et al., 1983; Liu et al., 2009) suggest merely a 

statistical association between cognitive functions such as language and spatial processing and thus 

support the statistical hypothesis for complementarity of hemispheric specializations. Liu et al. 

(2009) claim that asymmetry of the human brain is controlled by multiple factors.  More specifically, 

based on factor analyses, they suggest four separate and independent factors associated with brain 

systems involved in vision, attention, internal thought (the default network), and language. Using a 

large sample of right- and left-handed individuals they showed that hand dominance affects brain 

asymmetry but differentially across the four factors, supporting their independence.  The authors 

suggest that models of brain asymmetry should seek to identify multiple, distinct factors that lead to 

individual differences in cortical lateralization, perhaps through their influence on early 

developmental events that promote cortical specialization. Most importantly, these studies seem to 

converge on the idea that multiple genetic or environmental mechanisms control cerebral 

lateralization. Some support for this can also be found in studies with monozygotic (MZ) twins. For 

example, Badzakova-Trajkov, Häberling, and Corballis (2010) tested Annett’s genetic model of right-

handedness and left-cerebral language dominance by assessing functional cerebral asymmetries in 

MZ twin pairs. They concluded that the proposed gene that biases language to the left-hemisphere 

has no influence on right-hemisphere dominance for spatial or face processing; no correlation was 

observed for these functions in MZ twins despite the strong correlation for language asymmetry.  

However, some causal influence may occur due to avoiding of crowding, where neural space within a 

hemisphere may be compromised if different functions compete for that space, so that processing is 

more efficient the more it is divided between the hemispheres. This may be especially so in cases 

where genetic predispositions are weak or lacking, in which case avoiding crowding may play a more 

prominent role. Cai et al. (2013) suggested that this may be so for language and spatial attention in 

the atypical cases with right-hemispheric language dominance, where spatial attention is then 

pushed to the left to avoid crowding – although this is not strongly supported by the data of 

Badzakova-Trajkov et al. (2010) and with most other studies supporting the statistical hypothesis. 

Some evidence for a causal bias can be observed for language and facial processing asymmetries, 

where there appears to be some overlap in the neural networks, notably in the fusiform gyrus 

(Behrmann & Plaut, 2015; Badzakova-Trajkov et al., 2010).  

Overall, though, the data suggest that the influence of causal influence to avoid crowding is slight 

compared with a strong tendency of functions to be independently lateralized in opposite 

hemispheres, with compelling evidence from resting state studies (e.g., Liu et al., 2009) indicating 

multiple independent factors being associated with the different brain asymmetries. 

3.0. Discussion and implications 
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The population-level left- and right-hemispheric biases for cognitive functions, such as left-

hemispheric bias for language and right-hemispheric bias for visuospatial skills, suggest some 

complementarity in the way functional cerebral asymmetries are organised in the human brain. 

However, the question of how these asymmetries are organised within individuals remains. It is still 

debatable whether being left-lateralized for one function implies being right-lateralized for another. 

Causal complementarity suggests that a close relationship exists between different cerebral 

asymmetries, whereas statistical complementarity suggests independence between different 

cerebral asymmetries. 

The current review of some of the most recent studies, mostly neuroimaging studies examining 

within-subjects patterns of functional cerebral asymmetries and resting-state functional networks, 

provides the most support for the statistical pattern of complementarity. Most researchers argue for 

the statistical hypothesis as it also allows for crowding of functions that the causal hypothesis does 

not account for. Cai et al. (2013) argue for causal complementarity by suggesting that true causal 

complementarity can be observed in individuals where atypical lateralization of one function is 

accompanied by contralateral lateralization on another function. If this is the case, it is possible then 

that causality is most likely in individuals lacking the innate disposition to asymmetry (as atypical 

lateralization is more common in those lacking a genetic or innate influence as suggested by genetic 

models). Rather paradoxically, then, causality may be restricted precisely to those lacking innate 

predispositions. According to Annett’s right-shift theory, people with bilateral or right-hemisphere 

speech lack the right-shift factor; therefore, their visuospatial skills should be equally likely to be 

lateralized to the right or left. The evidence offers little support for this; instead, among those with 

atypical lateralization of language, proportion with visuospatial skills lateralized to the right is 

typically well above the chance expectation of 50% (e.g., 64% in Badzakova-Trajkov et al., 2010; 84% 

in Whitehouse and Bishop, 2009). There is, in fact, very little evidence that other cerebral 

asymmetries (e.g., visuospatial, face processing) conform to Annett’s single gene theory (Badzakova-

Trajkov et al. 2010).  These findings suggest independent multiple genetic influences for hemispheric 

specializations. That is, statistical complementarity may arise through evolution in genetic 

specification of different manifestations of laterality, as perhaps implied by the factorial study by Liu 

et al. (2009). There are probably different genes involved for different asymmetries. Indeed, others 

have also argued that human lateralization is most likely due to a polygenic influence instead of 

monogenic influence being responsible for its ontogenesis (Ocklenburg & Gunturkun, 2012). 

McManus, Davison, and Armour (2013) also suggest that multi-locus genetic models of handedness 

closely resemble single-locus models in explaining family data and are compatible with genome-wide 

association studies. Furthermore, they estimate that at least 40 genes may be responsible for 

handedness alone. Interestingly, and in addition, it has been suggested that the population-level 

asymmetries may be propagated due to environmental influences from an early age, such as 

pressures of appropriate social interactions between members of a species (Vallortigara & Rogers, 

2005). The asymmetry of one function in one individual may be influenced by the asymmetry of that 

function in other individuals with which he or she has social interactions (e.g., consider shaking 

hands, right hand to right hand in our society).  

Other factors that may have an influence on functional cerebral asymmetries are also worth 

mentioning here. For example, Bryden et al. (1983) argued that sex might affect the pattern of 

cerebral asymmetries in right-handers, with women showing smaller rates of complementarity. 

Familial sinistrality was reported to have a stronger effect on the complementarity pattern in left-
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handers (Bryden et al., 1983). Finally, developmental effects have also been suggested, with 

Szaflarski, Holland, Schmithorst, and Byars (2006) suggesting that language lateralization increases 

gradually during development and Groen et al. (2012) reporting age-related changes for visuospatial 

memory with increasing strength of lateralization with age. According to Behrmann and Plaut 

(2015), hemispheric lateralization of function is graded rather than binarised and they provide 

evidence that the perceived complementarity of language and face processing in the brain emerges 

dynamically over the course of development. This suggests that causal complementarity may arise in 

development rather than evolution, when a genetic bias is absent or reduced as in the RS theory by 

Annett (2002). Findings such as these, i.e., changes in lateralization patterns with increasing age, 

pose difficulties for the causal hypothesis, especially if different functions have different trajectories 

unless one assumes greater plasticity, so that if one function is allocated by chance to one 

hemisphere, the other functions may shift accordingly. Some support for a developmental trajectory 

of cerebral asymmetries can also be found from studies of developmental language disorders. More 

specifically, in a recent review of  the link between developmental language disorders and cerebral 

lateralization, Bishop (2013) argues that cerebral lateralization is not a highly heritable and stable 

characteristic as it varies over time; in fact, Bishop (2013) argues that atypical or weak cerebral 

lateralization might be consequence of impaired language learning. 

 In evolutionary terms, handedness and cerebral asymmetry have been commonly assumed 

to be uniquely human and our defining characteristics (Corballis, 2009). However, there is ample 

evidence to suggest that hemispheric asymmetries and left-right asymmetries in behaviour are not 

uniquely human, as commonly assumed, as they have been observed in many species including 

mammals, birds, reptiles, amphibians, bony fishes, etc. to name a few (as reviewed by Ocklenburg & 

Gunturkun, 2012 using a comparative approach). The observation of asymmetries across species 

suggests that asymmetries may represent a fundamental principle of nervous system organisation.  

Ocklenburg and Gunturkun (2012) propose a phylogenetically early emergence of vocal 

communication asymmetries, whereby the human language lateralization evolved due to a left-

hemispheric dominance for more basic features of species-typical communicative sounds or their 

production (Corballis, 2003; Böye, Güntürkün, & Vauclair, 2005), rather than due to a dominance of 

the left-hemisphere for language as such. Nadeau (2010) puts forward a potential way for the neural 

system organisation to support this process. According to Nadeau (2010), neural networks begin 

with ‘jack of all trades’ capabilities. The evolution of the extraordinary human capacity for sequential 

processes (e.g., through early emergence of vocal communication asymmetries) must have 

depended on the evolution of networks with simple recurrent network (SRN)1 properties in 

computational terms. This would have come at a cost, however, because these networks would lose 

their ‘jack of all trades’ capabilities, unless there were coevolution of separate networks uniquely 

qualified to support Gestalt processes (Nadeau, 2010). This process would support the evolution of 

complementarity of hemispheric asymmetries. The emergence and refinement of this would have 

been reinforced by potential benefits to this neural system organization such as: 1) ability to perform 

two different tasks as the same time (Rogers et al., 2004); 2) increase in neural capacity due to 

avoidance of unnecessary duplication of neural networks (Vallortigara, 2006); and 3) greater 

intrahemispheric processing speed since no interhemispheric transfer via the corpus callosum is 

needed (Ringo, Doty, Demeter, & Simard, 1994) (as summarised by Ocklenburg & Gunturkun, 2012). 

Wang et al. (2014) also suggested that functional specialization that emphasises processing within a 
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hemisphere might allow the expanded hominid brain to minimize between-hemisphere connectivity 

and distribute domain-specific processing functions. 

If complementarity is indeed most evolutionarily advantageous, it does not always hold true as 

observed in many individuals who appear to have typically complementary cerebral asymmetries 

lateralising to the same hemisphere. According to Annett, the RS- allele persists because it provides 

a heterozygous advantage. Heterozygotes (RS+−) will be mostly right-handed, with a typical cerebral 

dominance pattern (left-cerebrally dominant for language), and reap positive cognitive outcomes. 

Homozygous individuals will have a cognitive disadvantage that might be specific to spatial and 

language abilities (Annett, 1985), with the disadvantages stemming from the flawed pattern of 

hemispheric dominance which leads to cognitive functions localising to sub-optimal regions in the 

brain (Lidzba, Staudt, Wilke, & Krägeloh-Mann, 2006)(Nicholls, Chapman, Loetscher, & Grimshaw, 

2010). The evidence for a negative cognitive outcome in the homozygotes (for example, extreme 

right- and left-handers due to the additive nature of the alleles for handedness; or individuals for 

whom language is atypically lateralized due to the dominant-recessive mode in bias for language 

dominance) has been difficult to establish, with many studies reporting no such disadvantage (e.g., 

Groen et al., 2012 ) or very weak effects with large sample sizes (Nicholls et al., 2010; Somers, 

Shields, Boks, Kahn, & Sommer, 2015).  

Finally, although the evidence points to the statistical pattern of complementarity, a number of 

researchers have argued for a less strict view of the same (e.g., Harms & Elias, 2014; Andresen & 

Marsolek, 2005). For example, it may depend on the functions under consideration, and their innate 

biases. More specifically, language and spatial processing asymmetries seem unrelated causally, 

probably due to different genetic or otherwise innate dispositions. There is also the possibility that 

innate factors may effectively rule out causality as in the case of language and spatial processing, 

whereas lack of innate predispositions may allow causal influences to operate as found by Cai et al. 

(2013) in their sample of left-handers. On the other hand, a single bias and hence causal connection 

may influence the asymmetrical lateralization of language and face processing asymmetries in 

complementary fashion, given the data (Behrmann & Plaut, 2015; Badzakova-Trajkov et al., 2010). 

This would also allow genetic models of handedness and cerebral dominance for speech to fit most 

data (as shown in the literature, e.g., Badzakova-Trajkov et al., 2010) as they would be influenced by 

the same bias.  

4.0. Concluding remarks 

Investigation of the complementarity of functional cerebral asymmetries requires examining the 

relationship between cerebral asymmetries within individuals, as patterns observed across 

individuals may not reflect the true nature of the complementarity.  Based on the evidence to date, 

the dominant view appears to be that functional cerebral asymmetries for language and spatial 

processing follow the statistical pattern of complementarity. There appears to be some evidence for 

causal complementarity between functional cerebral asymmetries for language and face processing 

through a gradual and developmental pathway. Converging lines of evidence suggest that there are 

multiple independent biases that play a role in how these asymmetries are organised in the human 

brain. Furthermore, polygenetic models and environmental contributions may be required to explain 

the existing data. However, it will be inappropriate to disregard the role of plasticity in the brain 

given the ability of both sides to perform these functions (e.g., in atypical patterns of functional 
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cerebral asymmetry, brain re-organisation following early insults to brain). The potential implications 

of atypical patterns of cerebral lateralization are less clear and require further study.  

 

Footnote:  

1A simple recurrent network (SRN) is composed of a layer of input units, a layer of hidden units, a 

layer of context units, and a layer of output units. Every unit in each layer is connected to every unit 

in connected layers. The strengths of the connections constitute the knowledge instantiated in the 

network. Input and output representations consist of patterns of activity across the units in their 

domains. Thus, they are distributed. The representations at the hidden unit layer cannot be related 

in any transparent way to input or output, but the patterns of activity of units in the hidden unit 

layer can provide important clues to the regularities in the knowledge that the network acquires 

through experience. The activity levels and the outputs of the units throughout the network are 

nonlinear. By virtue of the hidden unit layer and this nonlinearity, the network is capable of learning 

associations between essentially orthogonal domains (e.g., word meaning and word sound) 

(Nadeau, 2010, p.593). 
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Table 1: Factor analysis of the intercorrelations between handedness inventory scores and the 

laterality indices for the word generation, the landmark and the face processing task. Factor loadings 

greater than .5 are highlighted in bold. 

 Factor 1 Factor 2 Factor 3 

Handedness inventory scores .640 -.121 -.092 
Word: pars triangularis .767 .155 .306 
Word: pars opercularis .709 .188 .315 
Word: inferior parietal lobule .806 .208 .146 
Word: superior parietal lobule .793 .172 -.005 
Landmark: pars opercularis -.149 -.593 .133 
Landmark: inferior parietal lobule -.180 -.831 -.143 
Landmark: superior parietal lobule -.208 -.726 -.158 
Landmark: supramarginal gyrus .122 -.756 -.096 
Faces: pars triangularis .017 -.035 -.832 
Faces: fusiform gyrus -.386 -.098 -.446 
Faces: middle temporal gyrus -.169 -.063 -.823 

 

 

 

 




