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Abstract

Data from focal brain injury and functional neuroimaging studies implicate a distributed network
of parieto-fronto-temporal areas in the human left cerebral hemisphere as playing distinct roles in
the representation of meaningful actions (praxis). Because these data come primarily from right-
handed individuals, the relationship between left cerebral specialization for praxis representation
and hand dominance remains unclear. We used functional magnetic resonance imaging (fMRI) to
evaluate the hypothesis that strongly left-handed (right hemisphere motor dominant) adults also
exhibit this left cerebral specialization. Participants planned familiar actions for subsequent
performance with the left or right hand in response to transitive (e.g., “pounding”) or intransitive
(e.g. “waving”) action words. In linguistic control trials, cues denoted non-physical actions (e.g.,
“believing”). Action planning was associated with significant, exclusively left-lateralized and
extensive increases of activity in the supramarginal gyrus (SMg), and more focal modulations in
the left caudal middle temporal gyrus (cMTg). This activity was hand- and gesture-independent,
i.e., unaffected by the hand involved in subsequent action performance, and the type of gesture
(i.e., transitive or intransitive). Compared directly with right-handers, left-handers exhibited
greater involvement of the right angular gyrus (ANg) and dorsal premotor cortex (dPMC), which
is indicative of a less asymmetric functional architecture for praxis representation. We therefore
conclude that the organization of mechanisms involved in planning familiar actions is influenced
by one’s motor dominance. However, independent of hand dominance, the left SMg and cMTg are
specialized for jdeomotor transformations—the integration of conceptual knowledge and motor
representations into meaningful actions. These findings support the view that higher-order praxis
representation and lower-level motor dominance rely on dissociable mechanisms.
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1. Introduction

Damage to the dominant left cerebral hemisphere has been long associated with ideomotor
apraxia (hereafter “apraxia™), an acquired disorder in the representation of skilled actions
that cannot be attributed to difficulties in linguistic, sensory or lower-level motor functions
(Geschwind & Kaplan, 1962; Heilman & Rothi, 1997; Liepmann, 1900). A classic
assessment of praxis at the bedside involves asking patients to pantomime familiar actions
involving tools, or other manipulable objects, in response to verbal commands that provide
little contextual information for retrieval (Liepmann, 1900). Apraxic patients may perform
well with actual object use yet exhibit considerable difficulties with pantomime (Randerath,
Goldenberg, Spijkers, Li, & Hermsdorfer, 2011), and sometimes also with intransitive
gestures (e.g., waving hello or signaling thumbs-up) that do not involve objects (Cubelli,
Marchetti, Boscolo, & Della Sala, 2000; Pazzaglia, Smania, Corato, & Aglioti, 2008;
Stamenova, Roy, & Black, 2010). Critically, apraxia affects pantomime (and often imitation)
regardless of the hand used, a phenomenon which indicates that it arises from disruptions of
action representations at a #and-independent level (Leiguarda & Marsden, 2000). Because
most apraxic patients have sustained injuries to the left cerebral hemisphere, testing typically
involves the non-hemiplegic left hand, which also happens to be the non-dominant side for
the vast majority of patients.

There is reasonable, though imperfect, degree of convergence between the
neuropsychological literature on right-handed apraxics, and the results of functional
neuroimaging studies of pantomime in healthy adults. Overall, neuroimaging investigations
also find evidence that the motor dominant left hemisphere supports hand-independent
representations of praxis skills (Bohlhalter et al., 2009; Choi et al., 2001; Fridman et al.,
2006; Johnson-Frey, Newman-Norlund, & Grafton, 2005; Kroliczak & Frey, 2009; Moll et
al., 2000; Ohgami, Matsuo, Uchida, & Nakai, 2004; Rumiati et al., 2004; Vingerhoets,
Vandekerckhove, Honore, Vandemaele, & Achten, 2011). Despite using different paradigms
—and in some cases both transitive pantomime and intransitive gestures (Fridman et al.,
2006; Kroliczak & Frey, 2009; Bohlhalter et al., 2009) — these investigations consistently
detect involvement of the left posterior parietal cortex, particularly the SMg and adjacent
intraparietal sulcus (IPS). These data are therefore compatible with classic theories in
neuropsychology that implicate the left SMg as playing a critical role in supporting hand-
independent praxis representations (Heilman, Rothi, & Valenstein, 1982; Rothi, Heilman, &
Watson, 1985).

Consistent with more recent neuropsychological findings pointing to a wider network of
areas that are critical for praxis skills (e.g., Goldenberg, 2003b; including the middle frontal
gyrus, MFg, e.g., Haaland, Harrington, & Knight, 2000, and left inferior frontal gyrus, with
adjacent insular and ventral premotor cortices, Goldenberg, Hermsdorfer, Glindemann,
Rorden, & Karnath, 2007), neuroimaging studies also report increased hand-independent
activity in various regions that lie beyond the left posterior parietal cortex (for a recent
neuroimaging meta-analysis see Niessen, Fink, & Weiss, 2014). These areas include the left
MFg, supplementary motor (SMA\) area, premotor, and/or the prefrontal cortices (Choi et al.,
2001; Hermsdorfer, Terlinden, Muhlau, Goldenberg, & Wohlschlager, 2007; Johnson-Frey et
al., 2005; Kroliczak & Frey, 2009; Moll et al., 2000; Ohgami et al., 2004; Rumiati et al.,
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2004). A notable subset of studies also finds greater engagement of the left caudal middle
temporal gyrus (cMTg) (Choi et al., 2001; Hermsdorfer et al., 2007; Johnson-Frey et al.,
2005; Kroliczak & Frey, 2009), an area implicated in the conceptual representation of
familiar manipulable objects and associated actions (Beauchamp, Lee, Haxby, & Martin,
2002; Beauchamp & Martin, 2007; Chao & Martin, 2000; Martin, Wiggs, Ungerleider, &
Haxby, 1996; Kellenbach, Brett, & Patterson, 2003; Mahon et al., 2007; Weisberg, van
Turennout, & Martin, 2007), and/or the visual analysis of tool’s features (Vingerhoets,
2008). Indeed, damage in this vicinity impairs performances on tasks that require accessing
such knowledge (Tranel, Damasio, & Damasio, 1997; Tranel, Kemmerer, Adolphs,
Damasio, & Damasio, 2003). The cMTg and neighboring temporal regions are furthermore
strongly interconnected with the SMg (Ruschel et al., 2014).

Together, these various sources of evidence are consistent with the hypothesis that a
distributed parieto-fronto-temporal set of regions within the left hemisphere are critical
nodes for /deomotor transformation, the integration of conceptual and motor representations
in service of familiar, meaningful actions (Johnson-Frey, 2004). The question of whether this
left cerebral asymmetry for hand-independent praxis representation depends on hand
dominance, however, persists.

Due in part to the preponderance of dominant hand hemiplegia in apraxia, the relationship
between cerebral dominance for sensorimotor control of the hand versus for the
representation of praxis remains unclear. One account is that right-handedness is a direct
reflection of the left-lateralized system for representing manual praxis (Geschwind &
Galaburda, 1985; Heilman, 1997; Kimura & Archibald, 1974; Liepmann, 1908; for a
discussion see Goldenberg, 2013b). Indeed, of the small number of left-handed cases of
apraxia that have been investigated, some do show signs of apraxia following right
hemisphere lesions (Dobato et al., 2001; Poeck & Kerschensteiner, 1971; Valenstein &
Heilman, 1979). However, this can also be said for a minority of right-handed patients
(Marchetti & Della Sala, 1997; Raymer et al., 1999), which is inconsistent with this
speculation. Alternatively, praxis representation and hand dominance might depend on
relatively independent mechanisms, with most left-handers also representing praxis skills in
their left (motor non-dominant) hemispheres. Data from left-handed individuals that have
undergone surgical transections of, or sustained injuries to, the corpus callosum support this
view (Frey, Funnell, Gerry, & Gazzaniga, 2005; Lausberg, Gottert, Munssinger, Boegner, &
Marx, 1999). Evidence for a potential dissociation between motor dominance and praxis
mechanisms can also be found. A recent comprehensive report on 50 left-handed patients
with unilateral brain injuries (Goldenberg, 2013a; for a discussion see also Goldenberg,
2013b) identified three cases with apraxia and aphasia following injuries to the left
hemisphere, demonstrating clear dissociations between handedness and apraxia. Yet, three
cases with apraxia and no aphasia subsequent to right (motor dominant) hemisphere injury
have been also found, demonstrating at least the importance of some low level mechanisms
linking handedness and praxis skills.

As these various sources indicate, resolving the relationship between mechanisms
responsible for hand dominance and/or praxis representation on the basis of patient data
alone has proven very challenging. Yet, apart from inferences based on these studies,
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remarkably little is known about the organization of praxis in healthy left-handed adults who
constitute approximately 10% of the population (Coren & Porac, 1977; Porac & Coren,
1981; Willems, Van der Haegen, Fisher, & Francks, 2014). As a consequence of excluding
left-handed participants, functional neuroimaging studies have done little to clarify the
relationship between cerebral asymmetries for praxis and motor dominance. An exception is
a report on strongly left-handed participants who pantomimed unilateral or bimanual actions
in response to familiar visually presented objects (Vingerhoets et al., 2012). Yet, the absence
of a control for linguistic functions (see Martin et al., 1996; Chao & Martin, 2000; Kroliczak
& Frey, 2009), and the lack of a distinction between action planning vs. execution (Johnson-
Frey et al., 2005) calls for additional studies on the relationships between the left
hemisphere specialization for praxis representation and motor dominance in the healthy
adult brain.

In our previous research on strongly left-handed individuals, we focused on the organization
of language and praxis in selected regions of interest, and motor dominance was less of an
issue (Kroliczak, Piper, & Frey, 2011). Here we revisit these same data using whole-brain
statistical parametric mapping to test whether, similarly to right-handed adults (Kroliczak &
Frey, 2009), these left-handers exhibit evidence for left lateralized parieto-fronto-temporal
praxis representation network. Our primary focus is on hand-independent activity during
gesture planning. As in our earlier work (Kroliczak & Frey, 2009), we did not expect to find
evidence of dissociable mechanisms specialized for the representation of tool use
pantomimes (transitive) vs. communicative (intransitive) gestures involving no objects. To
the extent that the organization of praxis representation is independent of hand dominance,
we predicted that lefthanders would also exhibit increases within a left-lateralized, parieto-
fronto-temporal network when planning gestures for subsequent production with either
hand. Finally, we expected that direct statistical comparisons with the data from right-
handers (Kroliczak & Frey, 2009) would also fail to detect significant differences in activity
related to hand dominance within the supramarginal gyrus and caudal middle temporal

gyrus.

2. Methods

The local Ethics Committee for Research Involving Human Subjects at the University of
Oregon approved the experimental protocols, which conformed to the WMA Declaration of
Helsinki.

2.1 Participants

Healthy adult, self-identified left-handers (N = 51) were invited to visit the laboratory for
additional screening. To verify left-handedness, participants 1) completed the revised
Edinburgh inventory (Oldfield, 1971), 2) constructed a family tree based on which hand
relatives used for writing, and 3) were assessed on gross and fine motor tasks. Fifteen
English-speaking adults (8 females, 7 males, Mean = 24.75 years; SD = 8.42) with the
strongest self-reported and behaviorally verified left hand dominance were selected for
subsequent behavioral and neuroimaging tests. The majority of these participants (67%) had
either a left-handed parent or grandparent. Edinburgh laterality indices in the selected
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sample were in the upper quartile of left-handedness, and ranged from —66 to =100 (Mean =
-90; SD = 9.0), where a score of =100 indicates the use of the left hand on all activities
listed in the test (e.g. writing, throwing, or using a spoon, etc.).

Rather than relying exclusively on self-report, we also sought to establish evidence of left
hand dominance through two measures of performance. Grip strength was determined three
times for each hand with a dynamometer (Stoelting, Wood Dale, IL). Twelve trials on a 9-
Hole peg board test, based on Mathiowetz and colleagues (Mathiowetz, Weber, Kashman, &
\olland, 1985; Oxford Grice et al., 2003), were completed: six trials per hand alternated
between the dominant and non-dominant limb with the order of the starting hand counter-
balanced across subjects. The duration to finish each trial was measured. Half the trials were
executed in the standard fashion, i.e., using the fingers to place each peg in the hole and
return it to the starting area. Participants also completed an additional 12 trials, six per limb,
using a pair of forceps. (On three occasions, in different participants, the peg was dropped
and the task was not completed; 1 time with the fingers, and two times with the forceps. In
these cases the missing values were replaced with the average of the proceeding and the
following trial.) SPSS version 18.0 (Chicago, IL) was used for all statistical analyses.

2.2 fMRI Testing

The fMRI tasks and methods are identical to those described in Kroliczak and Frey (2009).
Familiarization. In order to ensure consistency in behavior during the fMRI, and to minimize
head motion, subjects participated in an initial familiarization session, followed by practice
within an MRI simulator. During initial familiarization, they watched and responded to
instructions presented during a 16 min training video. The movie consisted of short clips
preceded by a centrally presented instructional cues. These cues (presented in gerundive
form, as verb-derived nouns) were of three types: 1) 14 transitive/tool use (e.g., “cutting”,
“reeling”, or “writing™), 2) 14 intransitive (e.g., “beckoning”, “scolding”, or “wavering™), or
3) 14 nonphysical actions (e.g., “believing”, “evaluating”, or “thinking”). A full list of cues
is given in the Appendix. Cues denoting transitive or intransitive actions were followed by a
clip of an actor performing the associated unimanual tool use pantomimes or other
meaningful gestures (henceforth “gesture”), one time with the right and one time with the
left hand. The instructional cue was then presented again, and participants were asked to
produce the associated gesture using their hands in the same order as the actor in the video.
Thus, although there are some differences in motor cortex activity in response to the
observation of actions performed with the left or right hand in right- and left-handed persons
(as shown by Sartori, Begliomini, & Castiello, 2013), any effects from the pre-training phase
should have little effect on later gesture planning activity. On trials with cues denoting
nonphysical actions no gestures were presented and the task was to remain still and await the
next cue.

Immediately after the training video, participants practiced at least two runs of the actual
fMRI gesture task in a mock scanner. This allowed them to practice producing recognizable
gesture responses without moving their heads. Trial order was randomized differently than
fMRI testing. During mock and actual scanning, subjects were instructed that actions should
be executed gently, with only the hand and forearm, and that head needed to remain still.
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Participants were informed that the gestures needed to be recognizable and would be video-
recorded during later scanning.

fMRI Data Acquisition—During actual scanning, all participants completed two separate
experimental sessions on different days; one using the dominant left hand and the other
using their non-dominant right hand. The order of the hand tested was counterbalanced
across participants. Both fMRI sessions consisted of six functional runs of the gesture task,
each lasting approximately 6 min. Every run involved the presentation of the three verb
types (related to transitive, intransitive or non-physical actions) described above. As
illustrated in Figure 1, trials of each condition consisted of a: 1) visually presented
instructional cue (1,500 ms), 2) variable length delay interval (2,000, 4,000 or 6,000 ms), 3)
visually presented movement cue (4,000 ms), and (4) a variable duration (2,500, 4,500 or
6,500 ms) inter-trial interval. For transitive and intransitive trials, participants prepared, i.e.,
planned, to gesture the actions identified by the instructional cue (IC) during the subsequent
delay interval. Planning-related signal increases in each condition were modeled as the 3,500
ms period starting with the onset of IC (1,500 ms) and lasting through the offset of the
shortest delay interval (of 2,000 ms). Production-related signal increases in the transitive and
intransitive conditions, which began with a centrally presented movement cue (MC) in the
form of green circle, were modeled as the 4,000 ms period during which the MC was visible.
Cues indicating non-physical actions served as controls for linguistic stimulus processing.
On these linguistic control (LC) trials, participants were instructed to relax and neither plan
nor undertake any movements.

The stimuli were controlled with Presentation software (http://www.neurobs.com), back-
projected on screen behind the scanner bore, and viewed via a mirror attached to the head
coil. Throughout every functional run, participants were instructed to maintain fixation on
the omnipresent central cross. Eye position was monitored with an MRI-compatible tracking
system (http://www.a-s-I.com) to ensure subject adherence to task instructions. The resulting
manual performances were also monitored continuously by the experimenter and digitally
video recorded.

Neuroimaging was performed on a Siemens (Erlangen, Germany) 3-Tesla Allegra MRI
scanner. Prior to the onset of the functional runs, Auto Align Scout and True FISP sequences
were run to prescribe the position of slices. The blood-oxygenation level dependent (BOLD)
echoplanar images were collected using a T2*-weighted gradient echo sequence: TR (time
repetition) = 2,000 ms; TE (time echo) = 30 ms, FA (flip angle) = 80°; 64 x 64 matrix; FOV
(field of view) = 200 mm; 33 contiguous axial slices, 3.0 mm isotropic voxels. High-
resolution T1-weighted structural images were also acquired with an MP-RAGE pulse
sequence with the following parameters: TR = 2,000 ms; TE = 4.38 ms; FA = 8.0°; 256 x
176 voxel matrix size; FOV = 256 mm; 176 contiguous axial slices; 1.0 mm isotropic voxels.
Raw image data were reconstructed using two-dimensional fast Fourier transform with a
distortion correction (in order to minimize artifacts attributable to magnetic field
inhomogeneities) and then converted to NIFTI-1 format using MRI-Convert software (http://
Icni.uoregon.edu/~jolinda/MRIConvert/). Data were preprocessed and modeled with FSL
version 4.1.4 (http://www.fmrib.ox.ac.uk/fsl/).
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2.3 fMRI Analyses

Prior to statistical analyses non-brain tissue was removed using BET (Smith, 2002).
Subsequent pre-processing steps included motion correction using MCFLIRT (Jenkinson,
Bannister, Brady, & Smith, 2002), spatial smoothing with a Gaussian kernel of FWHM =5
mm, mean-based intensity normalization of all volumes by the same factor, and high-pass
temporal filtering (50 s) to remove low frequency artifacts. For each participant, all fMRI
runs were modeled separately at the first level. The degrees of freedom in the statistical
model were estimated, and subsequently corrected for auto-correlation in the data, using the
FSL pre-whitening technique (Woolrich, Ripley, Brady, & Smith, 2001). Time-series
statistical analysis was carried out using FILM with local autocorrelation correction
(Woolrich et al., 2001). Registration to high-resolution and standard space images (Montreal
Neurological Institute template) was implemented with FLIRT (Jenkinson & Smith, 2001).
Inter-session (level 2) analyses were run using a fixed effects model. Inter-subject (level 3)
and inter-experiment (level 4) random-effects components of mixed-effects variance were
modeled and estimated using FLAME Stage 1 (Beckmann, Jenkinson, & Smith, 2003). Z
(Gaussianized #/F) statistic images were obtained using clusters not smaller than those
determined by Z> 2.3 and a corrected cluster significance threshold of p= 0.05 (Worsley,
2001). Region-of-interest (ROI) analyses employed Featquery, an FSL tool for computing
mean percent signal change (PSC) associated with each of the three experimental conditions
(i.e., transitive and intransitive gesture planning, as well as the linguistic control condition)
relative to the baseline.

In order to compare responses between hands and to test for interactions with gesture types,
a 2 (Hand: left, right) x 2 (Gesture: transitive, intransitive) ANOVA was run separately for
gesture planning and production phases. To increase sensitivity, these analyses were
conducted only across those voxels that earlier demonstrated significant increases in activity
relative to resting baseline. Regions exhibiting significant increases regardless of the hand
involved (i.e., hand-independent praxis planning), were identified by conjunction analysis
using inclusive contrast masking (Nichols, Brett, Andersson, Wager, & Poline, 2005).

Anatomical localization was undertaken by manual comparison with an atlas (Duvernoy,
1991), and overlaying activation maps on the population, landmark and surface-based atlas
(PALSs) of Van Essen (Van Essen, 2005) using CARET software (Van Essen et al., 2001).
The standard (i.e., MNI-152) volumetric group average data were projected onto the PALs
surface using multifiducial mapping procedure in which the data are first mapped to a set of
twelve individual brains, and then re-averaged to account for individual variations in cortical
topography (Van Essen, 2005).

2.3.1 Region-of-Interest Analyses—Two a priori ROIs were defined by combining our

group data and the maps from the Harvard-Oxford Atlas (Desikan et al., 2006). Based on our
study in right-handers (Kroliczak & Frey, 2009), we focused only on the anterior division of

the SMg (aSMG), and the temporo-occipital (i.e., caudal) part of the MTg (cMTg) of the left
cerebral hemisphere.

Using FSL FEATQuery, mean percent signal change (PSC) values were computed from all
voxels of significant activity versus baseline located within these ROIs, regardless of a
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condition and hand involved (for transitive and intransitive gesture planning, using the left
and right hand). After the % signal change values (converted from parameter estimate [PE]
values) were extracted for each task from each ROI, a 2 (Hand: left, right) x 2 (Gesture type:
transitive, intransitive) repeated-measures ANOVA was run, and if necessary, the differences
between the conditions were further assessed with a T-test, corrected for multiple
comparisons using Bonferroni correction p-values [Bf-p].

2.3.2 Comparisons between left- and right-handers—A 2 (handedness: left
dominant, right dominant) x 2 (hand: left, right) x 2 (gesture type: transitive, intransitive)
repeated-measures ANOVA, with handedness as the between-subjects factor was run to
perform direct statistical comparisons of the current left-handed data with data from our
earlier study in right-handers (Kroliczak & Frey, 2009). This was done separately for the
gesture planning and execution phases. Because no main effect of gesture type was
observed, nor its interaction with any other factor, we then collapsed across the two gesture
types and present the results of a 2 (handedness: left dominant, right dominant) x 2 (hand:
left, right) repeated-measures ANOVA.

3.1 Behavioral Results

Measures of hand performance complimented data from the Edinburgh Handedness
Inventory, affirming the left hand dominance of our participants for strength and dexterity.

Maximal Grip Strength—Participants demonstrated stronger maximal voluntary
contractions with their dominant left hands. A 2 (Hand) x 3 (Trial) repeated-measures
ANOVA revealed a main effect of Hand for Grip Strength [A1, 14) = 28.2, p< 0.001],
which was significantly greater for the dominant left relative to the non-dominant right hand
(Mean | gt = 39.8 kg, SEM = 2.6 kg; Mean jgnt = 35.4 kg, SEM = 2.2 kg). The effects of
Trial (p=0.3) and the Hand x Trial interaction (~< 1.0) were not significant.

Modified Pegboard Task—Manual dexterity was also greater for the dominant side. A 2
(Hand) x 6 (Trial) repeated-measures ANOVA revealed significantly shorter completion
times when using the left (Mean | ¢f = 15.5 s, SEM = 0.26 s) vs. right (Mean yjgnt = 17.6 s,
SEM =0.34 s) hand [ A1, 14) = 56.05, p< 0.001]. There was also a main effect of Trial [ A5,
70) = 25.26, p< 0.001], indicating that completion times decreased with practice. The Hand
x Trial interaction was not significant (F < 1.0). Similar results were obtained when using
forceps with participants requiring less time to complete the task with their dominant left
(Mean | gt = 29.4 s, SEM = 1.2) vs. non-dominant right (Mean yight = 37.4 s, SEM = 1.7 5)
hand [A1, 14) = 71.2, p< 0.001]. Likewise, performance improved across trials [A5, 70) =
14.6, p< 0.001]. The Hand x Trial interaction, again, was non-significant (F < 1.0).

3.2. fMRI Results

3.2.1 Planning Phase—Planning-related signal increases in each condition were modeled
as the 3,500 ms period starting with the onset of the IC (1,500 ms) and lasting through the
offset of the shortest delay interval (of 2,000 ms). A 2 (Hand: left, right) x two (Gesture
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type: transitive, intransitive) repeated-measures ANOVA was conducted on only those
voxels demonstrating significant increases in activity in any of the four conditions relative to
resting baseline. As with right-handers (Kroliczak & Frey, 2009), this analysis revealed a
main effect of hand (detailed below), and no effect of gesture type, nor an interaction.
Subsequent analyses therefore collapsed across the transitive and intransitive conditions.

Left Hand Planning vs. Linguistic Control: Significant left-lateralized increases in activity
were found in the SMg, (extending into the IPS) and in the cMTg, when gesture planning
was contrasted against the LC condition. Bilateral activity was detected in dorsal premotor
(dPMC) cortex, extending medially into the pre-supplementary motor (pre-SMA) and the
cingulate motor (CMA\) areas. Bilateral, left asymmetrical clusters of increased activity were
also detected in the rostral middle frontal gyrus (rMFG), and cerebellum (Figure 2A).

Right Hand Planning vs. Linguistic Control: As with the left hand, gesture planning was
associated with the expected left-lateralized increase in SMg activity (extending along the
IPS and into the SPL). Here, however, increases in cMTg were bilateral (and extended into
caudal inferior temporal gyri). Bilateral increases were again detected in the dPMC, pre-
SMA, CMA, rMFG, as well as in the insular cortices. In contrast to the left hand, vPMC,
DLPFC, orbito-frontal cortex, inferior temporal gyrus, and the cerebellum also exhibited
significant bilateral, and often widespread increases (Figure 2B).

Hand-Dependent Planning: In order to evaluate the significance of the apparent hand-
dependent differences described above, gesture planning phase activity was contrasted
between left and right hand conditions. As it turned out, no region showed significantly
greater modulation during gesture planning with the left vs. right hand. The opposite
contrast, namely the comparison for the right vs. left hand planning, was however associated
with significant and widespread signal changes. Contralateral left hemisphere increases were
detected in the SPL (extending into the IPS), and in the post- and precentral gyri. Right-
asymmetrical, bilateral increases were detected in the ANg, cMTg, vPMC, DLPFC, and
MFg, as well as in the IFg and anterior insula. The right cerebellum also exhibited increased
activity (Figure 3A). More widespread activity when planning gesture for subsequent
production with the right hand was previously found in right-handers (Kroliczak & Frey,
2009). As will be discussed shortly, this therefore does not appear to be associated with the
right hand’s non-dominant status.

Hand-Independent Planning: Consistent with the hypothesis that the left hemisphere is
involved in hand-independent representation of praxis independent of motor dominance
(Lausberg et al., 1999; Frey et al., 2005; Frey, 2008), like right-handers, our strong left-
handers exhibited left lateralized, hand-independent activity in the SMg (and adjacent IPS)
and cMTg (extending into the inferior temporal gyrus). However, unlike right-handers,
increases in dPMC, pre-SMA and CMA were bilateral rather than left lateralized (Figure
3B). Furthermore, left-handers failed to exhibit any significant hand-independent increases
in rMFg activity. The effects of hand dominance on planning-related activity are considered
further below, where we test statistically for differences between these data and a previously
reported set from righthanders. First, we report tests conducted in several regions-of-interest.
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Region-of-Interest-Analyses: Consistent with the whole-brain analyses, we failed to detect
any evidence of differences between responses to planning transitive vs. intransitive
gestures, regardless of the hand involved, within the two critical ROIs. In the aSMg ROI, the
lack of any effects were indisputable: the main effect of hand was not significant (F(1,14) =
0.37; p = 0.56); the main effect of gesture type was not significant (F(1,14) = 0.69; p = 0.42),
and the interaction was not significant either (F(1,14) = 0.22; p = 0.65). In the cMTg ROl,
again, no significant effects were observed. Yet, although, the lack of main effect of hand
was clear-cut (F(1,14) = 0.17; p = 0.69), the main effect of gesture type showed a weak trend
towards significance (F(1,14) = 2.79; p = 0.12). As before, the interaction was not significant
(F(1,14) = 0.74; p = 0.40). Because the null effects are important for the arguments
presented here, the results are shown in Figure 4.

To enable more direct comparisons with the ROI analyses from our previous study
(Kroliczak & Frey, 2009), further results are shown in Supplemental Fig. 1A-J

In contrast to the earlier results, a direct comparison of the two conditions in each ROI
revealed that the difference between the mean percent signal change associated with the
planning of the two gesture categories was not significantly different in any of the areas (Bf-
p > 0.44). Given how these ROIs were defined (i.e., by contrasting both gesture planning
tasks with processing of non-gesture related words followed by no planning), in each ROI
responses in both conditions also exceeded those associated with the linguistic control (Bf-p
< 0.05; in majority of comparisons Bf-p < 0.01).

To enable direct comparisons with the analyses of individual variation in posterior parietal
involvement in gesture planning from the previous study (Kroliczak & Frey, 2009), and to
help assess its typicality (or lack of thereof) in a given participant, anatomical landmarks
were used to establish whether significant clusters of activity were located in SMg, Ag, and
SPL (Johnson-Frey et al., 2005). Percentages in Supplemental Table 1 reflect proportions
based on the total sample of 15 individuals. It turns out that 70% of our participants engage
left SMg, and only 40% engage right SMg, for gesture planning regardless of the hand used.

3.2.2 Production Phase—Although our hypotheses concerned activity during the
planning phase we nevertheless evaluated responses during the production phase, modeled
from the appearance of the visually presented movement cue and continuing through the
subsequent 4000 ms. A 2 (Hand: left, right) x two (Gesture type: transitive, intransitive)
repeated-measures ANOVA was performed across all voxels that showed significant
increases in activity relative to resting baseline in any of the four conditions (2 hands x 2
gesture types; Z> 3.1, p=.01). As in the planning phase, a number of regions exhibited a
main effect of hand, while none showed a significant main effect of gesture type, nor a hand
X gesture type interaction. Subsequent analyses therefore collapsed across transitive and
intransitive conditions.

Hand-Dependent Production: Left vs. right hand production revealed increases in
contralateral sensorimotor cortex extending caudally into the SPL and rostrally into the
dPMC. Use of the left hand was also associated with distributed increased activity within
bilateral SMg, cMTg, vVPMC, MFg, DLPFC, insula, as well as basal ganglia and cerebellum
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(Figure 5A). These widespread increases for the left vs. right hand are similar to what we
observed previously when right-handers performed these same actions with their (non-
dominant) left hands (Kroliczak & Frey, 2009). The inverse contrast of right vs. left hand
production revealed only significant activity in the left sensorimotor cortex and ipsilateral
right cerebellum (Figure 5B).

Hand-Independent Production: Consistent with earlier findings in right-handers (Johnson-
Frey et al., 2005), production with either hand increased activity bilaterally in both the
ventral and dorsal parieto-premotor networks (including IPL, SPL, dPMC, vPMC,) and the
cerebellum. Increases were also apparent in the anterior insula, pre-SMA, as well as the right
cMTg (Figure 5C).

3.2.3 Hand Dominance Effects—As already mentioned, because the procedures in this
study were identical to those of our earlier study in right-handers (Kroliczak & Frey, 2009),
we performed direct statistical comparisons of the two data sets.

Planning Phase: A 2 (handedness: left dominant, right dominant) x 2 (hand: left, right)
repeated-measures ANOVA, with handedness as the between-subjects factor, revealed main
effects of both hand and of hand dominance. There was no significant hand by hand
dominance interaction. Relative to righthanders, left-handers showed greater involvement of
the right ANg, dPMC, and DLPFC, and in bilateral retrosplenial cortex (RSC), and
SMAJ/CMA (Figure 6A). In sharp contrast, we detected no regions that were more
responsive for right- vs. left-handers during the planning phase. These differences are
consistent with the general view that left handers exhibit less cerebral asymmetry of praxis
functions than do right-handers (Vingerhoets et al., 2012), but, as will be discussed, these
results differ from this earlier study in several details.

Both groups exhibited increased activity when planning gestures for the right vs. left hand,
while neither showed any evidence for the opposite effect. Despite lack of significant
interaction, because the areas displaying these greater right hand responses differed
somewhat between groups, these effects are shown separately in Supplemental Figure 2. For
left-handers, gesture planning with the right hand resulted in increased activity in left SPL,
bilaterally in dPMC, MTg, and the insular cortex, as well as less symmetrically (with clear
right-hemispheric advantage) in vPMC, and IFg, and finally with ANg and MFg engaged
mainly on the right (Suppl. Figure 2A). In right-handers, these effects were nearly exclusive
to the dominant left hemisphere and involved a partially different set of parieto-fronto-
temporal areas (cMTg, dPMC, SMg and ANg, rMFg, SPL, (Suppl. Figure 2B). Greater
engagement of cortical regions when planning gestures with the right hand in both groups is
difficult to explain, but would seem to be unrelated to hand dominance.

Production Phase: A repeated-measures ANOVA on the production phase data also
revealed significant main effects of hand and of handedness, but no significant interaction.
Relative to right-handers, lefthanders exhibited increased activity primarily on the medial
brain surfaces, in SMA and CMA. A left-lateralized occipital, and right thalamic increase
was also present (Figure 6B). Compared to lefthanders, right-handers exhibited increased
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left-lateralized activity in the SPL, vPMC, and rostral MFg, as well as in right inferior
frontal sulcus (IFs), extending into IFg, and orbito-frontal cortex (Figure 6C).

4. Discussion

Data from left-handed patients with unilateral brain injuries suggest that the mechanisms
responsible for the left hemisphere specialization of praxis are dissociable from those that
underlie hand dominance (Frey et al., 2005; Goldenberg, 2013a; Goldenberg, Hermsdorfer,
& Spatt, 1996; Lausberg et al., 1999; see also Goldenberg, 2013b). Here, we used fMRI to
test whether this holds for healthy adults. If so, then similarly to right-handers, strongly left-
handed adults should exhibit left cerebral asymmetries in activity during the planning/
retrieval of familiar meaningful gestures for subsequent production with either hand. More
precisely, we expected to detect these asymmetries in the supramarginal gyrus and its
vicinity (SMg/IPs) and caudal middle temporal regions (e.g., cMTg) even after controlling
for linguistic stimulus processing demands. We found three sources of support for this
hypothesis. First, whole-brain analyses detected a pronounced left cerebral asymmetry
within both SMg/IPs and cMTg during the gesture planning phase, regardless of the hand
involved in subsequent performance of the task. Second, more sensitive ROI analyses carried
out within independently-defined left SMg and cMTg areas failed to detect significant
differences in activity between planning for the left or right hands. Third, comparing the
present data directly with a published set acquired from right-handers failed to reveal any
significant differences in activity related to hand dominance within the SMg and cMTg.
Together, these results support the view that regardless of motor dominance, the human left
hemisphere (specifically the left supramarginal gyrus and caudal middle temporal gyrus) is
specialized for /deomotor transformations— the integration of conceptual and motor
representations in service of familiar, meaningful actions.

We also found evidence that compared to right-handers, left-handers more strongly engage a
number of other cortical regions during hand-independent gesture planning. They showed
greater involvement of the right ANg, dPMC, and DLPFC, and bilateral RSC, SMA/CMA.
This is consistent with other findings in the literature suggesting that left-handed individuals
tend to exhibit less cerebral asymmetry than right-handers for a variety of cognitive
functions including language (Vingerhoets et al., 2012; Goldenberg, 2013a; Vingerhoets et
al., 2013; see also Haberling & Corballis, 2015).

Finally, as with right-handers, we failed to detect any evidence for hand-independent
differences in the representation of different gesture types (transitive vs. intransitive). This
null result is in agreement with the hypothesis that these two types of gesture share common
representation mechanisms, and that the reported dissociations in the neuropsychological
literature may be attributable to other factors such as differences in familiarity or difficulty
(Kroliczak & Frey, 2009; Carmo & Rumiati, 2009). Each of these sets of findings is
discussed in further detail below.
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Left supramarginal and caudal middle temporal gyri are the key regions involved in hand-
independent gesture representation regardless of motor dominance

As introduced earlier, data from brain-injured patients and functional neurocimaging of
healthy adults converge on the hypothesis that the left SMg and cMTg serve as critical nodes
for the integration of conceptual knowledge and movement representations in service of
meaningful actions in right-handed adults (Johnson-Frey, 2004). We find evidence that this
specific network is left-lateralized even in strongly left-handed individuals whose right
hemispheres are dominant for fine motor control. These data are inconsistent with the
hypothesis that the right hand dominance exhibited by approximately 90% of humans is due
to a left-lateralized praxis representation system (Geschwind & Galaburda, 1985; Kimura &
Archibald, 1974; Liepmann, 1908). Instead, they support the view that praxis representation
and motor dominance rely on dissociable mechanisms (Goldenberg et al., 1996; Frey et al.,
2005; Goldenberg, 2013a).

Our observation that gesture planning activity is greater for the right hand — regardless of
hand preference — is not only consistent with the notion that hemispheric specialization for
skilled actions is independent of handedness but also with the idea that the right hand may
have some privileged access to processing within areas involved in the control of praxis
skills even in left-handed individuals (e.g., Gonzalez, Ganel, & Goodale, 2006). The
additional engagement of right-hemisphere regions is consistent with earlier reports
demonstrating right-sided contributions in pantomimed and off-line actions (Kroliczak,
Cavina-Pratesi, Goodman, & Culham, 2007; Rossit et al., 2011). Notably, counter to the
planning stage, this putative right-hand advantage is then reflected in more focused
sensorimotor processing in the action execution phase (which is also consistent with
behavioral observations by Gonzalez et al., 2006).

Our findings converge with evidence that the cerebral specialization for praxis is closely
related to dominance for language, which is left-lateralized even in the vast majority of left-
handed adults (Knecht et al., 2000; Meador et al., 1999; see also Haberling & Corballis,
2015). As reported previously (Kroliczak et al., 2011; see also Bidula & Kroliczak, 2015),
this particular sample of strongly left-handed adults exhibits a left cerebral asymmetry in
activity within Broca’s Area (probabilistically defined Brodmann Areas 44/45) during
performance of a verbal fluency task. The strength of this asymmetry ranges across
participants and correlates with the variations in asymmetry detected during hand-
independent praxis planning in the supramarginal gyrus (probabilistically defined BA40).
The reason(s) for this relationship are uncertain but include such possibilities as joint
dependence on left hemisphere specializations for constructing symbolic representations
(Duffy & Liles, 1979), representing motor sequences (Kimura & Archibald, 1974) and/or
sequential hierarchies (Greenfield, 1991). Despite this association, it is important to
appreciate that aphasia and apraxia can dissociate (Goodglass & Kaplan, 1963; Heilman,
1975), and that the assessments chosen to diagnose apraxia impact the observed relationship.

Goldenberg’s (2013) report of 50 left-handed patients with unilateral brain injuries revealed
evidence for dissociations between motor dominance and apraxia, as well as apraxia and
aphasia. Difficulties with pantomime, as opposed to imitation of meaningless hand or finger
postures—a task that minimizes demands on symbolic representation—tended to co-occur
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with aphasia. This evidence suggests that the relationship between praxis and language
representation is quite complex, and likely involves both shared and relatively independent
functions. As recently summarized by Michael C. Corballis (Corballis, 2015; but see also
Corballis, 2003; Buckingham & Christman, 2010), the existence of such a link might be a
natural consequence of language evolving from dual-stream circuity that initially mediated
grasping skills but were later tailored for the control of skilled manual actions (praxis) and
gestural communication. On the other hand, the emergence of speech as the dominant mode
of communication (Hickok & Poeppel, 2007) likely contributed to some encapsulation of the
praxis and language systems. Moreover, hand preference (or lack of thereof at a certain stage
of development) and other individual predispositions may in turn lead to reshuffling of some
asymmetrically represented functions, resulting in their more random distribution in the
brain (Goldenberg, 2013b).

Effects of Hand Dominance

We are aware of only one other neuroimaging study of tool use pantomime in left-handers
(Vingerhoets et al., 2012). Yet, due to the nature of the design, the results of this
investigation may be influenced by a number of factors loosely linked to praxis skills per se,
including differences between experimental and control conditions in linguistic and/or
sensorimotor processing demands, as well as responses associated with the mere visual
perception of the familiar objects. Nevertheless, similarly to Vingerhoets and colleagues
(2012) we also failed to detect differences between left- and right-handers in left parietal or
temporal lobe activity during praxis planning. Yet, we found that left-handers exhibited
greater planning-related involvement of several cortical regions in the motor dominant right
hemisphere, including inferior parietal (primarily ANg), and frontal/prefrontal (dPMC,
DLPFC) areas. Notably, no area showed greater activity in right-handers during praxis
planning. The one-directional nature of these handedness-related differences is consistent
with long-standing evidence that left-handers generally exhibit less cerebral asymmetry of
various cognitive functions, including language (Hecaen, De Agostini, & Monzon-Montes,
1981; Hecaen & Sauguet, 1971; Levy & Reid, 1978; see also Michalowski & Kroliczak,
2015; Haberling & Corballis, 2015; Haberling, Steinemann, & Corballis, 2016). By contrast,
during the production phase we detected substantial differences in brain activity between
groups in both directions. Left-handers exhibited greater increases in activity primarily in
the bilateral SMA/CMA, left thalamus and right inferior occipito-temporal cortices. Right-
handers, on the contrary, exhibited greater left-lateralized engagement of structures typically
linked to praxis skills (including the SPL, vPMC, MFg and IFg, middle insular and the
nearby temporal cortex), as well as the right-sided advantage in inferior frontal regions (here
IFs/IFg). Together these findings suggest that hand dominance may have more substantial
and complex effects on the organization of mechanisms involved in praxis production.

As with the previous study by Vingerhoets and collaborators (2012), we elected to use
individuals whose left-handedness was comparable in strength to that of typical right-
handers. The inclusion of individuals covering the full range of left-handedness in future
investigations may help to clarify the nature of the handedness-related differences in praxis
representation. Understanding this natural variation is important for clinical reasons as well,
where approximately one in ten patients will be left-handed. Indeed, the common practice of
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excluding left-handers from behavioral and neuroscience research samples significantly
limits the generalizability of the obtained results to the population (Willems et al., 2014).

This project, nevertheless, has several limitations. We primarily used younger adults, and
there is considerable evidence that cerebral asymmetries tend to increase in older adults, a
phenomenon referred to as the so-called dedifferentiation (Bangert, Reuter-Lorenz, Walsh,
Schachter, & Seidler, 2010; Fling, Chapekis, et al., 2011; Fling, Walsh, et al., 2011).
Whereas left-handers tend to show more variation in hand dominance across tasks, our
participants were all strongly left-handed. Similarly to the earlier study of Vingerhoets et a/.
(2012), this choice was made to achieve a degree of hand preference comparable to the one
observed in right-handers, and allowed for a direct comparison with our 2009 work in the
latter group (Kroliczak & Frey, 2009). However, future research should look at the
relationship between variation in the strength of left-handedness and cerebral asymmetries
within the brain regions dedicated to praxis representation. Finally, it should be mentioned
that the use of abstract words as stimuli in the control condition substantially activated the
right hemisphere. This unexpected contribution could have biased our outcomes in a
direction that emphasizes left cerebral asymmetries in the supramarginal gyrus and caudal
middle temporal gyrus. However, because these stimuli are identical to those employed in
our earlier work with right-handers, the observed differences and similarities between
groups cannot be attributed to this potentially biasing effect.

Conclusions

Liepmann’s observation more than a century ago that patients with left hemisphere injuries
often exhibit difficulties while pantomiming familiar skills with their relatively unaffected
ipsilesional limb is inarguably a watershed moment in the history of behavioral neurology
(Goldenberg, 2003a). It provided a new insight into the complex interactions between
perceptual, cognitive and motor functions that underlie goal-directed actions, identified what
happens when these go awry, and inspired a vast amount of research. Our work in healthy
adults presented here adds to a small but impactful body of evidence from the apraxia
literature, suggesting that the relationship between hand dominance and praxis is more
nuanced than previously appreciated. Greater inclusion of left-handers, who constitute a
large minority of the population, will further provide an important window into potential
variation in the functional architecture of human cognition.
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Refer to Web version on PubMed Central for supplementary material.
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Appendix: 3 categories of cues (gerundive verb-derived nouns) in
alphabetic order

1. Transitive Gesture Planning: Cutting, Dialing, Painting, Pounding,
Pouring, Reeling, Scooping, Scrubbing, Sewing, Stabbing, Stirring,
Typing, Unlocking, Writing.

2. Intransitive Gesture Planning: Beckoning, Conducting, Counting,
Flicking, Hitchhiking, Pointing, Scolding, Shooing, Snapping, Stopping,
Talking, Tickling, Wavering, Waving.

3. Linguistic Control (no manual action planning involved): Adapting, Being,
Believing, Devising, Evaluating, Innovating, Interpreting, Knowing,
Planning, Qualifying, Resolving, Solving, Thinking, Understanding.
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Highlights
. Praxis laterality was assessed with fMRI in left-handed individuals
. Gesture planning leads to hand-independent, left-lateralized activity in
supramarginal gyrus
. Left-handers exhibit a less asymmetric functional architecture for

praxis representation

. Praxis representation and motor dominance rely on dissociable
mechanisms
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Instructional Cue (IC)
1500 ms

Transitive + Delay Interval

Intransitive 2000, 4000 or 6000 ms
or Linguistic +
Control Movement Cue (MC)

Gesture
Preparation +  Inter-stimulus Interval
2500, 4500, or 6500 ms

4000 ms .z

Figure 1. Structure and timing of the fMRI gesture task
The instructional cue (1,500 ms) was followed by a variable delay interval (2,000, 4,000, or

6,000 ms) during which gestures were planned, a movement cue for gesture production
(4,000 ms), and a variable inter-trial interval (2,500, 4,500, or 6,500 ms).
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Left-Hand Left-handers Right-Hand
A Praxis Planning vs. Linguistic Ctr. | B Praxis Planning vs. Lingu
. ' - ,

Figure 2. Areas activated during gesture planning for the left (panel A) and right (panel B) hand,
controlled for linguistic processing

The volumetric surface renderings in the upper panels show significant group effects
displayed on the PALSs atlas in Caret 5.6 using the multifiducial procedure (see Methods).
Clusters that survived multifiducial re-mapping are shown in warm hues. Pale green
represents areas that were activated in some individuals (as revealed by the re-mapping
algorithm) but did not survive the multifiducial average threshold after accounting for
intrasubject variability in gyri and sulci anatomy. Axial slices in the lower panels display
significant group mean statistical parametric maps projected onto an average brain obtained
from high resolution, T1-weighted anatomical scans of participants’ brains. Neurological
convention is used in which right hemisphere is on the right side. The range of the Z statistic
values is shown at the bottom and voxels activated at a given Z value are displayed
according to the code on the color bar. (A) Praxis planning with the dominant left hand
versus the linguistic control (LC) condition. In addition to bilateral signal increases in the
dorsal premotor, pre-supplementary motor, cingulate motor area, and rostral middle frontal
gyrus (with the latter being substantially more invoked on the left), the inferior parietal
lobule was activated only on the left. The left cerebellum and caudal inferior temporal gyrus
(cITG) were also involved. (B) Praxis planning with the non-dominant right hand vs. LC.
The bilateral activation involved all the major structures typically observed in action
planning and/or production, including the right angular, middle frontal, and inferior temporal

gyri.
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Hand-dependent Effect Hand-independent Effect
A Right vs. Left Hand Gesture Planning B Praxis Planning vs. Linguistic Ctr.

L R

B886

z> 2.3 . 4.5

Fligurt_a 3. Hand-dependent (panel A) and hand-independent (panel B) neural substrate of praxis
annin

IE)A) Wh?en left-handers plan gestures with their right hand, nearly all the areas revealed in an
initial contrast of right-hand gesture planning vs. LC are activated more, and more
extensively than for the left hand. The inverse contrast (of left vs. right hand) revealed no
significant difference. (B) Areas engaged in praxis planning vs. the linguistic control (LC)
across both hands. In addition to the dorsal premotor and pre-supplementary motor areas
that were activated bilaterally, the left inferior parietal lobule, including the supramarginal
gyrus and the ventro-lateral bank of the anterior intraparietal sulcus (SMg/alPS) was
activated only on the left. Additional small cluster of hand-independent activity was
observed in cMTg, caudal inferior temporal gyrus (cITg), and the cerebellum on the left.
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B Transitive Gestures B B Transitive Gestures

Ointransitive Gestures

Region of Interest: cMTg

0.4

DO ntransitive Gestures

0.3

0.2

BOLD % Signal Change

0.1

Left Hand Planning Right Hand Planning Left Hand Planning Right Hand Planning

Figure 4. Region-of-Interest analyses of gesture planning with the dominant left and the non-
dominant right hand
The average % signal change during the planning-phase is shown relative to the resting

baseline for tool use (transitive) pantomimes and intransitive gestures within the
independently defined left SMg (A) and cMTg (B). No significant effects were detected.
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Hand-dependent Effects

A Left vs. Right Hand Gesture Execution B Right vs. Left Hand Gesture Execution

“

?é‘“‘“‘hﬂe

z>3.1 mmm 11.5 z>3.1 mmm 8.9

Hand-independent Effect

C Gesture Execution

z>3.1 I 6.9

Figure 5. Hand-dependent (panel A and B), and hand-independent effects (panel C) during
gesture production

(A) A main effect of hand revealing all voxels involved more in the control of the left (vs.
right) hand. In addition the expected activity observed in the right hemisphere, including the
sensorimotor cortex, posterior parietal, frontal and pre-frontal (MFG) activity, it is worth
emphasizing that the left SMg, vPMC and MFg were also involved. (B) A main effect of
hand revealing all voxels involved more in the control of the right (vs. left) hand. The
activity was primarily limited to the left sensorimotor cortices and a small cluster in the right
cerebellum. (C) Areas activated across both hands during gesture production. Except for the
right caudal middle temporal cortex (cMTg), all the remaining parieto-frontal, the insular
and temporal cortices, as well as subcortical regions were involved bilaterally.
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A Gesture Planning
Left-handers vs. Right-handers

» 98060660
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‘8“&6“ XX

z2>23 . 5.3

C Right-handers vs. Left-handers

Figure 6. The effect of handedness on gesture planning, and production
(A) Areas involved more in gesture planning in left-handers: Areas engaged more by left-

handers were located either in the right hemisphere, i.e. right ANg, dPMC, or bilaterally
(dorso-medial, and dorso-lateral prefrontal cortices). (B) Areas involved more in gesture
production in left-handers: Again, except for the left-sided early visual and cerebellar
contribution, areas engaged more by left-handers were in the dorso-medial prefrontal
cortices. (C) Areas involved more in gesture production in right-handers: In addition to left
SPL, dPMC, MFg, and some dPMC, and SMg/alPS, there was also some noticeable
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involvement of the left anterior STg, and the nearby insular cortex. The right-hemisphere
involvement was substantially less pronounced and included some lateral-ventral prefrontal
contributions.
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