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Abstract: We aimed to investigate the effect of hand effector and handedness on the cerebral lateraliza-
tion of pantomiming learned movements. Fourteen right-handed and 14 left-handed volunteers per-
formed unimanual and bimanual tool-use pantomimes with their dominant or nondominant hand
during fMRI. A left hemispheric lateralization was observed in the right- and left-handed group
regardless of which hand(s) performed the task. Asymmetry was most marked in the dorsolateral pre-
frontal cortex (DLPFC), premotor cortex (PMC), and superior and inferior parietal lobules (SPL and
IPL). Unimanual pantomimes did not reveal any significant differences in asymmetric cerebral activa-
tion patterns between left- and right-handers. Bimanual pantomimes showed increased left premotor
and posterior parietal activation in left- and right-handers. Lateralization indices (LI) of the 10% most
active voxels in DLPFC, PMC, SPL, and IPL were calculated for each individual in a contrast that com-
pared all tool versus all control conditions. Left-handers showed a significantly reduced overall LI
compared with right-handers. This was mainly due to diminished asymmetry in the IPL and SPL. We
conclude that the recollection and pantomiming of learned gestures recruits a similar left lateralized
activation pattern in right and left-handed individuals. Handedness only influences the strength (not
the side) of the lateralization, with left-handers showing a reduced degree of asymmetry that is most
readily observed over the posterior parietal region. Together with similar findings in language and vis-
ual processing, these results point to a lesser hemispheric specialization in left-handers that may be
considered in the cost/benefit assessment to explain the disproportionate handedness polymorphism
in humans. Hum Brain Mapp 33:763-777, 2012.  © 2011 Wiley Periodicals, Inc.
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Learned movements such as tool use and symbolic ges-
tures are pivotal in daily life. A common test to evaluate
the integrity of a person’s repertoire of learned gestures is
tool-use pantomiming [Bartolo et al., 2008; van Heugten
et al., 1999]. In tool-use pantomime, an instrumental grasp
and movement is mimicked with an imaginary object.
Although these pantomimes are derived from actual tool
use, they are merely communicative gestures that symbol-
ize the tool and its action [Goldenberg et al., 2007].
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Therefore, the kinematic properties of pantomimed and
actual tool use are not identical [Laimgruber et al., 2005].
Nevertheless, the pantomiming of tool use still has consider-
able clinical and scientific relevance, and in behavioral neu-
rology and clinical neuropsychology, it is considered to be a
sensitive test for apraxia, a disorder of learned movement
resulting from left brain damage [Bartolo et al., 2008; Gold-
enberg et al., 2003; Liepmann, 1920]. Neuroimaging studies
have used pantomiming tasks for several purposes, among
others to determine its neural correlates [Choi et al., 2001;
Rumiati et al.,, 2004], or to evaluate the neural background
of error patterns in apraxia [Ohgami et al., 2004]. They have
also proven to be useful to reveal differences between exe-
cuted and imagined or planned pantomimes [Fridman et al.,
2006; Imazu et al., 2007; Johnson-Frey et al., 2005; Moll et al.,
2000], to compare actual tool use with pantomimed tool use
[Hermsdorfer et al., 2007; Imazu et al., 2007], and to explore
the neural correlates of mechanical problem solving [Vinger-
hoets et al., 2010a]. These studies have certainly advanced
our insight into the cognitive neuroanatomy of pantomiming
tool use. In line with lesion studies in apraxic patients, they
have confirmed a consistent left hemispheric dominance of
the activated regions in right-handed volunteers [Buxbaum
et al., 2005; Goldenberg et al., 2007, Haaland et al., 2000].
What remains largely unexplored; however, are the factors
that influence the lateralization of cerebral activity during
the pantomiming of tool use. In this fMRI study, we aim to
investigate three such factors: bimanual performance, hand
(in)dependence, and handedness.

Unimanual Versus Bimanual Pantomimes

In daily life, the skilled manipulation of objects fre-
quently requires the use of both hands, for example when
eating with knife and fork, threading a needle, or sharpen-
ing a pencil. Although in most cases the preferred hand
plays a dominant role in the interaction, the nonpreferred
hand is crucial for holding and positioning the additional
manipulandum in space. This everyday bimanual tool use
is clearly not reflected in the tasks that are commonly
used in pantomime research. For clinical use, bimanual
tasks are not well suited, as many apraxic patients also
suffer from a contralesional hemiplegia that makes the
quality of a bimanual performance difficult to assess. In
cognitive neuroscience, too, bimanual pantomiming is
rarely used and its neural correlates therefore still remain
unexplored. In unimanual tool pantomiming, the resulting
left hemispheric activation pattern is taken to reflect a lat-
eralized network that contains the functional knowledge
about objects and how to use them. As apraxia after left
hemispheric damage is usually expressed in both hands
(as revealed by apraxics without hemiplegia), this left
hemispheric network is assumed to control learned move-
ments for both sides of the body. Bimanual tool panto-
miming provides an interesting test for the strength of this
lateralization, as it can be argued that the different func-
tional roles of both hands may require increased right

hemispheric input in order to functionally guide the non-
dominant hand. In this study, we will compare the neural
correlates of unimanual versus bimanual pantomimes of
tool use in a paradigm that controls for nontool-related
motor behavior and the visual complexity of the stimuli.

Hand (In)Dependency

If a left lateralized network guides the learned tool-
related gestures of both hands, then this network should be
activated regardless of which hand is used to carry out the
task. This idea was tested in three neuroimaging studies
that compared right and left hand pantomimes of tool use
in right-handed volunteers [Choi et al., 2001; Johnson-Frey
et al., 2005; Moll et al., 2000]. These studies indeed con-
firmed strong left hemispheric lateralization regardless of
which hand was used, although pantomimes with the pre-
ferred hand did produce an additional activation in the left
temporal and subcortical regions [Choi et al., 2001] and the
left frontal cortex [Johnson-Frey et al., 2005]. Notwithstand-
ing the paucity of scientific data, the role of the effector on
the lateralization of tool-use-related cerebral activation is of
clinical importance and should be documented in more
detail. Although epidemiological data are scarce, in more
than 85% of the cases apraxia is the direct result from left
hemispheric damage [Zwinkels et al., 2004], and the major-
ity of these patients also develop aphasia and right-sided
hemiplegia. As a result, the assessment of apraxia in these
patients is often based on their performance with the non-
preferred hand. Only when tool-use-related cerebral activa-
tion is independent of effector side, will apraxia testing
with the nondominant hand genuinely reflect the severity
of the functional deficit and, therefore, accurately predict
the need for rehabilitation. Here, we will compare perform-
ances with the dominant and nondominant hand for
unimanual and bimanual pantomimes of tool use.

Handedness

Development and activation of the primary motor cortex
show a mirror-opposite pattern in right- and left-handers
[Dassonville et al., 1997; Hammond, 2002; Kim et al., 1993].
An analogous shift in dominance for praxis to the right
hemisphere might be expected in left-handed persons, at
least if one reasoned that hand dominance and skillful
learned control are intricately linked. Several clinical reports
argue in favor of such an obligatory link and mention left-
handed patients with apraxia after right hemispheric dam-
age [Ochipa et al.,, 1989; Poeck and Kerschen, 1971; Poeck
and Lehmkuhl, 1980]. Other case studies, however, observe
apraxia following right brain damage in right-handers
[Basso et al., 1985; Marchetti and Della Sala, 1997; Rapcsak
et al., 1987; Raymer et al., 1999] and refute the alleged asso-
ciation between handedness and learned motor skills.

To further our understanding of the relation between
hand preference and the cerebral representation of
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pantomimed tool use, we will compare unimanual and
bimanual pantomimes in matched groups of left- and right-
handed volunteers. Pantomimes with their dominant and
nondominant hands will be controlled for basic motor action
in order to focus on regions that are specifically associated
with the use of familiar tools. Besides a comparison of the
resulting statistical activation patterns, we will calculate lat-
eralization indices of multiple regions of interest to evaluate
the strength of the asymmetries in left- and right-handers.

MATERIALS AND METHODS
Participants

Twenty-eight healthy volunteers (age range 19-26 years,
mean age 21.5 years, 11 women and 17 men) from the stu-
dent population at Ghent University entered the study af-
ter approval from the local ethics committee. All the
participants signed written informed consent and none of
them had a history of neurological or psychiatric disease.
Fourteen (six women and eight men) were right-handed as
determined by the Edinburgh Handedness Inventory [Old-
field, 1971]: M = 97.1%, SD = 6.1%, and 14 (five women
and nine men) were left-handed: M = —95.0%, SD = 7.6%.
The left- and right-handed groups revealed neither signifi-
cant differences in age and strength of handedness, nor in
male/female ratio.

Stimuli

To keep the visual load equal between conditions, each
stimulus of the pantomime paradigm adhered to the same
pictorial format. Every stimulus presented two objects, one
on the right and one on the left, and three lines, one below
each object and one between the objects. The objects were
shown in color, and two of the lines were always black
and one was always red. In the tool conditions the
depicted objects were familiar tools. In 20 slides, the line
under the right tool object was red and these slides were
mirrored over the vertical axis to obtain 20 similar slides
in which the line under the left object was red. In 20 other
slides, the line between the two tool objects was red. In
the control conditions, designed to control for transitive
pantomime movements in general (that is, movement
unrelated to tools), the objects were eggs. Eggs are familiar
objects that are easy to manipulate, but are not associated
with tool-like qualities. In each control slide, only one of
the eggs was aligned vertically. Six slides were constructed
for each control condition (six with a red line under the
[vertical] right egg, six with a red line under the [vertical]
left egg, six with a red line between the eggs and with the
vertical egg on the right, and six with a red line between
the eggs and with the vertical egg on the left). Some exam-
ples of the stimuli are depicted in Figure 1, and a list of
the familiar tools used in the unimanual and bimanual
conditions can be found in the Appendix.

Procedure
Tool pantomime paradigm

Prior to scanning, the volunteers completed a prescan
MRI-safety questionnaire and the Edinburgh Handedness
Inventory. They were instructed that the position of the
red line indicated the type of movement to be carried
out. If the red line was under one of the objects, a
unimanual response was expected, and if the line
between the objects was marked red, then a bimanual
movement had to be performed. During unimanual pan-
tomimes, the nonactive hand should remain still on the
scanner table alongside the body. The participants were
also informed that the position of the object indicated
with which hand the movement had to be made. If the
red line was under the right object, the pantomime had
to be executed with the right arm and hand; if it was
under the left object, the left arm and hand should be
used. If the red line was between objects, the position of
the objects still dictated how the bimanual movement
was to be performed. The object on the left had to be
pantomimed with the left hand, and the one on the right
with the right hand. We felt it necessary to switch hands
in bimanual conditions as well, because in most bimanual
tasks, like pencil sharpening or threading a needle, one
hand is clearly dominant over the other, and left- and
right-handers would perform these tasks differently. In
unimanual control conditions, the volunteers were
instructed to pantomime a rotating movement with the
wrist while they imagined holding the egg with their fin-
gers. In bimanual control conditions, they were asked to
pantomime holding one egg in a central position, while
rotating with the other egg around it. In these bimanual
conditions, the vertically depicted egg signaled with
which hand the dominant movement had to be made.
Together, these instructions gave rise to eight different
conditions: (1) unimanual right tool pantomime (UniTool-
Right), (2) unimanual left tool pantomime (UniToolLeft),
(8) bimanual right dominant tool pantomime (BiTool-
Right), (4) bimanual left dominant tool pantomime
(BiToolLeft), (5) unimanual right control pantomime (Uni-
ControlRight), (6) unimanual left control pantomime
(UniControlLeft), (7) bimanual right dominant control
pantomime (BiControlRight), and (8) bimanual left control
pantomime (BiControlLeft). Participants were presented
with several examples of the stimuli until it was ascer-
tained that they understood every instruction.

The volunteers were positioned head first and supine in
the magnet. Their left and right arms were positioned
comfortably alongside the body on the scanner table. A
nylon ribbon was tightened over the chest and arms at the
elbows, thus limiting movements of the upper arms. Par-
ticipants were reminded of the fact that MR-imaging is
very sensitive to movement and were therefore instructed
to restrict their head movements and lie as still as possible.
Their heads were gently fixed in place with foam cushions.
The procedure also required the subjects to perform the
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Figure I.

Some examples of tool and control stimuli. The red line indi-
cates whether the pantomime is bimanual (between objects) or
unimanual (under one object). The position of the object deter-
mines with which hand the action is performed (or execution
dominance in bimanual trials) (left object/left hand, right object/

pantomimes rather calmly, using only their underarms,
wrists, and hands. Stimulus presentation was controlled
by a commercially available experiment generator (Presen-
tation, Neurobehavioral Systems Inc., Albany CA) that
was digitally synchronized with the MRI-scanner. The
stimuli were back projected on a screen at the back of the
magnet bore, and were viewed via a mirror that was
attached to the head coil. The paradigm was arranged as a
conventional block design with eight conditions, each con-
dition consisting of eight blocks. A block lasted 21 s and
contained six stimuli of the same type that were each pro-
jected for 3,500 ms. The total experiment thus took 22.4
min. To avoid consecutive presentation of two blocks with
the same type of stimuli, blocks were ordered semi-
randomly and the stimuli were distributed at random over
their conditions” blocks.

The performance of the participants was monitored con-
tinuously by one of the coauthors. All participants were
able to do the required pantomimes during their fMRI ses-
sion. In the postscan session, they all completed a postscan
MRI safety questionnaire, and were debriefed.

Saccadic eye movement paradigm

As the bimanual stimulus conditions may give rise to
more eye movements than in unimanual conditions, a
localizer task was used to define the frontal and parietal
eye fields. A yellow dot jumped erratically to different

right hand). In bimanual control trials, the side of the vertically
aligned egg determines the hand that makes the dominant move-
ment. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

positions on a black screen with a frequency of 2 Hz (i.e.,
saccade condition), or sometimes remained fixed in the
middle of the screen (i.e., rest condition). The number of
saccadic eye movements to each quadrant (and within the
quadrants of each quadrant) was equated, with a maximal
amplitude of 17.2° in the horizontal dimension and 12.1°
in the vertical one. The size of the yellow dot was 0.4°.
The saccade paradigm was arranged as a blocked design
in which volunteers alternated performing the oculomotor
task and the control task for 15 s each. Each block was
repeated six times, resulting in a paradigm of 3 min.

Scanning Procedure

Scanning was performed at 3.0 T on a Siemens Trio MRI
scanner (Siemens Medical Systems, Erlangen, Germany)
equipped with echo planar imaging (EPI) capabilities. We
used an 8-channel PA head coil for radio frequency trans-
mission and signal reception. After automatic shimming of
the magnetic field on each participant, a 3-D high-resolution
T 1 anatomical image of the whole brain in the sagittal plane
was acquired for coregistration with the functional images
(83D MPRAGE, 176 slices, slice thickness = 0.9, in-plane reso-
lution = 0.9 x 09 mm? TR = 2,530 ms, TE = 2.58). Next,
545 functional EPI images in the axial plane were obtained
for the tool pantomime paradigm and 70 for the saccadic lo-
calizer. They had the following parameters: TR = 2.5 s, TE =
33 ms; flip angle = 90°, 33 slices, slice thickness = 2.5 mm,
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slice gap = 1.25 mm, FOV = 192 mm and matrix = 64 x 64,
resulting in a resolution of 3 x 3 x 2.5 mm®.

Image Analysis

Data analysis was achieved by means of Brain Voyager
QX for preprocessing and statistical inference [Goebel
et al., 2006]. Functional data of each paradigm were sub-
jected to a standard sequence of preprocessing steps com-
prising slice scan time correction by means of sinc
interpolation, 3-D motion correction by spatial alignment
to the first volume also by means of sinc interpolation,
and temporal filtering using linear trend removal and high
pass filtering for low-frequency drifts of three or fewer
cycles. For the volume-based analysis, spatial smoothing
with a Gaussian filter (FWHM = 8 mm) was applied. The
anatomical data for each subject were resampled to 1-mm
resolution, and transformed into Talairach standard space
using sinc interpolation. The functional data for each sub-
ject were coregistered with the subject’s 3-D anatomical
dataset and also converted into Talairach space.

For each subject’s paradigm, a protocol file was derived
that represented the onset and duration of each block for
the different conditions. Factorial design matrices were
automatically defined from the created protocols. The
BOLD response in each condition was modeled by con-
volving these neural functions with a canonical hemody-
namic response function (gamma) to form covariates in a
General Linear Model (GLM). After the GLM had been fit-
ted and the effects of temporal serial correlation allowed
for (by means of AR(1) modeling, see [Bullmore et al.,
1996]), group (random effects procedure) t-maps were gen-
erated to evaluate the effects of tool pantomiming under
different conditions. The details of the specific whole-brain
contrasts are described in the respective parts of the
results section below. For all analyses of the pantomime
paradigm, we used a threshold of P < 0.05 corrected for
multiple comparisons using false discovery rate (FDR) cor-
rection [Genovese et al., 2002]. For the saccadic localizer,
alpha was set to < 0.001 (FDR-corrected).

Lateralization Indices

Based on the functional data, four regions of interest
(ROI) were selected that showed robust lateralization dur-
ing tool-use pantomiming: dorsolateral prefrontal cortex
(DLPFC, with peak activation in Brodmann Area [BA] 46),
premotor cortex (PMC, with peak activity in ventral BA 6),
superior parietal lobule (SPL, with peak activation over BA
7), and inferior parietal lobule (IPL, with peak activity in
BA 40)(see bounding boxes in Figures 2E and 3E). ROIs
were drawn over the four areas using a combination of the
functional activation of the entire group (N = 28) based on
the all tools conditions > all control conditions contrast
(with alpha <0.05, Family Wise Error-correction), bounded
by a priori defined anatomical ROIs that were drawn on a

group-averaged 3-D anatomical image of the scanned group
using the brain atlases of Mai et al. [2008] and Talairach
and Tournoux [1988]. The DLPFC-ROI measured 15.316
voxels, the PMC-ROI encompassed 19.050 voxels, the SPL-
ROI counted 23.784 voxels, and the IPL-ROI consisted of
13.573 voxels. We then mirrored these ROIs to obtain sym-
metrical ROIs over the left and right hemisphere for each of
the four locations. The ROIs were projected over each par-
ticipant’s normalized functional data set to demarcate the
activated voxels. To take interindividual variability in cere-
bral activation into account, the activation threshold was
individually adjusted to expose the 10% most active voxels
of the total (left and right) ROI volume for each participant
[Jansen et al., 2006]. We then counted the number of active
voxels in the left and right hemisphere separately for each
ROI and calculated the lateralization index (LI) with the for-
mula [(R — L)/(R + L)] x 100, resulting in values that
range between +100 (complete right hemispheric lateraliza-
tion) and —100 (complete left hemispheric lateralization).

RESULTS
Activation Patterns
Unimanual versus bimanual pantomimes

In right-handed volunteers, unimanual tool pantomimes
that are performed with the dominant upper limb elicit
neural activation in precentral (Left [L] = Right [R]), ven-
tral premotor (L > R), dorsolateral prefrontal (L > R),
posterior parietal (L > R), inferior temporal (L = R), and
occipital (L = R) regions, over and above brain areas that
are involved in the execution of simple unimanual motor
gestures (Fig. 2A: UniToolRight > UniControlRight). Bima-
nual tool pantomimes with the dominant hand leading,
show a similar and more robust pattern of activation with
activation also spreading to the medial temporal region
(Fig. 2B: BiToolRight > BiControlRight). When bimanual
and unimanual tool pantomiming are compared directly—
in each case correcting for single differences between their
respective control tasks: (BiToolRight > UniToolRight) N
(BiToolRight > BiControlRight) N (UniToolRight > Uni-
ControlRight)—it becomes clear that bimanual tool panto-
mimes result in additional activation in premotor/
precentral regions (L > R), the posterior parietal cortex (L
> R), and temporo-occipital regions (R > L) (Fig. 2C; and
upper part of Table I). As the bimanual condition may
evoke additional stimulus-related eye movements, we
describe the results of a saccadic localizer in the lower
part of Table I and Figure 2C,. The localizer detects sym-
metric bilateral activation in the frontal and parietal eye
fields that partly overlaps with the additional activation
elicited by bimanual tool pantomimes.

Hand (in)dependency

When unimanual tool pantomimes are performed with the
nondominant hand of right-handed participants (Fig. 2D:
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All tool use pantomime conditions > All control conditions in right handers

Figure 2.

Right-handed group. Whole-brain activation during (A) unima-
nual right hand pantomimes and (B) bimanual pantomimes with
the right hand leading projected over an inflated cortical surface
mesh. C,: Depicts the contrast between bimanual versus unima-
nual tool use pantomimes with the right hand (leading). C,: The
same contrast is detailed over the superior part of the brain
and overlayed with the activation of a saccadic localizer task (in
blue) at alpha (FDR) < 0.001. D: Whole-brain activation during

unimanual left hand pantomimes projected on an inflated cortical
mesh. E: Describes the contrast between all tool pantomimes
versus all control conditions. Colored boxes are drawn over lat-
eralized regions of activation (red, premotor cortex; blue, dor-
solateral prefrontal cortex; green, posterior parietal cortex). All
pantomime activation maps at alpha (FDR) < 0.05. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 3.

Left-handed group. Whole-brain activation during (A) unimanual
left hand pantomimes and (B) bimanual pantomimes with the
left hand leading projected over an inflated cortical surface
mesh. C,: The contrast between bimanual versus unimanual
tool use pantomimes with the left hand (leading). C,: The same
contrast is detailed over the superior part of the brain and over-
layed with the activation of a saccadic localizer task (in blue) at
alpha (FDR) < 0.001. D: Depicts whole-brain activation during

unimanual right hand pantomimes projected on an inflated corti-
cal mesh. E: Describes the contrast between all tool panto-
mimes versus all control conditions. Colored boxes are drawn
over lateralized regions of activation (red, premotor cortex;
blue, dorsolateral prefrontal cortex; green, posterior parietal
cortex). All pantomime activation maps at alpha (FDR) < 0.05.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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TABLE I. A: Additional brain activation of right-handers during bimanual compared with unimanual pantomiming
of tool use, alpha (FDR) > 0.05; (B) cerebral activation during eye movements compared with eye fixation, alpha
(FDR) > 0.001

Talairach
coordinates (Left)

Talairach
coordinates (Right)

Brain region BA X Y Z Cluster size Frmax X Y Z Cluster size Emax
A: (BiToolRight > UniToolRight) N (BiToolRight > BiControlRight) N (UniToolRight > UniControlRight)
Frontal cluster
Superior/middle frontal gyrus 6 -22 -5 60 1,301 5.69 30 -10 61 652 5.31
Medial frontal gyrus 6 -1 -5 63 5.60
Parietal clusters
Precuneus 7 -19 —64 46 1,149 6.00
Intraparietal sulcus 7/40 —27 -50 53 11,598 7.71 29 —47 8 2,315 5.63
Temporal and occipital clusters
Occipital gyri 19 16 -85 -5 2,987 6.66
Fusiform gyrus 37 -22 =55 -13 2,948 6.15 31 54 17 1,574 5.60
Middle temporal gyrus 37 41 -62 -2 4,003 5.98
B: Saccadic eye movements > eye fixation
Frontal clusters
Precentral gyrus 4 —26 -9 53 6,600 15.17 34 -7 52 3,002 17.63
Parietal cluster
Superior parietal lobule 7 —28 —-53 56 6,013 21.42 24 —54 54 4,046 23.18
Temporo-occipital cluster
Bilateral visual areas 18 -2 -78 1 43,262 32.48 3 —77 6 38,872 31.48

UniToolLeft > UniControlLeft), largely the same activation
pattern appears as during execution with the dominant
hand (compare with Fig. 2A). A direct comparison of con-
trol-corrected unimanual nondominant versus unimanual
dominant tool pantomiming—(UniToolLeft > UniTool-
Right) N (UniToolLeft > UniControlLeft) N (UniToolRight
> UniControlRight)—uncovers no surviving clusters in
right-handers. A similar result was obtained when we con-
trasted bimanual pantomimes with the nondominant hand
leading versus bimanual pantomimes with the dominant
hand in control. The opposite contrasts (preferred hand >
nonpreferred hand) also remained empty.

Tool pantomiming regardless of hand effector

We contrasted all tool pantomime conditions against all
control conditions, thus making abstraction of the hand(s)
performing the task and maximizing the use of the
obtained data set (Fig. 2E). In right-handers, tool panto-
miming versus control evokes neural activation in premo-
tor (L > R), dorsolateral prefrontal (L > R), medial frontal
(L = R), posterior parietal (L > R), and temporo-occipital
(L = R) regions.

Effect of handedness

In Figure 3, we depicted exactly the same contrasts for
the left-handed volunteers as we did in Figure 2 for the
right-handers. Unimanual tool pantomimes performed
with the dominant upper limb of left-handed volunteers

evokes neural activation in precentral (L = R), premotor (L
= R), dorsolateral prefrontal (L > R), posterior parietal (L
> R), inferior temporal (L = R), and occipital (L = R)
regions, over and above brain areas involved in the execu-
tion of simple unimanual motor gestures (Fig. 3A: Uni-
ToolLeft > UniControlLeft). In bimanual tool pantomimes,
the asymmetry is more prominent (Fig. 3B: BiToolLeft >
BiControlLeft). Activated regions for the bimanual >
unimanual contrast in the left-handed volunteers are
described in Figure 3C; and the upper part of Table II:
(BiToolLeft > UniToolLeft) N (BiToolLeft > BiControlLeft)
N (UniToolLeft > UniControlLeft). In left-handers, bima-
nual tool pantomimes elicit additional activation in premo-
tor/precentral regions (L > R), posterior parietal cortex
(L > R), and temporo-occipital regions (R > L). In the
same left-handed participants, the saccadic localizer
brought about symmetric bilateral activation in the frontal
and parietal eye fields that partly overlaps with the addi-
tional activation elicited by bimanual tool pantomimes.
Tool pantomime performance with the nondominant hand
alone—compared with unimanual control—exhibits asym-
metric activation similar to unimanual tool pantomiming
with the dominant hand (Fig. 3D: UniToolRight > Uni-
ControlRight, compare with Fig. 3B). Analogous to right-
handers, left-handers show no surviving clusters in the
similar control-corrected contrasts between unimanual and
bimanual pantomimes with the nondominant hand (in
control) versus unimanual bimanual pantomimes with the
dominant hand in control, or vice versa.
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TABLE Il. A: Additional brain activation of left-handers during bimanual compared with unimanual pantomiming of
tool use, alpha (FDR) > 0.05; (B) cerebral activation during eye movements compared with eye fixation, alpha
(FDR) > 0.001

Talairach
coordinates (Left)

Talairach
coordinates (Right)

Brain region BA X Y Z Cluster size Fmax X Y Z Cluster size Fmax
A: (BiToolLeft > UniToolLeft) N (BiToolLeft > BiControlLeft) N (UniToolLeft > UniControlLeft)
Frontal cluster
Superior/middle frontal gyrus 6 -23 -8 61 2,274 5.96
Parietal clusters idem
Intraparietal sulcus 7/40 —-31 —51 50 3,561 6.02 24 —54 57 168 5.37
Temporal and occipital clusters
Occipital gyri 19 29 —78 23 830 6.22
39 45 -72 4 333 5.86
Cuneus 17 -8 -90 4 140 5.49
Fusiform gyrus 19 22 61 -8 554 7.07
B: Saccadic eye movements > eye fixation
Frontal cluster
Precentral gyrus 4 —33 -9 49 1,524 1082 38 —6 50 3412 11.60
Parietal clusters
Superior parietal lobule 7 -23 -57 54 1,982 11.92 21 —58 57 1,399 10.68
Inferior parietal lobule 40 33 36 46 682 9.26
Temporo-occipital cluster
Bilateral visual areas 18 -10 -72 -1 30,106 23.37 9 —78 -1 36,301 23.37

In left-handers, the all-tool-conditions versus all-control-
conditions contrast displays an almost identical pattern of
left lateralized premotor, dorsolateral prefrontal, and pos-
terior parietal activation than that of the right-handed par-
ticipants (Fig. 3E, and compare with Fig. 2E). Figure 4A
shows the frontal and parietal activation patterns of each
individual participant of the right- and left-handed group.

An ANOVA was performed on the statistical activation
maps with condition as within-subjects factor and handed-
ness as between-subjects factor, to test the effect of hand-
edness on the contrasts used thus far: unimanual tool
dominant > unimanual control dominant, bimanual tool
dominant > bimanual control dominant, bimanual >
unimanual, unimanual nondominant > unimanual domi-
nant, and all tools > all control conditions. In comparison
with left-handers, right-handers show additional activation
in a region of 856 voxels with a maximum t-value of 5.36
over the right precentral gyrus (BA 4, x =33,y = —23,z =
53) during bimanual compared with unimanual panto-
miming. All other contrasts revealed no significant differ-
ences in cerebral activation between left- and right-
handers. Finally, we directly compared the dominant hand
conditions between left- and right-handers without control
correction to evaluate the impact of motor execution. The
result of the latter comparison is depicted in Figure 4B.
Left- and right-handed volunteers reveal a clear-cut asym-
metric and opposite activation pattern over the contralat-
eral primary motor cortex (BA 4), supplementary motor
area (medial BA 6), and deep grey nuclei (thalamus and
putamen), and over the ipsilateral cerebellum.

Lateralization indices

A summary of the lateralization indices is provided in
Table III. A multivariate analysis of variance with the later-
alization indices of the four ROIs as within-subjects factor,
and handedness as between-subjects factor was calculated.
A main effect of ROI was found, F[3,24] = 4.64, P = 0.01,
indicating that the LIs of different regions show differences
in lateralization strength. A main effect of handedness was
also obtained, F[1,26] = 893, P < 0.01, and unveiled a sig-
nificantly reduced lateralization in left-handers. Finally, a
ROI x handedness interaction effect was observed, F[3,24]
= 3.75, P < 0.05, suggesting that handedness is associated
with region specific differences in LI Post hoc analyses
revealed that the reduced lateralization of left-handed par-
ticipants is nonsignificant in premotor cortex, shows a trend
toward significance in the dorsolateralprefrontal region (P-
value around 0.1), and demonstrates a significant difference
in lateralization strength over the inferior parietal area (P <
0.05) and the superior parietal lobule (P < 0.001). In fact,
three left handed participants (#18, #19, and #27) showed
slight to moderate right hemispheric lateralization in the
parietal ROIs (Fig. 4A).

Finally Pearson correlations (two-tailed) were calculated
between the cerebral Lls of the four ROIs. A significant
correlation between the LIs of the premotor and both pari-
etal ROIs was observed (IPL: r = 0.62, P < 0.001; SPL: r =
0.42, P < 0.03). The DLPFC-LI was significantly associated
with the LI of the inferior parietal lobule only (r = 0.49,
P < 0.01). Finally, the LIs of both posterior parietal ROIs
were significantly correlated (r = 0.71, P < 0.001).
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Figure 4.

Individual activation patterns and the effect of motor execution.
A: Individual activation patterns of right- and left-handed volun-
teers over the inferior/middle frontal (z = 10) and posterior
parietal (z = 50) region. EHI: Edinburgh Handedness Inventory-
score. B: Contrast of the dominant hand tool conditions
between right- and left-handers (without control-correction for

DISCUSSION

Standard unilateral tool pantomiming with the domi-
nant hand in a group of right-handed volunteers uncovers
the typical praxis system activated during the recollection
and production of tool use skills [Lewis, 2006]. This
network involves the inferior and superior parietal lobules,

motor execution) showing an asymmetric and opposite activa-
tion pattern of primary, supplementary, and subcortical motor
regions. Activation map at alpha (FDR) < 0.05. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

dorsal and ventral premotor cortex, middle frontal cortex
(dorsolateral prefrontal cortex), and the temporo-occipital
area. Apart from the latter region, the former foci reveal a
clear left hemispheric lateralization. The putative functions
of these regions have been inferred from neuroimaging
and neuropsychological research. In short, the superior pa-
rietal lobule is thought to combine multimodal sensory
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TABLE Ill. Lateralization indices of left-and right-handers over the selected ROls: M (SD)

Region of interest Total group (N = 28) Right-handed group (n = 14) Left-handed group (n = 14) F-value P-value
Dorsolateral prefrontal cortex —80.2 (24.8) —87.3 (20.8) —73.0 (27.0) 2.45 0.13
Premotor cortex —68.8 (37.6) —74.2 (28.2) —63.5 (45.5) 0.55 0.47
Inferior parietal lobule —73.6 (44.3) —92.6 (11.6) —54.6 (56.2) 6.15 0.02
Superior parietal lobule —53.8 (42.7) —80.4 (31.7) —27.1 (42.2) 17.71 <0.001

inputs to form a common coordinate system that allows
on-line interaction with external objects [Andersen, 1997;
Binkofski et al., 1999; Culham et al.,, 1998; Molenberghs
et al., 2007; Tunik et al., 2008; Wolpert et al., 1998]. The in-
ferior parietal lobule is involved with stored knowledge
for the skillful manipulation of familiar tools, including
hand position and learned gestures, and appears to be
implicated in the discrimination of action intention [Bux-
baum et al., 2003, 2006, 2007; Vingerhoets, 2008; Vinger-
hoets et al.,, 2009, 2010b]. The dorsal premotor cortex is
associated with the timing and sequencing of motor com-
mands [Abe et al., 2007; Bortoletto and Cunnington, 2010;
Grafton et al., 1998; Nakai et al., 2003], whereas the ventral
premotor cortex is involved in the planning and prepara-
tion of arm and hand movements [Binkofski et al., 1999;
Johnson-Frey et al., 2003; Rizzolatti et al., 2002]. The mid-
dle frontal region, also described as the dorsolateral pre-
frontal cortex, is particularly left lateralized during tool
planning and pantomiming tasks [Grezes et al., 2003; John-
son-Frey et al., 2005]. Speculation regarding its function
range from interpretation of observed prehensile action to
motor syntax [Johnson-Frey et al., 2003; Thoroughman and
Shadmehr, 2000]. Bilateral temporo-occipital activation, in
particular the fusiform cortex, is frequently reported in
paradigms involving (unfamiliar) tool observation and
naming, and appears responsible for the visual processing
of the features and contours of tool objects [Creem-Regehr
and Lee, 2005; Vingerhoets, 2008]. We will now turn to a
discussion of the impact of hand-effector and handedness
on the activation of the praxis system.

Bimanual Versus Unimanual Pantomimes

In bimanual tool pantomiming, when the nondominant
hand joins the action while manipulating a second tool
object, we observed increased left lateralized premotor and
posterior parietal activation of the classical “neural tool
network" described above. Rather than being asymmetrical
in favor of the contralateral hemisphere to “steer” the join-
ing nondominant hand, the additional parietal activation
is located along the lateral and medial banks of the left
intraparietal sulcus. Interestingly, the right posterior parie-
tal activation that survives this contrast is confined to the
superior parietal lobule in right- and left-handers (best
observed in Figures 2C, and 3C,). It has been posited that

this region is part of the dorso-dorsal stream, which is a
rostral section of the dorsal visual pathway and is believed
to serve as an object-independent stream responsible for
the on-line control of action [Buxbaum and Kalenine, 2010;
Rizzolatti and Matelli, 2003; Tanne-Gariepy et al., 2002]. In
line with the functional segregation of the dorso-dorsal
and ventro-dorsal pathways, we speculate that the
increased bilateral activation of the superior parietal lobule
during bimanual pantomimes merely reflects the increased
difficulty to control complex coordinated movements
involving both upper limbs. The increased activation in
the left inferior parietal lobule, on the other hand, is the
result of the additional recruitment of the ventro-dorsal
pathway that provides additional conceptual input needed
to guide the functional manipulation of multiple objects
[Buxbaum and Kalenine, 2010; Rizzolatti and Matelli, 2003;
Tanne-Gariepy et al., 2002; Vingerhoets et al., 2009].

Coordinates of the frontal and parietal eye fields (FEF
and PEF respectively) elicited by the saccadic localizer
task are very similar to the coordinates that were
described in previous research on eye movements [Berman
et al., 1999]. Maximal PEF activation is typically located
near the middle of the intraparietal sulcus, whereas peak
activity for the pantomime task is typically located in the
anterior and caudal parts of the intraparietal sulcus. The
partial overlap suggests that some of the regions that are
activated in the pantomime contrast may indeed be related
to increased eye movements in the bimanual condition.
But clearly, eye movements do not account for all of the
remaining activation.

Hand (In)Dependency

In agreement with previous research, our results
showed strong left hemispheric lateralization during tool-
use pantomimes in right-handers regardless of which
hand was used [Choi et al., 2001; Johnson-Frey et al., 2005;
Moll et al., 2000]. This leftward asymmetry was very simi-
lar in the left-handed group, and indeed no significant
group differences for this contrast were revealed when
both groups were compared in a between-subjects
ANOVA (see further). In contrast with previous literature,
we observed no additional activation during actions that
were conducted with the preferred hand versus the non-
preferred hand or vice versa.

Since no additional activation in the inferior parietal
lobules was registered during pantomiming with the
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nondominant hand, it appears that this region, which is
strongly linked with action semantics and conceptual
input, is equally active regardless of hand effector. It is
therefore likely that apraxia testing with the nonpreferred
hand can provide an adequate estimation of the functional
deficit expressed by damage to praxis representations.

Effect of Handedness

Between-group comparison in an ANOVA model did
not unveil any significant differences in the activation pat-
terns in right- and left-handers for the contrasts described
earlier (with the exception of an increased right precentral
activation during a bimanual task in right-handers). This
is a new and noteworthy finding, as there has been a lot
of speculation regarding the effect of handedness on the
cerebral organization of learned movements. One theory
claimed that the left hemispheric dominance for learned
movement can be explained by its direct control of the
more skilful right hand, and that this dominance would
therefore be mirror-organized in left-handers [Geschwind
and Galaburda, 1985; Goldenberg, 2003; Liepmann, 1920].
Alternatively, manual control and praxis could be seen as
separate mechanisms, but that both mechanisms would
benefit from sharing the same hemisphere, because such
an organization would eliminate the need for interhemi-
spheric transfer [Frey, 2008]. Frey already pointed out that
these two hypotheses assume a clear association between
handedness and praxis skills, but that case studies of left-
handers with apraxia following left hemispheric lesions
and right-handers with apraxia after right brain damage
do not support this assumption [Basso et al., 1985; Hecaen
et al, 1981; Kimura and Archibal, 1974; Marchetti and
Della Sala, 1997; Rapcsak et al., 1987; Raymer et al., 1999].

If, on the other hand, handedness and praxis are unre-
lated, and praxis shows left hemispheric preference, then
most people, left-handers included, should present a left
hemispheric dominance for praxis [Frey, 2008]. Arguments
in favor of this view come from two studies. In the first,
90 epilepsy patients underwent a presurgical intracarotid
amobarbital procedure (IAP or Wada-test), during which
each cerebral hemisphere was temporarily inactivated in
order to assess language and praxis dominance [Meador
et al, 1999]. The ability to pantomime tool use actions
appeared closely associated with language dominance,
and this relation was irrespective of hand preference. In
the second, behavioral study, tool-use pantomimes were
compared in one left-handed and one right-handed callos-
otomy patient. The results of this study revealed right
hand (left hemisphere) advantages in both patients,
suggesting that the left hemispheres of both right-
and left-handed split-brain patients were specialized for
representing acquired tool-use skills [Frey et al., 2005].

To the best of our knowledge, the present fMRI study
provides the first account of motion-controlled cerebral
activation during different effector conditions of tool pan-

tomiming in left- and right-handed participants. The find-
ings of this study are most supportive to the view that
handedness and praxis representations are unrelated, see-
ing that two groups of opposite handedness, but matched
for the strength of their handedness, showed only mar-
ginal differences in cerebral activation patterns during tool
use pantomiming. Recalling and performing pantomimes
of learned gestures induces robust left lateralized activity
in dorsolateral prefrontal, premotor, and posterior parietal
regions compared to control movements. This cerebral
activation pattern is observed in right- and left-handed
participants, can be demonstrated on the individual level,
and reveals no major statistical differences in activation
maps between both groups.

In contrast with the similarity in activation pattern, left-
and right-handers seem to differ in the degree (not the
side) of lateralization with left-handers showing less asym-
metry over the inferior parietal lobule and especially over
the superior parietal lobule. Reduced hemispheric speciali-
zation in left-handed individuals has been reported for
functions favoring the left hemisphere such as language
[Knecht et al., 2000a,b] and for functions favoring the right
hemisphere such as face-selective and body-selective vis-
ual processing [Willems et al., 2010]. This study adds the
left hemispheric dominance for praxis to this list.

Hand preference has been attributed to a complex inter-
play of genetic, anatomical, hormonal, developmental, and
cultural factors [Annett, 1973; Corballis, 2009; Geschwind
and Levitsky, 1968; McManus and Bryden, 1991; Thatcher
et al., 1987]. The observation that left handedness occurs at
a low frequency in the human population (between 5%
and 25.9% [Raymond and Pontier, 2004]) suggests that left
handedness could have an evolutionary cost [Llaurens
et al., 2009; Schaafsma et al., 2009]. It remains to be deter-
mined whether reduced hemispheric specialization in left-
handers may be relevant for the assessment of fitness dif-
ferences between left- and right-handers and thus play a
role in the evolutionary explanation for the persistence of
the handedness polymorphism in humans. Reduced hemi-
spheric specialization may provide an advantage in tasks
requiring bihemispheric control such as intermanual coor-
dination, and left-handers have indeed shown superior
performances in such tasks [Gorynia and Egenter, 2000;
Judge and Stirling, 2003]. Less pronounced hemispheric
specialization is also associated with less accentuated func-
tional deficits following unilateral brain damage [Heiss
et al., 2003]. On the other hand, lateralization of cognitive
functions is viewed as an efficient evolutionary solution
for the maximal exploitation of the limited amount of
available cortical space [Levy, 1988], or might be due to
functional incompatibility between the logical demands of
basic cognitive functions [Vallortigara et al., 1999]. In this
case, reduced lateralization could have a cost. These obser-
vations suggest that the cost/benefit assessment of hemi-
spheric specialization may be a complex puzzle, with
fitness depending on the type of function and the amount
of lateralization [Badzakova-Trajkov et al., 2010]. Future
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research should investigate the relation between the
degree of cerebral lateralization of a given cognitive func-
tion and the behavioral proficiency on tasks that depend
on that function [Corballis, 2009].

Interestingly, the correlations between the Ll-indices of
some ROIs seem to suggest that the degree of lateraliza-
tion is reproduced in anatomically connected, but topo-
graphically remote cortical areas. This reoccurrence of
lateralization strengths within individuals performing the
same task can be taken to suggest a functional relation
based on hemispheric specificity. If, for example, the
DLPF-region is involved with action understanding and
motor syntax (combinations of motor primitives)[Johnson-
Frey et al.,, 2003; Thoroughman and Shadmehr, 2000], it is
not illogical to find a significant correlation with the LI of
the inferior parietal area believed to play a role in knowl-
edge on the skillful manipulation of familiar tools, rather
than with the superior parietal ROI associated with the
on-line control of object interactions. Also, the LI of the
premotor ROI linked with the planning of arm and hand
movements appears significantly associated with the LIs of
the posterior parietal ROIs, but is unrelated to the LI of
the adjacent DLPF cortex. Our data suggest the exciting
possibility that functional connectivity may also be
reflected in the degree of lateralization during task per-
formance, and that the LI of one brain region might be
predicted based on the Lls of related areas. Finer-grained
lateralization studies in larger groups of participants
showing a wide variety in the amount of individual later-
alization are necessary to corroborate these findings.

Limitations of the Study

If the hemispheric lateralization of praxis is linked to
language dominance as suggested by the Meador et al.
study [Meador et al., 1999; Xu et al., 2009], then a study
that compares praxis dominance in left- and right-handers
should control for language lateralization, because left-
and right-handers exhibit a different variability in lan-
guage dominance [Badzakova-Trajkov et al., 2010; Knecht
et al,, 2000a,b]. However, language dominance was not
assessed in the present study and therefore we cannot rule
out the possibility that there may be an imbalance in lan-
guage lateralization between both groups. Nevertheless,
this imbalance, if present, did not give rise to any signifi-
cant differences in praxis lateralization between left- and
right-handers. Additional research is necessary to evaluate
the strength of the relation between cerebral asymmetry
for language and praxis skills.

Because we selected rather extreme left-handers to
match the right-handers on strength of handedness, we
can only conclude that strongly left-handed individuals
show less lateralized posterior parietal activation. It
remains to be determined if this trend can be reproduced
in a larger sample including people with less extreme left-
handedness scores.
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APPENDIX

Tools Used in the Unimanual Conditions

Clothes pin, coffee spoon, comb, computer mouse, cup,
eraser, filling-knife, fountain pen, garden shears, hair
brush, house key, ice-cream scoop, office stamp, paint-
brush (painting), paintbrush (wall), pincers, salt shaker,
sponge, wire brush, wire cutters.

Tools Used in the Bimanual Conditions

Badminton racket and shuttle, ballpoint pen and meas-
uring rule, beer bottle and bottle opener, can and can
opener, cork screw and wine bottle, dustpan and brush,
fountain pen and notebook, hammer and chisel, knife and
fork, lemon and lemon squeezer, nut and nut cracker, oys-
ter and oyster knife, paper and scissors, pencil and pencil
sharpener, saw and miter box, screw and screwdriver, ten-
nis racket and ball, thread and needle, tooth paste and
tooth brush, whisk and bowl.
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