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Abstract 

Language, gesture, and handedness are in most people represented in the left cerebral hemisphere. 

To explore the relations among these attributes, we collected fMRI images in a large sample of left- 

and right-handers while they performed language tasks and watched action sequences. Regions of 

interest included the frontal and parietal areas previously identified as comprising an action-

observation network, and the frontal and temporal areas comprising the primary areas for language 

production and comprehension. All of the language areas and most of the action-observation areas 

showed an overall left-hemispheric bias, despite the participation of equal numbers of left- and 

right-handers. A factor analysis of the laterality indices derived from the different areas during the 

tasks indicated three independent networks, one associated with language, one associated with 

handedness, and one representing action observation independent of handedness. Areas 44 and 45, 

which together make up Broca’s area, were part of the language and action-observation networks, 

but were not included in the part of the action observation network that was related to handedness, 

which in turn was strongly linked to areas in the parietal lobe. These results suggest an evolutionary 

scenario in which the primate mirror neuron system became increasingly lateralized, and later 

fissioned onto subsystems with one mediating language and the other mediating the execution and 

observation of manual actions. The second network is further subdivided into one dependent on 

hand preference and one that is not, providing new insight into the tripartite system of language, 

handedness, and praxis.  

Keywords: 

Brain asymmetry, action observation, handedness, language, mirror neuron system  
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1. Introduction 

 

Intentional manual actions, whether in tool use or gestural communication, are controlled 

predominantly by the left hemisphere. Imaging studies reveal a widely distributed action network, 

including inferior frontal and ventral premotor cortices, inferior and superior parietal cortices, and 

posterior temporal cortex, with a bias to the left hemisphere (Choi et al., 2001; Johnson-Frey, 

Newman-Norlund, & Grafton, 2005). Since most people are right-handed, one might suppose that 

this network is dependent on handedness, but the asymmetry of the action network appears to be 

largely independent of handedness itself. For example, the pantomiming of common tools during an 

fMRI study activated a leftward asymmetric network in frontal and some parietal regions in both 

right and left handers (Vingerhoets et al., 2012). An advantage for pantomiming tool use was also 

observed in the isolated left hemispheres of both right- and left-handed split brain patients (Frey, 

Funnell, Gerry, & Gazzaniga, 2005). Apraxia, a disturbance of intentional action affecting both limbs, 

also arises  predominantly from left hemisphere lesions, irrespective of the patients’ handedness 

(Meador et al., 1999).  

There is some suggestion that the left-hemispheric bias in the control of manual actions may 

be more closely related to cerebral asymmetry for language than to handedness. Vingerhoets and 

colleagues (2013) compared brain activation of 10 individuals with left- and 10 individuals with right-

hemispheric language dominance while they pantomimed tool use and generated words. The two 

groups were matched according to handedness, with only one individual in each group being right-

handed. Regardless of handedness, the two tasks not only activated a common network, but the 

asymmetric processing within these regions also showed significant cross-task correlations, 

suggesting again a functional commonality. Similarly, Kroliczak and colleagues (2011) recorded fMRI 

in 15 left-handers while they generated words and produced manual gestures; the 10 left-handers 

with left cerebral language dominance showed left hemispheric activation in the supramarginal 

gyrus for gesture production while the 5 left-handers with a right-sided language network showed 

rightward asymmetry of the activation in the same area. Deficits in pantomiming and tool use are 

almost always accompanied by difficulties in speech (Goldenberg, 2013). In a large clinical study 

assessing the comorbidity of aphasic and apraxic symptoms, 77% of patients showed deficits in both 

domains after left hemisphere lesions (Papagno, Dellasala, & Basso, 1993). Only 10 individuals, less 

than 1.5%, developed symptoms of apraxia with language functions remaining intact. 

The relation between asymmetries of language and manual action raises the issue of 

whether language itself might have evolved from manual gesture (e.g. Arbib, 2005, 2010; Armstrong, 

Stokoe, & Willcox, 1995; Corballis, 1991, 2002; Hewes, 1973). Of special interest is the mirror neuron 
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system (MNS), a component of the more general action circuit that incorporates mirror neurons.  

Mirror neurons were first recorded in area F5 in the macaque brain, and were activated both when 

the animal itself grasped an object and when it observed another individual doing so (Rizzolatti, 

Fadiga, Gallese, & Fogassi, 1996). Subsequent work revealed a broader network in the frontal and 

parietal lobes, which Rizzolatti and Sinigaglia (2010) term the “parieto-frontal mirror network,” 

arguing that it plays a critical role in “action understanding.” Neurons with mirror properties have 

been recorded directly in the human brain (Mukamel, Ekstrom, Kaplan, Iacoboni, & Fried, 2010), and 

a meta-analysis of human brain-imaging studies shows that mirror activity occurs in regions that 

include those homologous to the mirror network identified in macaques (Molenberghs, Cunnington, 

& Mattingley, 2012). Because the MNS links actor and observer it has been suggested that it might 

play a crucial role in the communication of meaning (Iacoboni & Dapretto, 2006). As Rizzolatti and 

Arbib (1998) pointed out, area F5 in the macaque is the homologue of Broca’s area in the human 

brain, and the extended MNS in the primate brain also shows strong homology with the language 

circuit in the human brain, albeit predominantly in the left hemisphere. These considerations 

support the earlier suggestions that language evolved from manual gestures, and suggest that it 

grew specifically out of the MNS in primates, eventually incorporating vocalization (Arbib, 2005; 

Corballis, 2010; Petrides & Pandya, 2009; Rizzolatti & Sinigaglia, 2006; Tettamanti & Moro, 2012). 

Some studies do suggest that the MNS itself is activated by language, and that its activation 

by the perception of gestures may show a left-hemisphere bias. In an fMRI study of 17 right-handers, 

Villarreal and colleagues (2008) report a mixture of left, right, and bilateral activation during the 

observations of gestures, including pantomimes along with meaningless gestures. All types of 

gesture engaged the pre-supplementary motor area (pre-SMA) on the right, and posterior superior 

temporal cortex, posterior parietal cortex, occipito-temporal regions and visual cortices bilaterally. 

But there was predominantly left-hemispheric activity in middle temporal gyrus, left inferior parietal 

lobe, intraparietal sulcus (IPS), and inferior frontal gyrus—areas associated with the MNS.  

Xu and colleagues (2009) used fMRI to record activation during production of language and 

perception of pantomimes and emblems, and found common activation in the left hemisphere in 

Broca’s area and areas in the posterior temporal lobe along the Sylvian fissure—areas long regarded 

since the mid-19th century as the core of the language system in the human brain. They suggest that 

this language network can be regarded more generally as a system for the processing of symbols, be 

they “words, gestures, images, sounds, or objects” (p. 20664). Although these results might be taken 

to support the idea that language evolved from manual actions, and more specifically from the 

primate MNS, Xu et al. suggested instead that the circuit was primarily one of associating action with 

meaning. Yet Hamzei and colleagues (2003) showed, in 10 right-handers, that Broca’s area in left 
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inferior frontal cortex was activated not only during speech but also during tasks as simple as 

grasping an object or seeing a picture of an object being grasped.  

A meta-analysis of areas activated during the observation or imitation of actions points to a 

network that goes “far beyond” the classical MNS as identified in the macaque (Aziz-Zadeh, Koski, 

Zaidel, Mazziotta, & Iacoboni, 2006; Caspers, Zilles, Laird, & Eickhoff, 2010; Molenberghs et al., 

2012), and some have referred to the system inferred from human imaging studies as an “expanded 

MNS” (Fabbri-Destro & Rizzolatti, 2008; Iacoboni, 2009). There have also been doubts as to both the 

extent (Filimon, Rieth, Sereno, & Cottrell, 2015) and function (Hickok, 2013) of mirror neurons; these 

are often invoked in theories of imitation or language, yet the MNS itself was first identified in the 

macaque, which is without language or the capacity to imitate (Visalberghi & Fragaszy, 2001). The 

meta-analysis by Caspers, Zilles, Laird, and Eickhoff (2010), based on 104 studies, identified a 

network of eight regions that were activated when individuals watched a whole range of different 

actions, ranging from simple finger movements to complex pantomimes, and these included the 

inferior frontal gyrus (BA 44 and BA 45), the premotor cortex (BA6), the rostral inferior parietal 

lobule (PFt), the primary somatosensory cortex (BA 2), the superior parietal cortex (7a) and the 

posterior middle temporal region, incorporating area V5 (pMTG/V5). These areas, whether or not 

they can be said to form an expanded MNS, may be described as an action observation network. 

Although the production of manual action is largely left-hemispheric, and largely independent of 

handedness, the action observation network is largely bilateral, although subregions may show 

some lateralization (Caspers et al., 2010). 

Here, we record activity and laterality in this network during the observation of manual 

gestures. We also record in the main languages areas, BA 44 and BA 45 (which together form Broca’s 

area) as well as in three subregions of the middle temporal gyrus (MTG), during the production of 

words and synonym judgments. We focus on lateralization of activation, first to assess which regions 

of the action observation network are lateralized, and second to measure the correlation of 

lateralization between the action observation regions and the regions activated during production 

and comprehension of words. This will provide information as to the interrelations between 

language and gesture. We recruited equal numbers of self-described right- and left-handers in order 

to assess the role of handedness in cerebral asymmetries across the activated brain areas. As 

Willems, van der Haegen, Fisher and Francks (2014) point out, left-handers are too often ignored in 

research on brain function, and part of our aim is to clarify the role of handedness in cerebral 

asymmetries. We recruited a large enough sample to enable a factor analysis of activated regions, 

following earlier factor-analytic evidence that asymmetry may depend on as many as four 

independent factors (Liu, Stufflebeam, Sepulcre, Hedden, & Buckner, 2009).  
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2. Methods 

 

2.1 Participants 

 

We initially recruited 94 volunteers, with equal numbers of describing themselves as right- and left-

handed according to the hand they used for writing, but two reported prior experience with sign 

language and were excluded from further analyses. This left 92 participants, 46 right-handers (22 

men) and 46 left-handers (19 men), who were unfamiliar with sign language. All gave written 

consent prior to the scanning session and ethic approval was obtained by the local Human Ethics 

Participants Committee. They were aged 17 to 35 years with no history of psychiatric or neurological 

disorder and with normal or corrected-to-normal vision.  

All participants completed a handedness inventory (Annett, 2002), in which they recorded 

hand preferences for simple everyday activities (writing, throwing a ball, holding a racquet, lightning 

a match, cutting with scissors, threading a needle, sweeping with a broom (top hand), shovelling, 

dealing cards, hammering, holding a toothbrush, unscrewing a lid). They indicated which hand they 

prefer for each activity by allocating two ticks for right or left hand preference, and 1 tick for 

indifference. A handedness quotient (HQ) was then calculated according to the formula: 100 x (R-

L)/(R+L), where R and L represent the numbers of ticks allocated to the right and left hand, 

respectively. The mean HQs were 79.7 for the right-handers and -44.7 for the left-handers, a highly 

significant difference, F(1, 88) = 179.38, p<.001). This study used the same participants as in the 

previous study by Haberling et al. (2016), but for the purposes of group comparison we divided them 

here into left- and right-handers as self-described according to hand used for writing, as 

recommended by McManus (2002). The handedness inventory was nevertheless used for all 

correlational analyses. The men (M=15.6) scored slightly lower overall than the women (M=19.3) but 

the difference was not significant (p=.691), nor was the interaction between gender and handedness 

(p=.569).   

 

2.2 Tasks 

 

In three cases not all tasks could be performed in the scanner due to timing constraints, resulting in 

a total of 91 subjects for each task, with a different participant being dropped for each of the 

gestural, word generation, and synonym tasks.  
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2.2.1 Gestural tasks 

 

In the gestural tasks, participants observed three different sequences of actions: 

Pantomimes. This set consisted of short video clips, each 1.5s long, of a single right-handed 

actor performing simple pantomimes, such as unscrewing the lid of a jar, or juggling balls. The 

details of the pantomime video clips are further described in Xu, Gannon, Emmorey, Smith, and 

Braun (2009). Although unimanual pantomimes were performed with the actors preferred right 

hand, a previous study found only subtle differences between the observation of right-handed 

actions and its mirror images, restricted to the area of the post-central sulcus, which led the authors 

to collapse the group data together (Andric et al., 2013). 

Sign language. This set featured a single person signing words, adapted from the online 

version of the New Zealand sign language dictionary (www.nzsl.vuw.ac.nz). Official permission to use 

the video clips in research was obtained from the Deaf Studies Research Unit of the School of 

Linguistics and Applied Language Studies in Wellington. Sign language is now fully recognized as on a 

par with speech with respect to semantic, syntactic and pragmatics (Emmorey, 2002), and in 

proficient signers it activates the same left hemispheric perisylvian language areas as spoken 

language. However, individuals naïve to sign language cannot immediately attribute meaning to the 

sequences, activating predominantly areas of the putative human mirror neuron system (Corina et 

al., 2007; Husain, Patkin, Kim, Braun, & Horwitz, 2012). We were interested whether these gestures, 

devoid of semantic content, would also be processed asymmetrically in the brain, and whether the 

asymmetry corresponds with individual language dominance patterns, supporting the notion that 

the mirror neuron system played an important role in the evolution of modern speech.  

Control sequence. This set featured dogs making movements. Actions which belong to the 

motor repertoire of an observer are mapped onto their own motor system, while actions of different 

species are recognized based on their visual properties (Buccino et al., 2004). The observation of 

dogs therefore controls for biological motion without activating the mirror neuron system to the 

same degree as the observation of human actions. 

Each experimental block, 22.5s long, consisted of 12 video clips, presented randomly with an 

interstimulus interval of 375ms to allow loading of the following clip. In each block, one video clip 

was randomly being repeated once, twice or three times. Participants were asked to press with the 

index finger of their dominant hand whenever they recognized a repeated video. This task was easy 

to perform whilst ensuring the attentiveness of the participants. After each experimental block, a 

fixation cross was presented for 12.5s. Each condition (pantomime, sign language, dogs) was 
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repeated 8 times, each time featuring novel stimuli, resulting in 24 experimental blocks. Between 

the blocks 23 baseline conditions (fixation cross), each 12.5s long, were presented. 

After the scanning session, participants were asked to rate whether they understood the 

meaning of the pantomime and the sign language video clips on a 4 point scale (always, most of the 

time, sometimes, never). In addition, they were asked whether they had applied a specific strategy 

to decipher the meaning of the signs. 

 

2.2.2 Language tasks 

 

Word generation. Participants were shown five different letters (F, A, S, B, and M), each 

projected singly for 30s onto a screen, and asked to generate covertly as many different words as 

possible starting with each letter, whilst avoiding proper names and the same words with different 

endings. Between letter presentations, a fixation cross appeared for 30s, providing a baseline. The 

entire experimental run lasted 5min. Prior to scanning, participants received a practice version with 

three different letters (P, R, W), generating words overtly rather than covertly, to ensure instructions 

were understood, and to provide a behavioural measure. Although the use of covert speech is a 

limitation to the current study as the number of words generated during the task cannot be 

evaluated, a prior meta-analysis showed that this task, whether performed overtly or covertly, 

reliably activates the inferior frontal gyrus as measured by BOLD fMRI activity (Costafreda et al., 

2006), and a study using Doppler sonography showed no difference in the degree of lateralization 

between overt and covert versions of the task (Gutierrez-Sigut, Payne, & MacSweeney, 2015). 

Synonym task. In the experimental condition, participants were instructed to decide 

whether two words, presented for 2.25s onto a screen, were synonyms (i.e., had the same meaning) 

or not, and in a control condition whether two letter strings, also presented for 2.25s onto a screen, 

were identical or not. Blocks of 10 word pairs were each followed by blocks in which a fixation cross 

was presented on screen for 12.5s. The stimuli consisted of English words (nouns, verbs and 

adjectives) ranging from 3 to 7 letters in length. Participants were asked to press a response button 

with the right index finger when the two words had a similar meaning and with the left index finger 

when the words were different. Previous studies demonstrate that this task produces activations in 

areas BA44 and BA45 in the inferior frontal gyrus, and in the posterior superior temporal gyrus 

(Gitelman, Nobre, Sonty, Parrish, & Mesulam, 2005). 

For the control condition, letter strings which were generated using the MCWord database 

(Medler & Binder, 2005). The strings were matched in length to the words in the experimental 

condition. Participants were instructed to press a button with their right index finger when the letter 
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strings were identical and with their left index finger when the letter strings did not match. Within 

each block, pairs of synonyms and unrelated words, or identical and non-identical letter strings, 

were presented randomly. A total of 16 experimental blocks (8 synonym, 8 letter strings), and 15 

baseline (fixation cross) blocks, were presented. Task related activity was measured as BOLD fMRI 

activity during the synonym task versus activity during the letter-strings task. 

 

2.3 Image acquisition 

 

All MRI scanning was performed on a 3-T Siemens Magnetom Skyra scanner. A structural T1-

weighted MRI image was obtained in the sagittal plan using an MPrage sequence (176 slices; TR = 

1900ms; TE = 2.07ms; flip angle = 9; FOV = 256 x 256; slice thickness = 1mm, resulting in 1 x 1 x 1 

mm3 voxels). For the functional images, 49 axial slices were acquired using an echo-planar imaging 

sequence with GRAPPA (TR = 2500ms; TE = 27ms; flip angle = 90; FOV = 192 x 192; matrix size = 64 x 

64; slice thickness 3.0mm). In each scanning session, a fieldmap measuring inhomogeneity of the 

magnetic field was also recorded (49 slices, slice thickness=3mm, TR=529ms, 

TE1/TE2=4.92ms/7.38ms, FOV=192x192mm2, matrix size 64x64, flip angle=60). 

 

2.4 Image preprocessing and analyses 

 

Functional data were analysed using SPM8 software (Wellcome Trust Centre for Neuroimaging, 

London, UK; www.fil.ion.ucl.ac.uk/spm). The first two scans were discarded to allow for saturation of 

the MRI signal. For each participant a fieldmap, depicting the distortion of the magnetic field, was 

calculated and used to unwarp the images, which had been realigned to the first image of the 

session. The T1-weighted structural image and the mean of the functional volumes were co-

registered. The structural images were segmented into grey and white matter, and these segmented 

images were used to calculate the normalization matrix into standardized stereotactic space 

(Montreal Neurological Institute), which was subsequently applied to the functional images. 

Normalized images were smoothed to account for individual differences with an anisotropic 

Gaussian filter of 9 x 9 x9 mm of full-width at half maximum (FWHM). For each participant a first-

level analysis was performed using the general linear model implemented in the SPM8 software. The 

models were set up as a box car function according to the individual box designs. It was then 

convolved with a canonical haemodynamic response function. The 6 head movement parameters 

estimated during the realignment step were added as regressors into the model. The laterality 

indices, indicating the strength of asymmetric processing, were run on individual contrast images, 
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however to see the general pattern of activation, a 2
nd

 level random effect analysis was performed 

by applying a one-sample t-test to the contrast images of the first level analyses. To account for 

multiple comparisons, statistical significance of areas was assessed at a corrected threshold of p<.05 

with family-wise error (FWE) correction over the whole brain. Only clusters exceeding 20 voxels 

were assigned to anatomical structures. The assignment was based on the probabilistic 

cytoarchitectonic atlas of Eickhoff (Eickhoff et al., 2007) as implemented into the Anatomy toolbox 

of SPM8.  

To determine the direction and degree of asymmetric processing in different regions of 

interests (ROIs), laterality indices were calculated using version 1.3 of the laterality toolbox designed 

by Wilke and Lidzba (2007), and available at the SPM website. Laterality was assessed using the 

formula (L-R)/(L+R), where L and R represent the activation in the left and right hemisphere, 

respectively. Given that laterality indices depend on the applied threshold, a bootstrap algorithm 

was used, which calculates laterality indices at about 10,000 different thresholds, resulting in a 

laterality curve. From this curve, a weighted mean, ranging from +1 for extreme left-lateralization to 

-1 for extreme right lateralization, is calculated. 

Region of interests (ROIs) were defined anatomically using either the probabilistic 

cytoarchitectonic maps implemented in the anatomy toolbox (Eickhoff et al., 2007) or anatomical 

regions defined by the Harvard Oxford Cortical Atlas. For the word generation task, the regions of 

interest were BA 44 and BA 45, which together form Broca’s area. These areas were also regions of 

interest for the synonym task, along with three subregions in the middle temporal gyrus (i.e. anterior 

MTG (MTG-A), posterior MTG (MTG-P), and temporo-occipital division of the MTG (MTG-TO). For 

gestural processing, the ROIs were chosen based on the meta-analysis on the action observation 

network performed by Caspers and colleagues (2010). In the frontal lobe, they included Broca’s area 

(BA 44 and BA45) and BA6, while in the parietal lobe ROIs they comprised area PFt (the homologue 

of area PF in the macaque), BA 2, area 7a, and the intraparietal area hIP3. These regions were 

created from the cytoarchitectonic maps included in the anatomy toolbox. The peak activation 

coordinate reported in Caspers’ study in the posterior middle temporal region was located in the 

temporo-occipital division of the middle temporal gyrus (MTG-TO) of the Harvard Oxford Cortical 

Atlas, and this was also used as an ROI for analysis. All regions of interests were pre-processed 

through the LI toolbox to account for asymmetries in mask sizes.  

 

2.5 Statistical analysis 
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All statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS , 

v.22). An alpha level of p<.05 was used to test for statistical significance, with Bonferroni correction 

applied when performing multiple comparisons.  

To identify the dimensions underlying the relations between the lateralized activity induced 

in each ROI by the tasks, we subjected the laterality indices to factor analysis. The number of factors 

was determined by principal component analysis and only factor with eigenvalues of 1.5 or greater 

were extracted. The resulting factor loading values were then rotated using normalised varimax 

rotation.  The resulting orthogonal factors were interpreted according to the relative loadings of the 

variables on each.  This follows the precedent set by Liu et al. (2009) who used factor analysis to 

identify the different systems underlying lateralized activity during the brain’s resting state. 

 

3. Results 

 

3.1 Behavioral results 

 

Due to a computer error, behavioural data from the gestural task were only available for 78 of the 

92 participants. On average, participants correctly recognized repeated pantomime clips 89.8% 

(SD=10.3) of the time, and repeated sign-language clips 91.5% (SD=8.8) of the time. Differences 

between handedness groups and genders were not significant.  

After the scanning session, participants were asked whether they understood the meaning 

of the pantomime and sign language video clips, and the results are listed in Table 1. Two Chi-Square 

Goodness-of-Fit tests revealed the answers not to be uniformly distributed across the categories for 

either the pantomime task (X
2
(3) = 81.97, p < .001) or the sign language task (X

2
(3) = 51.73, p<.001). 

Further, the distributions differed significantly between tasks (X
2
(3) = 81.97, p < .001). As expected 

most participants understood what the pantomime video clips depicted with over 80% of the 

participants reporting to having understood the clips most of the time (64.8%) or always (16.5%). In 

contrast, participants found it hard to guess the meaning of the sign language video clips with most 

participants reporting to have never (41.8%) or only sometimes (45.1%) understood what the sign 

language clip represented.  

In the preliminary session of overt word generation, right-handers generated a mean of 29.6 

words, left-handers a mean of 27.1, a marginally significant difference (F(1, 87)= 4.27, p=.042). There 

was no significance difference between the men and the women (p=.293), nor was the interaction 

significant (p=.347). For the synonym task, the number of correct and missed judgements for each 

word and letter string pair was computed yielding a score out of 80. Scores were available for 76 of 
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the participants who gave 73.5 correct responses (SD = 4.98, range 47 - 79) and 2.8 missed 

responses (SD = 3.55, range 0 - 24). Scoring on the control task was comparable. Even the lowest 

scoring participants performed at a level much greater than that which would be expected by 

chance, indicating that the participants both understood the task and were engaged in it during 

scanning. In the synonym condition women scored slightly but significantly more correct responses 

than men (means of 74.9 vs 72.1), F(1,72)=6.98, p=.010. There was no significant difference in the 

letter string control condition (p = .204). Right- and left-handers did not differ significantly on either 

task (ps > .091).  

 insert Table 1 about here 

 

3.2 fMRI results 

 

3.2.1 Action observation: Gestures vs. sign language 

 

In our first analysis we assessed whether the different gestures activate differential networks within 

the brain by contrasting the two types of gestures against each other (pantomime > signs and signs > 

pantomimes, respectively, see Figure 1 and Supplementary Table 1). The comparison of pantomimes 

against signs elicited more activation in visual and extrastriate areas, including inferior, middle, and 

superior occipital gyri, precuneus, middle temporal gyrus and the hippocampal complex, including 

bilateral motion detection area MT. Although participants more often claimed to have understood 

the meaning of the pantomimes than of sign-language clips, no activations were evident in semantic 

network regions. Comparing sign language against pantomimes on the other hand showed a more 

widespread network including left inferior frontal gyrus (BA 44 and BA 45), bilateral SMA, superior 

and middle temporal gyri, and inferior and superior parietal lobules.  

 

Insert Figure 1 about here 

  

Gestures vs control 

In order to assess the action observation network, pantomime and signs were contrasted against the 

control condition (dogs). Activation patterns included a bilateral network in inferior frontal gyrus (p. 

triangularis), precentral gyrus, supramarginal gyrus and middle temporal gyrus (Figure 2, 

Supplementary Table 2). Peak activations were also found in left superior and inferior parietal lobule 

and left superior and inferior temporal gyri, while right-hemispheric peak activations were found in 

right postcentral gyrus and the temporal pole. For the pantomimes, additional peak activations were 
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found in left SMA and right middle frontal gyrus, while the signs showed additional clusters bilateral 

in the pars opercularis. Although peak activations varied slightly between the hemispheres and 

tasks, the overall activation maps were mostly bilateral and highly similar, as clearly depicted in 

Figure 2A and 2B. Additional clusters were observed in the cerebellum, hippocampal complex, 

thalamus and basal ganglia.  

 

Insert Figure 2 about here 

 

Laterality indices for the pantomime vs control and signs vs control were then calculated 

over the areas in the action observation network identified by Caspers and colleagues (2010). Table 

2 shows the mean LIs for the sample as a whole and separately for each ROI. In addition, mean 

laterality indices for the two handedness groups are also shown in Figure 3.  Despite the evidence 

for bilateral activation in the activation maps, there was a significant overall bias toward the left 

hemisphere, significant in four of the eight regions of interest for the pantomime task and in six of 

the eight regions in the sign language task. Aside from statistical outcomes shown in the table, 

analysis of variance showed the eight areas to differ significantly, (pantomime: F(5.70, 518.9) = 9.26, 

p<.001; signs: F(5.47,497.7) = 9.24, p<.001), and to interact significantly with handedness 

(pantomime:  F(5.70, 518.9) = 4.38, p<.001; signs: F(5.47,497.7) = 6.15, p<.001).  

Correlations between the laterality indices for pantomime and sign language condition 

ranged from .611 to .854, and were all highly significant (p < .001, Bonferroni corrected, 

Supplementary Table 3). Paired sample t-tests, Bonferroni-corrected, yielded significantly lower LIs 

only for area 45 (p < .003) and MTG-TO (p < .001) in the pantomime compared to the sign language 

condition. For the most part, then, lateralization of activity in the regions of interest was highly 

similar.  

Of special interest are BA 44 and BA 45. Neither shows a significant effect of handedness, 

but BA 44 shows a highly significant left-hemispheric bias while BA 45 does not. In contrast, the 

areas in the parietal lobe all showed significantly greater asymmetry among right-handers than 

among left handers. While right-handers showed leftward bias in all regions of interest except BA 45 

and MTG-TO in the pantomime condition, left-handers showed a remarkable lack of asymmetry with 

the overall  mean for both tasks (pantomime: .044; sign: .039) not significantly different from zero.  

More specifically, in the pantomime condition, left-handers showed no significant bias in any of the 

regions after applying correction for multiple comparisons. This contrasts somewhat with the sign 

language condition where left-handers showed significant leftward bias in BA 44 (p=.001) and MTG-

TO (p=.001), and a significant rightward bias in BA2 (p=.004).  
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Insert Table 2 about here 

 

3.2.3 Language tasks 

 

Areas of activation for the two tasks are shown in Figure 2 and listed in Supplementary Table 2. As in 

earlier work (Badzakova-Trajkov, Haberling, Roberts & Corballis, 2010) word generation elicited 

strong activation over the left frontal lobe, and BA 44 and BA 45, which together comprise Broca’s 

area, were chosen as regions of interest (ROIs). The synonym task elicited strong activation over the 

left temporal and frontal lobes, similar to that previously reported by Bethmann and colleagues 

(2007), and here we again chose BA 44 and  BA 45, along with the three divisions of the middle 

temporal gyrus, as ROIs. These areas comprise the main areas for the production and 

comprehension of speech, at least at the single-word level.  

 

Insert Table 3 about here 

 

Mean laterality indices for the ROIs in the two tasks are shown in Table 3 and graphically 

displayed in Figure 3. In addition to the statistical findings shown in the table, analysis of variance 

showed a significant main effect of area for both tasks, with BA 44 showing greater left-hemispheric 

activation than BA 45 during word generation, F(1, 87) = 14.30, p < .001, and a marginally significant 

interaction between gender and area, F(1, 87) = 4.43, p = .038, showed that the laterality advantage 

of BA 44 over BA 45 was larger in men than in women. Aside from the statistical results shown in 

Table 3, analysis of variance on the synonym task again revealed a significant effect of region, 

F(2.497, 217.21) = 18.98, p<.001, with lateralization over BA 45 significantly lower than that over BA 

44 (p<.001). In the temporal ROIs a lateralization gradient towards posterior regions was evident 

with MTG-A showing the lowest (M=.342, SE = .059) and MTG-TO the highest (M=.634, SE = 0.50) 

values. In addition, right-handers were more left lateralized than left-handers, F(1,87)=6.27, p=.014). 

 

3.3 Handedness, language, and gesture 

 

In order to examine the relations between language, gesture and handedness, we computed the 

matrix of correlations between the handedness inventory, the LIs from the eight areas of the action 

observation network for the pantomime and the sign language tasks, respectively, and the LIs from 

the ROIs for the two language tasks. This yielded a complex pattern of positive correlations (see 
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Supplementary Table 3), suggesting a degree of commonality in left-hemispheric activation across 

the different areas and tasks, but also suggesting multidimensionality. As described earlier, we then 

used factor analysis to gain an understanding of the possible underlying dimensions. Our analysis 

yielded three common factors accounting for 61.75% of the variance, and the rotated solution is 

shown in Table 4. As an aid to interpretation, factor loadings greater than .5 are shown in bold. The 

factors with above 0.5 loadings are also graphically displayed on a rendered brain in Figure 3.  

 

Insert Figure 3 and Table 4 about here 

 

Language factor. Factor 1 is a language factor, reflecting strongly left-hemispheric activity in 

BA 44 and 45 to both word generation and synonym judgments, and in the regions of the middle 

temporal gyrus during synonym judgments. Handedness loads only weakly on this factor, consistent 

with the large body of evidence that handedness is poorly correlated with cerebral asymmetry for 

language, and that the proportion of left-handers showing left-hemispheric specialization for 

language is only slightly below that for right handers. The other main contributor to this factor, 

albeit a modest one, is area PFt, which was also the most prominently featured region within the 

meta-analysis by Caspers et al. (2010), who suggest that it is the homologue of area PF in the 

macaque, previously identified as part of the MNS (Rizzolatti & Sinigaglia, 2010).  

 

Handedness-linked factor. Factor 2 is strongly associated with handedness but at best only 

weakly with language-related areas, and with strong loading from parietal regions, including PFt, but 

also with frontal area BA 6. The relation to handedness is also evident in Table 2, but not 

withstanding the significant differences between right- and left-handers the LIs for left-handers still 

cluster around zero. PFt is the region that most obviously performs double duty, and is loaded more 

strongly on this factor than on Factor 1. Its correlation with handedness therefore may derive from 

its loading on this factor rather than on its involvement in language.  

The inclusion on this factor of BA 6, which is in the premotor cortex just anterior to the 

motor cortex itself and adjacent to BA 44, contrasts with the relative lack of involvement of BA 44 

and 45. Activation of BA 6 was also related to handedness showing a leftward bias in right-handers 

and a lack of bias in left-handers (Table 2). The role of BA 6 was also comparable to that of BA 2 in 

the primary somatosensory cortex, which is also weakly left-lateralized in right-handers but shows a 

reversal of this asymmetry in left-handers, at least for the sign language task. The circuity implied by 

Factor 2 might well be regarded as involved in intentional movement, and related to handedness, 

perhaps reflecting covert mimicry of the observed gesture using the preferred hand.  
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Handedness-independent factor.  Factor 3 loads primarily on the activity in BA 44 and BA 45 

elicited by gestures, and is distinguished from the previous factor in that it is unrelated to 

handedness (or is if anything negatively correlated with it).  This factor represents the aspect of 

gesture, or praxis, that is left-cerebrally dominant but independent of handedness, also observed by 

Vingerhoets and colleagues (2012), but consistent also with the evidence reviewed in the 

Introduction that the production of gestures is left-hemispheric but unrelated to handedness. Here, 

though, BA 44 is left-lateralized, while BA 45 is not (Table 2), even though activity in the two areas is 

correlated (pantomime: r=.534, p<.001; signs: r=.428, p<.001) and both areas load strongly and 

roughly equally on this factor. A further clue to this factor is the involvement of the posterior middle 

temporal gyrus (MTG-TO). This region showed the most marked difference  in asymmetry between 

the two gesture tasks, with a moderate  left-hemispheric bias for sign language (LI = .263) but near 

symmetry for pantomimes (LI = .063). In their meta-analysis, Caspers and colleagues (2010) report 

that activity in this area was bilateral for the observation of hand actions, but left-hemispheric for 

the imitation of hand actions. This suggests that the sign-language task may have been more likely 

than the pantomime task to induce covert imitation.  

 

4. General Discussion 

 

In this manuscript we assessed asymmetric processing over a variety of gestural and language tasks. 

One comparison of interest is that between the two gestural tasks, since evidence from patients 

with unilateral brain (Goldenberg & Hagmann, 1997) and from brain imaging (Rumiati et al., 2005) 

suggest that meaningful and meaningless gestures activate different neural systems. In our study, 

activation induced by the two tasks was very similar, although observation of sign language 

produced higher activation than observation of pantomime in inferior frontal, parietal and temporal 

regions, suggesting greater semantic activation. This is perhaps surprising, since participants were 

unfamiliar with sign language and were better able to understand the pantomimes. A possible 

explanation is that the pantomimes were recognized as familiar actions, but not understood in 

linguistic terms. The participants did sometimes claim to identify the signs, suggesting that they put 

in some effort to do so. Perhaps they partially recognized the signs in terms of the manual and facial 

gestures that accompany normal speech, and the activations in inferior frontal, precentral and 

temporal regions might reflect the close observation of mouth and hand movements as clues to 

meaning (Capek et al., 2008; Okada & Hickok, 2009; Sadato et al., 2005). Some of this activation 

might also be related to communicative intent (Montgomery, Isenberg, & Haxby, 2007), given that 
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the participants were well aware that they were ‘told’ something even when they couldn’t 

immediately grasp the meaning.  

Apart from these differences in the gestural representation, overall a widespread left-

hemispheric advantage for both language and for the observation of gestures was evident. For the 

language tasks,  activation was strongly left-hemispheric, despite the fact that half of the sample 

were left-handed, and although right-handers showed a slightly stronger left-hemispheric advantage 

than left-handers, significant only for the synonym task, the left-handers as a group showed a left-

hemispheric bias that was significantly above zero in all regions and for both tasks (p < .001, 

Bonferroni-corrected). The equal degree of lateralization for the two language tasks is counter to 

previous suggestions that the production of language is left-hemispheric while comprehension is 

bilateral (e.g., Hickok & Poeppel, 2007; Price, 2010; van der Lely & Pinker, 2014), but might be 

reconciled with Price’s (2010) suggestion of feedback influences of frontal areas to temporal areas 

during word comprehension, as discussed in detail in a previous study (Haberling, Steinemann and 

Corballis, 2016).  

  The left-hemispheric advantage for action observation was less pronounced than for 

language, but was nonetheless significant. Our results also confirm the now widespread evidence 

that left-handers as a group do not reverse the hemispheric asymmetry shown by right-handers. 

Cerebral asymmetry in the left-handed either conforms to that in the right-handed, or is reduced, in 

some cases to ambilaterality. In individual cases where the asymmetry is reversed, this can be 

attributed to chance, or perhaps rarely to environmental influences. This is generally consistent with 

theories, first proposed by Annett (Annett, 1972) but since elaborated (e.g., Annett, 2002; Corballis, 

Badzakova-Trajkov, & Haberling, 2012) that lateralization is a matter of degree rather than direction, 

perhaps with a gene or genes signalling lateralization but with genetic or epigenetic variation 

negating it. Recent analysis suggest that there may be many genes involved (McManus, Davison, & 

Armour, 2013; Medland et al., 2009), and our finding of three independent lateralization factors may 

be seen as providing a degree of corroboration. 

Liu and colleagues (2009) used factor analysis to gain an understanding of the dimensions 

underlying lateralized activity in the brain in the resting state. Also using intercorrelations among 

laterality indices, they extracted four factors, two left-lateralized and two right lateralized. One of 

left-lateralized factors corresponded to the language network, with loadings on prefrontal and 

temporal regions, as in our first factor. The other left-lateralized factor was identified as 

corresponding to the “default network” discovered by Raichle and colleagues (2001) and commonly 

associated with spontaneous activity and “mind wandering” (Buckner, Andrews-Hanna, & Schacter, 

2008; Corballis, 2013; Smallwood & Schooler, 2006). This network included loadings from prefrontal 
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cortex, and parietal and occipital regions, with some overlap with our second and third factors. 

However the default-mode network itself may have been largely negated in our studies with the 

subtraction of activity during control conditions. Liu et al. also examined the effect of handedness, 

finding reduced but not reversed asymmetry among the left-handers on all four factors, including 

the two showing right-hemisphere lateralization. This adds further confirmation to the view that 

variations in lateralization result from reduction or negation of asymmetry, but not systematic 

reversal.  

Our results also bear comparison with evidence on neural circuitry in the macaque brain. 

Petrides and Pandya (2009) used autoradiography to identify two distinct inputs to the homologue 

of Broca’s area in macaques: A ventral stream originating from the intermediate superolateral 

temporal region and strongly targets area 45 with weaker termination in area 44, and a dorsal 

stream emanating from the inferior parietal lobule and adjacent caudal superior temporal sulcus and 

targeting both areas 44 and 45.  The ventral stream seems to correspond to what is here identified 

as a language factor, although there is no indication of differential involvement of areas 44 and 45.  

The dorsal stream corresponds roughly with the third factor, here identified as an action observation 

factor unrelated to handedness, loading on both areas 44 and 45 as activated by gestures, though 

with some involvement with activation of areas 44 and 45 through word generation.  Again, areas 44 

and 45 appear to be equally involved, although as noted above activation of area 44 is left-

lateralized while area 45 is not. The loading of area 44 and 45 on two factors suggests that these 

frontal areas have multiple and at least partly independent roles. The remaining factor is largely 

independent of areas 44 and 45, but is strongly correlated with handedness and the parietal-lobe 

regions associated with action observation. The motoric aspect appears to be provided by area BA6.  

One study shows BA6 to be activated by the understanding of action verbs (such as “throw”), with 

right-handers showing left-hemispheric activation and left-handers showing right-hemispheric 

activation (Willems, Hagoort & Casasanto, 2010). The role of BA 6 was also comparable to that of BA 

2 in the primary somatosensory cortex, which is also weakly lateralized but does show a correlation 

with handedness. Cui and colleagues (2014) suggest that BA2 plays a role in an efference-copy 

model of motor control, with links to premotor regions, including BA 6. The circuitry implied by 

Factor 2 might well be regarded as involved in intentional movement, and related to handedness, 

perhaps reflecting covert mimicry of the observed gesture using the preferred hand.  

Our three-factor solution, then, does not unequivocally support the view that language 

evolved from the MNS, but suggests a more complex pattern, with the MNS increasingly partitioned 

into separate networks, and perhaps with increasing lateralization. Two of the networks identified 

here relate to attributes often regarded as distinctively human, namely language and handedness, 
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and the third network may well have to do with tool use, also a distinctively (but not uniquely) 

human characteristic. This is not to say, of course, that these attributes necessarily emerged 

exclusively in our species. Rather, they are likely to arisen gradually through natural selection.  

Of special interest are the dual and apparently independent roles of BA 44 and BA 45, which 

seem specialized both for language and also for an action network that is independent of 

handedness, and perhaps specialized for tool use and praxis. Within the language network, both 

areas are strongly left-lateralized and equally lateralized for word generation and comprehension. 

Previous evidence suggests that BA 44 is less concerned with semantics and more involved in speech 

programming and the use of phonological information (Amunts et al., 2004; Wagner, Sebastian, Lieb, 

Tuscher, & Tadic, 2014).  

BA 44 and 45 also featured prominently in action observation, within a handedness-

independent network factor orthogonal to the language factor. The strongest loadings were from 

activation during action-observation itself, but activation during word production also contributed 

non-trivially. This suggests some general role of BA 44 and BA 45 in the production of action, 

whether in speech or manual action. This may well derive evolutionarily from the simpler MNS as 

inferred from macaque studies, and linked to manual action. It is within the action observation 

network, though, that BA 44 and BA 45 seem to function differently, with BA 44 strongly left-

lateralized while BA 45 is activated bilaterally. In neither case was there an effect of handedness, 

whereas handedness did play a role in their activation during synonym judgments. Both areas have 

been shown to be activated in the preparation phase of pantomimes (Vry et al., 2015), and lesions to 

this regions results in impairments in their production (Goldenberg, Hermsdorfer, Glindemann, 

Rorden, & Karnath, 2007). Although not evident in our study, area 44 may be more involved in the 

lower-level aspects of action; even actions as simple as imitating finger movements activate area 44, 

overlapping with activations of speech generation (Kuhn, Brass, & Gallinat, 2013).  BA 45, in contrast, 

may be primarily concerned with retrieval of nonverbal memories from memory, both in macaques 

and in the human right hemisphere (Petrides, 2002) but with the human left hemisphere assuming 

specialization for the semantic and syntactic components of language. The bilateral activation of BA 

45 here may therefore relate back to a more general role within the MNS.   

 It seems unlikely that activation in BA 44 and 45 during action observation were due to 

internal verbalization. For one thing, activation in BA 45 was bilateral during action observation, but 

strongly left-hemispheric during language production. Further, lateralization in BA 44 was much 

weaker during action observation than during either word production or synonym judgments.  

Internal verbalisation, though, would predict lateralized activations in both regions (Grezes & 

Decety, 2001).  
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Another area whose lateralized role seems to have undergone evolutionary changes is area 

PFt. Caspers and colleagues suggest that PFt and area 44 correspond to the human analogue of the 

macaque MNS, with PFt activated bilaterally and area 44 activated in the left hemisphere. Here, 

though, PFt and BA 44, along with hiP3, showed roughly equal left-hemispheric bias (Table 2) and 

PFt, unlike area 44, was strongly linked to handedness. 

 Anatomically, area PFt seems to be homologous to area PF in the macaque brain, where it is 

part of the macaque MNS, along with area F5, since parsed into homologues of BA 44 and BA 45 in 

the macaque brain (Petrides & Pandya, 2009). Here, though, PFt shows stronger associations with 

the first and second factors, suggesting involvement in language and a handedness-linked action 

observation factor, whereas BA 44 and 45 are associated with the first and third factors. It is the 

third factor, an action-observation factor independent of handedness, that perhaps most resembles 

a residual of the macaque MNS. 

In summary, our results suggest a general left-hemispheric bias in systems to do with action, 

perhaps complementary to a general right-hemispheric bias for mechanisms of perception and 

attention, as suggested by Liu et al. (2009)—although of course in a minority of individuals the biases 

are negated or reversed. The action system may have evolved from the MNS, and become 

increasingly lateralized and differentiated in the course of evolution. Of the three networks 

suggested by the analysis here, only the handedness-linked network is for the most part 

independent of Broca’s area, with only weak loading from BA 44 and the motor component supplied 

by BA 6, which has closer proximity to the primary motor area. But the main component of the 

handedness-linked network is the parietal lobe, with all four parietal regions of interest supplying 

the highest factor loadings.  

This tripartite system may provide a useful framework for the further exploration of the 

nature of left-hemispheric systems involved in language and action.  
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Figure captions 

Figure 1: Group activations elicited from the contrasts A) pantomime > sign and B) sign > 

pantomime, respectively. Displayed results are significant at p < .05 with family-wise error (FWE) 

rate correction for multiple comparisons.  

 

Figure 2: Group activations elicited from the contrasts A) pantomime > dogs, B) signs > dogs, C) 

words > baseline, and D) synonyms > letter strings. Displayed results are significant at p < .05 with 

family-wise error (FWE) rate correction for multiple comparisons. 

 

Figure 3: Schematic illustration depicting the mean laterality indices for each handedness group for 

all ROIs and all tasks. Regions of interests are schematically depicted on a rendered brain. The 

colours correspond to the latent variables found in the factor analysis. Factor 1 (red) is the language 

factor involving all areas and ROI’s elicited by language tasks (BA44, BA45, MTG-A, MTG-P, and MTG-

TO). Factor 2 corresponds to action observation dependent on handedness (BA6, BA2, BA 7a, hIP3, 

and PFt) while factor 3 relates to action observation independent of handedness (BA44 and BA45).  
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Tables 

 

Table 1. Subjective ratings of whether the video clips were understood 

 pantomime signs 

Always 15 (16.5%) 1 (1.1%) 

Most of the 

time 

59 (64.8%) 11 (12.0%) 

Sometimes 15 (16.5%) 41 (45.1%) 

Never 2 (2.2%) 38 (41.8%) 
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Table 2. Mean LIs over the whole sample, and separately for right- and left-handers, in each of the 

eight regions of the action observation network for the pantomime and the sign language condition. 

Area Mean total 

sample 

t-value (mean 

vs. zero)  

Mean right-

handers 

Mean left-

handers 

t-value (right 

vs. left) 

pantomime      

BA 44  .227 4.05*** .278 .175 .92 

BA 45 -0.84 1.53 -.140 -.028 -1.02 

BA 6 .103 2.05
#
 .219 -.017 2.42* 

Area PFt .305 5.15*** .504 .101 3.62** 

Area hIP3 .306 6.02*** .454 .155 3.07* 

BA 2 .090 1.74 .253 -.077 3.36** 

BA 7A .226 4.13*** .452 -.004 4.59*** 

MTG-TO .063 1.26 .078 .048 .29 

Mean .155 3.23* .262 .044 2.62* 

Sign language      

BA 44 .338 7.25*** .420 .255 1.79 

BA 45 .053 .98 .001 .107 -.98 

BA 6 .139 3.05* .294 -.020 3.69** 

Area PFt .317 5.91*** .596 .032 6.24*** 

Area hIP3 .298 6.76*** .445 .148 3.56** 

BA 2 .053 1.01 .320 -.219 6.04*** 

BA 7a .190 3.42** .418 -.043 4.57*** 

MTG-TO .263 6.02*** .292 .234 .66 

Mean .206 5.06** .348 .039 3.93** 

***p<.001, **p<.01, *p<.05, with Bonferroni correction.   
#
<.05 uncorrected  
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Table 3. Mean LIs for the language tasks for the whole sample, and separately for each task and 

associated area, over the frontal and temporal language areas. 

Task Area Mean total 

sample 

t-value 

(mean vs. 

zero) 

Mean right-

handers 

Mean left-

handers 

t-value 

(right vs. 

left) 

Word- 

generation 

      

 BA 44 .603 10.98*** .683 .525 1.45 

 BA 45 .541 9.48*** .640 .444 1.74 

 Mean .572 10.38*** .661 .484 1.63 

Synonyms       

 BA 44 .673 13.40*** .812 .538 2.85* 

 BA 45 .570 10.39*** .719 .425 2.80* 

 MTG-A .345 5.95*** .399 .291 .93 

 MTG-P .542 10.07*** .652 .434 2.08
#
 

 MTG-TO .632 12.50*** .752 .514 2.43
#
 

 Mean .552 11.78*** .667 .440 2.50
#
 

***p<.001, *p<.05, with Bonferroni correction.  
#
p<.05 uncorrected 
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Table 4: Factor analysis of intercorrelations among handedness, 

LIs for gestural tasks, and LIs for language tasks 

Task/Area 

Factor loadings 

1 2 3 

handedness inventory .255 .646 -.104 

pantomime: BA 44 .147 .396 .707 

pantomime: BA 45 -.028 .051 .772 

pantomime: BA 6 -.007 .655 .212 

pantomime: area PFt .426 .692 .197 

pantomime: hIP3 .256 .669 .272 

pantomime: BA 2 .245 .751 .153 

pantomime: area 7A .170 .769 .169 

pantomime: MTG-TO .204 .091 .496 

signs: BA 44 .123 .489 .548 

signs: BA 45 .062 .030 .738 

signs: BA 6 .205 .656 .132 

signs: area PFt .393 .717 .034 

signs: hIP3 .121 .704 .191 

signs: BA 2 .214 .823 .019 

signs: area hIP3 .026 .822 .132 

signs: MTG-TO .218 .131 .647 

word: BA 44 .687 .217 .319 

word: BA 45 .672 .247 .362 

synonym: BA 44 .875 .297 .152 

synonym: BA 45 .869 .271 .089 

synonym: MTG-A .695 .057 .107 

synonym: MTG-P .857 .172 .053 

synonym: MTG-TO .831 .237 .007 
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Supplementary Table 1. MNI coordinates of peak activations for the contrast pantomime > sign, and 

sign > pantomime, respectively (p<.05, FWE corrected). 

 area side MNI coordinates T value 

Pantomime > sign 

Middle occipital gyrus left -21 -94 1 14.07 

Calcarine gyrus Right 

left 

21 -94 -2 

-6 -55 7 

13.91 

5.80 

Middle temporal gyrus right 51 -58 7 7.07 

Inferior occipital gyrus right 45 -79 -8 5.50 

Superior occipital gyrus left -18 -85 34 8.69 

Fusiform gyrus Left 

right 

-30 -34 -17 

39 -34 -17 

7.80 

5.94 

precuneus left -9 -55 16 6.17 

Lingual gyrus left -6 -70 1 4.81 

hippocampus right 27 -16 -14 5.04 

Parahippocampal gyrus right 30 -22 -17 4.87 

Sign > pantomime 

Middle temporal gyrus left -60 -28 1 10.90 

Temporal pole left -54 8 -8 5.78 

Supramarginal gyrus left -60 -52 31 5.43 

Inferior frontal gyrus (p. 

triangularis) 

left -51 17 1 5.12 

insula left -42 17 -2 5.01 

Superior temporal gyrus right 60 -22 -2 12.55 

Precentral gyrus Left 

right 

-48 -1 46 

51 2 49 

8.47 

7.30 

Inferior frontal gyrus (p. 

opercularis) 

left -51 14 19 5.13 

Inferior parietal lobule left -36 -52 37 

42 -52 55 

6.77 

5.84 

Superior parietal lobule right 39 -58 55 5.12 

Superior frontal gyrus left -27 53 1 5.41 

Cerebellum right 27 -64 -50 6.48 
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Supplementary Table 2. MNI coordinates of the peak activations in the gestural, word-generation 

and synonym  tasks (p<.05, FWE corrected). 

area side MNI coordinates T value 

Gestural task (pantomime > dogs) 

Inferior frontal gyrus (p. 

triangularis) 

left 

right 

 

-48 32 7 

54 35 4 

 

9.63 

11.07 

Precentral gyrus left 

right 

-27 -10 55 

33 -7 55 

14.68 

10.65 

Postcentral gyrus right 

left 

36 -43 61 

-24 -37 70 

16.80 

6.69 

SMA left -6 -4 67 7.59 

Middle frontal gyrus right 42 -4 58 11.69 

Superior parietal lobule left -24 -49 67 10.85 

Inferior parietal lobule left -36 -43 52 18.40 

Supramarginal gyrus right 

left 

60 -28 25 

-57 -31 31 

13.33 

17.16 

Superior temporal gyrus left -54 -1 -14 5.41 

Middle temporal gyrus right 

left 

54 -61 1 

-51 -64 4 

17.64 

19.08 

Inferior temporal gyrus left -45 -43 -17 8.38 

Temporal pole right 54 11 -17 8.08 

hippocampus right 27 -7 -17 7.10 

amygdala left -24 -4 -20 7.41 

cerebellum left 

right 

-12 -73 -47 

18 -76 -47 

13.39 

13.42 

Gestural task (signs > dogs) 

Inferior frontal gyrus (p. 

opercularis) 

left 

right 

-54 8 19 

57 11 25 

16.19 

12.42 

Inferior frontal gyrus (p. 

triangularis) 

right 54 23 -2 10.62 

Precentral gyrus left 

right 

-42 -1 46 

45 2  46 

18.27 

15.85 

Postcentral gyrus right 57 -22 43 11.55 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
33 

 

Superior parietal lobule left 

right 

-33 -49 61 

36 -43 58 

17.87 

19.33 

Inferior parietal lobule left -39 -43 52 20.31 

Supramarginal gyrus left 

right 

-60 -31 31 

66 -25 25 

15.36 

11.71 

Superior temporal gyrus left 

right 

-54 -40 13 

48 -31 1 

15.23 

16.83 

Middle temporal gyrus left 

right 

-54 -49 4 

51 -37 4 

16.26 

15.43 

Inferior temporal gyrus left -45 -43 -17 6.98 

Temporal pole right 54 11 -17 11.38 

pallidum left -18 5 4 8.65 

thalamus right 

left 

9 -10 7 

-12 -4 10 

8.53 

8.10 

putamen right 21 5 7 7.21 

cerebellum right 

left 

18 -73 -47 

-24 -64 -50 

17.75 

12.99 

Word generation task (words > baseline) 

SMA left 

right 

-9 17 43 

3 11 61 

15.46 

1248 

Inferior frontal gyrus (p. 

opercularis) 

left 

right 

-42 8 25 

45 8 28 

14.40 

5.17 

Inferior frontal gyrus (p. 

triangularis) 

left -42 23 19 12.79 

 

Insula left 

right 

-30 23 1 

33 23 1 

14.10 

11.04 

MCC right 9 23 34 11.21 

Cerebellum right 

left 

33 -61 26 

-42 -61 -26 

13.84 

9.36 

Middle occipital gyrus right 24 -94 7 8.67 

Superior occipital gyrus right 21 -97 4 8.54 

Inferior occipital gyrus right 

left 

39 -82 -8 

-42 -79 -8 

 

8.18 

9.11 
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Fusiform gyrus left -42 -55 -14 9.50 

Putamen left 

right 

-18 8 7 

24 17 4 

12.23 

7.07 

Caudate nucleus right 18 8 16 8.65 

Pallidum right 15 -1 -5 5.47 

Superior parietal lobule left -27 -61 43 8.46 

Inferior parietal lobule left -42 -40 43 8.11 

Brainstem  -9 -19 -14 6.64 

Synonym (synonym vs letter strings) 

Inferior frontal gyrus (p. 

orbitalis) 

left 

right 

-42 29 -11 

39 35 -11 

16.18 

9.05 

Middle temporal gyrus left 

right 

-54 -40 -2 

51 -37 1 

14.70 

6.46 

Inferior frontal gyrus (p. 

triangularis) 

left 

right 

-51 26 13 

57 26 19 

14.31 

7.25 

Temporal pole left 

right 

-48 17 -23 

54 11 -20 

11.06 

7.21 

Precentral gyrus left -39 8 43 8.88 

Inferior temporal gyrus left -48 -4 -29 7.73 

Cerebellum right 

left 

27 -82 -38 

-15 -88 -35 

15.57 

8.27 

SMA left -6 23 58 10.74 

Superior medial gyrus left -6 41 43 10.41 

Hippocampus left -27 -13 -17 6.96 

Cuneus left -9 -94 22 6.61 
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Supplementary Table 3: Correlation coefficients between all tasks and regions of interest (P = pantomime; S = sign; W = word generation, Syn = synonym). Significant correlations are 

highlighted in bold.  

 

P
: 

B
A

 4
4

 

P
: 

B
A

 4
5

 

P
: 

B
A

  
6

 

P
: 

P
F

t 

P
: 

h
IP

3
 

P
: 

B
A

 2
 

P
: 

B
A

 7
a

 

P
: 

M
T

G
-T

O
 

S
: 

B
A

 4
4

 

S
: 

B
A

 4
5

 

S
: 

B
A

 6
 

S
: 

P
F

t 

S
: 

h
IP

3
 

S
: 

B
A

 2
 

S
: 

B
A

 7
a

 

S
: 

M
T

G
-T

O
 

W
: 

B
A

 4
4

 

W
: 

B
A

 4
5

 

S
y
n

: 
B

A
 4

4
 

S
y
n

: 
B

A
 4

5
 

S
y
n

: 
M

T
G

-A
 

S
y
n

: 
M

T
G

-P
 

S
y
n

-M
T

G
-T

O
 

HI .193 -.003 .360 .454 .435 .410 .429 .139 .234 -.039 .409 .586 .475 .613 .457 .201 .280 .294 .362 .342 .152 .280 .303 

P: BA 44  .534 .426 .519 .462 .502 .442 .396 .611 .399 .342 .357 .314 .341 .405 .468 .397 .403 .333 .318 .189 .274 .255 

P: BA 45   .271 .196 .297 .159 .224 .211 .238 .649 .110 .038 .156 .028 .180 .267 .198 .228 .145 .129 .038 .106 .038 

P: BA 6    .456 .479 .488 .526 .225 .272 .088 .720 .364 .351 .423 .484 .272 .134 .165 .228 .244 .073 .240 .176 

P: PFt     .625 .712 .586 .245 .469 .145 .476 .825 .490 .624 .545 .286 .517 .555 .570 .548 .323 .445 .459 

P: hIP3      .603 .527 .278 .374 .229 .483 .473 .794 .532 .503 .252 .360 .403 .453 .421 .214 .390 .425 

P: BA 2       .579 .221 .394 .155 .488 .639 .477 .822 .517 .223 .389 .433 .439 .439 .161 .332 .351 

P: BA 7a        .077 .470 .247 .494 .548 .479 .585 .854 .147 .277 .295 .436 .409 .234 .327 .385 

P: MTG-TO         .147 .066 .199 .211 .233 .203 .126 .763 .140 .187 .258 .198 .198 .281 .178 

S: BA 44          .428 .399 .440 .459 .379 .464 .407 .426 .456 .351 .281 .217 .142 .200 

S: Ba 45           .140 .050 .185 .096 .150 .270 .260 .317 .226 .163 .168 .094 .100 

S: BA 6            .442 .426 .508 .476 .285 .274 .314 .393 .369 .272 .349 .355 

S: PFt             .487 .704 .565 .282 .483 .490 .517 .526 .257 .372 .404 

S: hIP3              .608 .603 .263 .326 .358 .336 .253 .160 .200 .326 

S: BA 2               .612 .239 .391 .419 .429 .375 .178 .270 .298 

S: BA 7a                .152 .212 .218 .331 .274 .102 .201 .268 

S: MTG-TO                 .306 .345 .276 .237 .240 .238 .193 

W: BA 44                  .936 .677 .585 .428 .468 .508 

W: BA 45                   .671 .596 .425 .462 .508 

Syn: BA 44                    .913 .547 .820 .797 

Syn: BA 45                     .556 .838 .766 

Syn: MTG-A                      .563 .529 

Syn: MTG-P                       .831 

Syn: MTG-TO                        
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