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Abstract
■ Interest in sensorimotor cortex involvement in higher cog-

INTRODUCTION
Traditionally, the primary motor (hereafter M1) and somatosensory cortices have been thought to control voluntary
movements and tactile sensations. However, the hypothesis
that the sensorimotor areas might be involved in higher
motor functions, ranging from mental spatial transformations to language processing of action words and motor imagery, has recently begun to receive more credit (Masumoto
et al., 2006; Tomasino, Borroni, Isaja, & Rumiati, 2005; de
Lafuente & Romo, 2004; Kosslyn, DiGirolamo, Thompson,
& Alpert, 1998). Motor imagery is defined as the ability to
mentally simulate body movements that are not accompanied by an overt action ( Jeannerod & Frak, 1999) and corresponds to a process by which the brain activates a motor
plan and monitors its development through internal feedforward models.
The mental rotation of body segments (hereafter MR) is
widely used to trigger motor imagery. In a typical MR task,
participants decide whether pictures of rotated hands
correspond to their own left or right hand (Parsons, 1987b;
Sekiyama, 1982). The analysis of their response times
clearly indicates that participants solve this task by mentally moving their own hand toward the stimulus position.
The time participants take to produce a motor simulation closely corresponds to the time they would take to
execute a similar movement. Moreover, response times
are influenced by bio-mechanical constraints of body
segments and by awkwardness of movements (Parsons,
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lating hand movements compared with object movements (Experiment 1). This deficit extended to objects when the patients
imagined moving them with their own hands while maintaining the ability to visualize them rotating in space (Experiment 2). The data provide conclusive evidence for a causal
role of the sensorimotor cortex in the continuous update of sensorimotor representations while individuals mentally simulate
motor acts. ■

1987b; Sekiyama, 1982). Therefore, it is not surprising
that MR tasks rely on action-related brain areas including
the sensorimotor cortex, although the involvement of this
region in action simulation is not universally accepted.
Studies using fMRI produced inconsistent results (Zacks,
2008; de Lange, Hagoort, & Toni, 2005; Vingerhoets et al.,
2001; Kosslyn et al., 1998; Parsons et al., 1995), with some
reporting motor imagery-related M1 activation (Ehrsson,
Geyer, & Naito, 2003; Stippich, Ochmann, & Sartor, 2002;
Porro, Cettolo, Francescato, & Baraldi, 2000; Porro et al.,
1996) and others failing to do so (e.g., de Lange et al.,
2005; Parsons et al., 1995). In some cases, the M1 involvement has been interpreted as an epiphenomenon (Sauner,
Bestmann, Siebner, & Rothwell, 2006). Other accounts
center on the involvement being related to keypresses
(de Lange et al., 2005; Richter et al., 2000), spillover activation from adjacent regions, or verbal strategies (Floel,
Ellger, Breitenstein, & Knecht, 2003).
The critical question of whether the sensorimotor cortex contributes to the imagination of hand movements has
also been addressed by studies using TMS and by neuropsychology. In two such studies (Tomasino, Borroni, et al.,
2005; Ganis, Keenan, Kosslyn, & Pascual-Leone, 2000), single
pulse TMS applied to the left motor hand area slowed down
the participantsʼ response times when they imagined rotational hand movements. However, subsequent studies employing the same paradigm failed to find a direct effect of
stimulation on the participantsʼ performance (Sauner et al.,
2006). Patient studies reported impaired performance on
motor imagery tasks (Tomasino, Budai, Mondani, Skrap, &
Rumiati, 2005; Johnson, 2000; Sirigu, Cohen, Duhamel,
Pillon, Dubois, & Agid, 1995), but either mental rotation ability was not tested (Sirigu, Cohen, Duhamel, Pillon, Dubois,
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nitive functions has recently been revived, although whether the
cortex actually contributes to the simulation of body part movements has not yet been established. Neurosurgical patients with
selective lesions to the hand sensorimotor representation offer a
unique opportunity to demonstrate that the sensorimotor cortex plays a causal role in hand action simulations. Patients with
damage to hand representation showed a selective deficit in simu-

stimulus rotating in visual space (Tomasino & Rumiati, 2004;
Kosslyn et al., 1998). This latter strategy is a mental transformation on the basis of the object reference frame in
the visual space (i.e., allocentric prospective). Investigating whether RTs reflect arm–hand biological constraints
(Parsons, 1987b, 1994) will ascertain which strategy has
been employed. Performing the task in a somatic or biomechanical space (Parsons, Gabrieli, Phelps, & Gazzaniga,
1998) induces faster processing of stimuli oriented toward
the bodyʼs midsagittal plane (i.e., medial) compared with
those oriented away from it (i.e., lateral). This confirms that
imagined movements reflect the bio-mechanical limitations that affect real movements, although the mental space
is, at least in principle, constraint free (Corradi-DellʼAcqua,
Tomasino, & Fink, 2009; Tomasino & Rumiati, 2004). However, when participants mentally rotate their hand (or an
object) in visual space (i.e., the visual imagery–based strategy), this lateral-medial gradient is not expected to appear.

METHODS
Participants
Five right-handed (Oldfield, 1971) patients (age = 49.2 ±
12.6 years, education = 11 ± 2.73 years) with a lesion of
the left frontal area (i.e., sensorimotor area) and 15 righthanded (Oldfield, 1971) controls matched by age (46.66 ±
8.45 years) and education (8.73 ± 2.9 years) took part
in the study. All experiments, for which the participants
gave informed consent, were performed in compliance
with the relevant laws and institutional guidelines and were
approved by the S.I.S.S.A. Ethical Committee.
Neuropsychological Testing
Patients performed well on tests assessing their intelligence (Raven CPM, 1979; range = 33/36–36/36, cutoff =
20.75), language (Aachener Aphasie Test; Luzzatti, Willmes,
& De Bleser, 1996), STM (digit span; Spinnler & Tognoni,
1987; range = 4–6, cutoff = 3.75), praxis (ideomotor apraxia;
De Renzi, Motti, & Nichelli, 1980; range 60/72–72/72, cutoff =
53,) visual and spatial processes (Subtests 1, 2, and 3 from
VOSP; Warrington & James, 1991; range = 18/20–20/20,
cutoff = 14, 15, 16, respectively, for Subtests 1, 2, and
3), spatial attention (cancellation test, the Balloons Test;
Edgeworth, Robertson, & McMillan, 1998; all 22/22, cutoff = 17), and left–right discrimination (all 24/24; Ratcliff,
1979). They all underwent surgery for tumor removal at
least 5 months before testing.
Lesion Analysis
The preoperative location of the tumor was determined
using contrast enhanced T1- and T2-weighted MRI scans
taken 1 to 2 days before surgery. T2 images are generally
used by neurosurgeons during surgery with the neuronavigator because they are the best indicator of macroTomasino, Skrap, and Rumiati
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& Agid, 1995) or the role of M1 was not clarified as the location of the lesions was not precisely established (Mutsaarts,
Steenbergen, & Bekkering, 2007; Johnson, 2000).
The apparent inconsistency among the various imaging studies might depend on how participants performed
the task (Kosslyn, Thompson, Wraga, & Alpert, 2001) on
the kind of stimuli to which participants were exposed before the imagination task ( Wraga, Thompson, Alpert, &
Kosslyn, 2003) or the choice of stimuli because stimuli
other than body parts may lead to sensorimotor activation
(Carpenter, Just, Keller, Eddy, & Thulborn, 1999; Cohen
et al., 1996; Tagaris et al., 1996; but see Tomasino, Borroni,
et al., 2005; Kosslyn et al., 1998).
In the present study, we investigated whether the involvement of the sensorimotor region in MR depends on
the stimulus type (body vs. nonbody parts) or on the cognitive strategy (motor vs. visuospatial) used to solve the
task. To ascertain whether the activation of the motor cortex is bottom–up or top–down, we assessed the ability of
neurosurgical patients to imagine rotational movements.
Patients had focal lesions at the border of the primary
motor and somatosensory cortex, selectively affecting or
sparing hand representation (hereafter HA− and HA+,
respectively). With this methodology, it is possible to establish the causal role of the motor cortex hand area in
mental simulation and consequently to rule out the alternative explanations mentioned earlier.
In Experiment 1, patients and controls performed the
same task that was employed in a previous TMS study
(Tomasino, Borroni, et al., 2005). Participants were presented with pictures of two rotated hands or letters and
had to decide whether the stimuli were the identical or the
mirror images. This task is solved by mental simulation
as the response times increase linearly with the angular
disparity between the stimuli as it would if the object
were being physically rotated (Shepard & Metzler, 1971).
If sensorimotor involvement is stimulus driven (i.e., the
bottom–up hypothesis), then a lesion involving the hand
sensorimotor representation should disrupt simulation of
hand (Parsons, 1987b; Sekiyama, 1982) but not of letter
rotational movements (Tomasino, Borroni, et al., 2005).
In Experiment 2, we tested the alternative hypothesis,
that is, that sensorimotor activation may be induced top–
down, depending on the cognitive strategy. Here patients
and controls were instructed to imagine rotational movements of hands and nonbody part stimuli by using motor
or visual imagery–based mental transformations (Tomasino
& Rumiati, 2004). If the type of strategy is the critical factor
in recruiting the sensorimotor cortex, then patients would
exhibit a selective deficit when solving the task with motor
simulation (Kosslyn et al., 2001), irrespective of the type
of stimulus to be rotated. When performing a handedness
task, participants spontaneously compare the displayed
body part with their own, that is, they carry out a motor
imagery task using the egocentric perspective (Parsons,
1987a, 1987b, 1994). Alternatively, they can be instructed
to use an external strategy, which consists of imagining the

Neurological Motor Examination
Consistently with lesion localization, neurological examination revealed that some patients presented muscular
weakness, and their movements were slow. With reference
to specific cases, before surgery P1 had right arm hemiplegia, P2 had loss of right-hand sensibility and right thumb
seizures, P3 had difficulty in writing and loss of right-hand
sensibility, P4 had right foot hemiplegia, and P5 had right
leg hemiplegia. After surgery, P1 and P2 showed a loss of
sensibility in his right hand, P3 showed loss of sensibility in
his right side, P4 showed right foot hemiplegia, and P5
showed loss of sensibility in his right foot.

Stimuli, Design, and Procedure
Stimuli and instructions of Experiments 1 and 2 were presented on a computer screen, placed at a distance of
50 cm from the participants. Patients responded by pressing two keys on a response box using the index and the
middle finger of their ipsilesional hand; 50% of the righthanded (Oldfield, 1971) control participants used their
right hand and the other 50% the left. All the participants
were asked to keep their hands still during the experiments and their nonresponding hand (which was positioned on the table) palm down (as for the responding
hand) and parallel to the responding hand. All participants performed 10 practice trials before the actual experiment; E-Prime Software (E-Prime Software, Psychology
Software Tools, Pittsburgh, PA) was used to present stimuli
and record RTs and accuracy.
Experiment 1: Mental Rotation of Hand
Shapes and Letters
Participants were shown pairs of pictures and asked to
judge whether the two items of the pairs were the same
or different (i.e., a mirror version, as in Figure 2A). Two experimental blocks (see Tomasino, Borroni, et al., 2005), one
of line drawings of hands (n = 28) and the other of letters
(n = 28 varying P, F, and L), were counterbalanced across
participants. In hand trials, the stimulus on the left side of
the screen was always a left hand to avoid visuomotor interference (Ganis et al., 2000), whereas the stimulus on
the right side could be either a left (50%) or a right hand
(50%). The hand drawings were the same as the original
images used by Parsons et al. (1995; Parsons, 1987b), varying in view (i.e., palms and backs) and orientation. All (N =
56) stimuli could have either the same (baseline condition,
i.e., MR of hand shapes N = 28 × 2 and MR of letters N =
28 × 2) or different orientations (rotation condition, i.e.,
MR of hand shapes N = 28 × 2 and MR of letters N =
28 × 2), for a total of 112 trials. The stimulus on the left side
was always upright in the rotation condition, whereas the
stimulus on the right side appeared in one of four different orientations (60°, 150°, 210°, and 330°).
Experiment 2: Mental Rotation of Hands and 3-D Cubes
Using Different Strategies
Twenty-four color photographs (created using Adobe
Photoshop Version 7.0) of open hands (all digits extended,
50% left, 50% right), varying in view (palm and back) and
orientation (rotated in 60° steps on the picture plane),

Figure 1. Localization of the patientsʼ lesions. Axial views are shown together with a template of the lesion reconstruction made with MRIcro
superimposing ROIs created on the damaged area. Lesions sparing the hand sensorimotor area (HA+) are localized more medially, whereas
those involving the hand sensorimotor area (HA−) have been localized more laterally; the small portion of the area involved in all three
lesions involving the hand sensorimotor area (HA−) is represented in yellow. The upper three and the bottom two rows show MRI images
of the three HA− and two HA+ patients, respectively. All MRI images were taken before neurosurgery.
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scopic tumor extension. Because the excised brain tissue
may be partially replaced by the surrounding healthy brain
matter, preoperative MR scans are more indicated for localization purposes. MRIcro software was used to extrapolate
a 3-D representation of the lesion from digital MR scans
(Brett, Leff, Rorden, & Ashburner, 2001; Rorden & Brett,
2000). The tumor boundary was drawn as a ROI on each
sagittal slide in collaboration with the neurosurgeon, unaware of the behavioral results. The scans and the ROIs
were normalized using the Statistical Parametric Mapping
(SPM2, Wellcome Department of Cognitive Neurology,
London, UK). Each patientʼs lesion was superimposed on
to an anatomical template image automated anatomical
labeling (Tzourio-Mazoyer et al., 2002), a macroscopic anatomical parcellation of Montreal Neurological Institute volume. In addition, the lesion location was determined by the
neurosurgeon while performing the direct cortical stimulation mapping of the sensorimotor homunculus. The resections were total, stopping at the point in which the
cortical stimulation evoked a body part movement. The
neurosurgeon, using cortical stimulation, found that all
the lesions were limited to the central area (the difference
for lesion size between HA− [9.97 ± 5.49] and HA+ [6.25 ±
2.62] was not significant; one-sample Kolmogorov–Smirnov
test, Z = 0.645 , p > .05, ns). Of the five patients, three (P1,
P2, and P3) had a lesion affecting the hand sensorimotor representation (HA−) at the border with the primary motor
and somatosensory cortices and two (P4 and P5) had a
glioma sparing the hand sensorimotor representation (HA+)
(Figure 1). The preoperative MRI images did not show traces
of the tumor outside the sensorimotor area, and by using the
(anatomical) cytoarchitectonically defined probability maps
of Area 6, Areas 4p and 4a and Area 2 (SPM5, Anatomy
toolbox), it was possible to confirm that the patientsʼ lesions
did not involve the premotor and/or parietal regions, which
are frequently associated with motor imagery.
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Figure 2. Experiment 1:
MR of hands and letters.
(A) Examples of the stimuli
(hands and letters) and
instructions are shown.
(B) The percentage of
correct responses given by
controls and patients is plotted.
HA+, lesion sparing the hand
sensorimotor area, or HA−,
lesion involving the hand
sensorimotor area.
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which side of either the hand or the cube the red marker
would be after having mentally visualized the reorientation
of the stimulus toward the canonical upright position
(“Imagine seeing the stimulus rotating on the screen until
it reaches the upright position, and then decide whether
the red marker is on the L or R side with respect to the picture”). To accomplish the visual task, participants perform
a mental rotation which is based on the reference frame of
the object (i.e., allocentric prospective).
The order of the strategy and the type of stimulus block
were counterbalanced across all possible orders of the
blocks. Each participant performed the full set of trials
(n = 24) three times for each task (hands and 3-D branching forms) to ensure a sufficient number of observations.
Data Analyses
Data analyses were carried out with SPSS 8.0. Data were
examined following a multiple single-case approach. The
performance of each patient was compared with that of
the controls using a z test and to that of the other patients
using the Wilcoxon test, for both experiments. Correct RTs
were entered in a general factorial ANOVA. In particular, in
Volume 23, Number 8
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and twenty-four pictures of rotated 3-D branching forms
(rotated in 60° steps on the picture plane) were used as
stimuli (Figure 3A). Color photographs were used as they
provide an unambiguous and simpler visual display compared with line-drawings. A red marker was placed in different positions on the left or right side of the pictures of
hands and the 3-D branching forms. Patients and control
participants were instructed to use motor imagery–based
(i.e., to imagine rotating the stimulus with their own hand)
or visual imagery–based (i.e., to imagine the same stimuli
as rotating freely in visual space) strategies, elicited by
means of precise instructions ( Tomasino & Rumiati,
2004). In the motor imagery–based task, all participants
decided which of their hands corresponded to the hand stimulus (hand task) or, for cubes, which hand they would use
to touch the red marker comfortably with their thumb.
When performing these tasks, participants mentally rotate
the motor image of their own hand (i.e., egocentric perspective) and match it to the target stimulus (Parsons
et al., 1995; Parsons, 1987b), with the allocentric reference
frame being irrelevant. In the visual imagery–based task, all
participants were asked to mentally visualize the same stimuli as rotating freely in visual space and to indicate on

right- or left-hand movements were subjected to a logistic
regression analysis, in which the dependent variable was his
or her response, coded as either 1 (correct) or 0 (incorrect).

RESULTS
Experiment 1: Simulation of the Movements of
Hands and Objects
The HA− patients (P1, P2, and P3) performed pathologically when imagining rotational hand movements (degree
of accuracy for P1, P2, and P3: 82%, 75%, and 76%, respectively; Z scores: −5.34, −7.84, and −7.22; all ps < .001 when
compared with controls; mean = 97.3%, SD = 1.2%; see
Figure 2B) and normally when imagining rotational letter

Figure 3. Experiment 2: MR
of hands and 3-D cubes using
motor and visual imagery–based
strategies. (A) Examples of the
stimuli (hands and 3-D cubes)
and instructions for triggering
the motor and the visual
strategies are shown. (B) The
percentage of correct responses
given by controls and patients
is plotted. HA+, lesion sparing
the hand area, or HA−, lesion
involving the hand area.
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Experiment 2, application of the motor or the visual strategy
was controlled by checking whether RTs reflect arm–hand
biological constraints (Tomasino & Rumiati, 2004; Parsons
et al., 1995; Parsons, 1987b). The lateral-medial gradient,
with faster RTs for medial orientations than for lateral ones,
should be present when participants adopt the motor
strategy (Tomasino & Rumiati, 2004; Parsons et al., 1995;
Parsons, 1987b) and absent when they adopt the visual
strategy. Lastly, we checked for possible alternative strategies, such as solving the task by visual inspection of stimuli
details or by checking accuracy for upside-down rotated
stimuli. In this condition, the responses given on the basis
of the relative positions of hand parts and those on the basis
of the required spatial judgment are incongruent. The responses given by each participant in each test for imagined

Experiment 2: Motor and Visual Strategy-guided
Simulation of the Movements of Hands and Objects
The HA− patients performed both hand and object rotations pathologically when using the motor imagery–based
strategy (the degree of accuracy for P1, P2, and P3 for hands
was, respectively, 45.8%, 50%, and 79%, Z scores = −7.55,
−6.87, and −2.08, all ps < .001; for objects, 58.3%, 60.4%,
and 70%, Z scores = −3.96, −3.61, and −1.84, all ps < .01)
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compared with controls (mean accuracy, 92% for hands and
82% for objects; see Figure 3B). They were all as accurate as
controls (mean accuracy 96%) when using the visually
based strategy with hand rotations (P1, P2, and P3: 93.7%,
97.9%, and 100%, Z scores = −0.28, 0.58, and 1.02, all
ps > .05, ns), and they performed even better on object rotations (P1, P2, and P3: 91.6%, 97.9%, and 91.6%, Z scores =
2.17, 3.23, and 2.17, p < .05) than controls (mean accuracy = 79%). The HA+ patients (P4 and P5) were as accurate as controls on hand rotations both when using the
motor (94% and 95.8%, Z scores = 0.317 and 0.66, p >
.05, ns) and the visual strategy (93.7% and 95.8%, Z scores =
−0.71 and −0.27), and when manipulating objects, they
performed better than controls when using either the
motor (91.6% and 93.7%, Z scores = 2.04 and 2.39, p <
.05) or the visual strategy (93.7% and 95.8%, Z scores =
2.52 and 2.88; all ps > .05, ns).
A dissociation between motor and visual imagery–based
strategies was found for both types of stimuli. HA+ patients
(P4 and P5) were more accurate than HA− patients (P1, P2,
and P3) when they imagined grasping and turning the stimuli (whether body parts or objects) with their own hands. By
contrast, they were perfectly able to mentally visualize the
rotation of the stimuli in space (see Figure 3B). The levels
of significance achieved on the Wilcoxon test by patients
for motor-based rotation of hands and 3-D cubes were as
follows: P1 was significantly worse than P4 (Z = −4.796,
p < .001, and Z = −4.123, p < .001) and P5 (Z =
−4.899, p < .001, and Z = −4.243, p < .001) but was similar
to P2 (Z = −1.414, p = .157, ns, and Z= −1.000 p = .317,
ns) and significantly worse than P3 (Z = −4.000, p < .001,
and Z = −2.449 p < .05), and they were both pathological
when compared with controls; P2 was significantly worse
than P4 (Z = −4.583, p < .001, and Z = −4.000, p <
.001), P5 (Z = −4.690, p < .001, and Z = −4.123, p <
.001), and P3 (Z = −3.742, p < .001, and −2.236,
p < .05), and both were pathological when compared with
controls. P3 was significantly worse than P4 (Z = −2.646,
p < .01, and Z = −3.317, p < .01) and P5 (Z = −2.828,
p < .05, and Z = −3.464, p < .01). The performances of
P4 and P5 were comparable (Z = −1.000, p = .317, ns,
and Z = −1.000 p = .317, ns). However, when the Wilcoxon
test was applied to the visual-based rotation of both hands
and 3-D cubes, all comparisons led to all ps > .05 [P1 vs. P4
(Z = −1.000 and .000), P5 (Z = .000 and −1.000), P3 (Z =
−1.732 and −1.000), and P2 (Z = −1.414 and −1.414);
P2 vs. P4 (Z = −1.732 and −1.414), P5 (Z = −1.414
and −1.000), and P3 (Z = −1.000 and −1.732); P3 vs. P4
(Z = −1.732 and −1.000) and P5 (Z = −1.732 and
−1.414); P4 vs. P5 (Z = −1.000 and −1.000)].
On the basis of previous findings (Tomasino & Rumiati,
2004; Parsons, 1987a, 1987b), we expected that RTs would reflect the physical arm–hand joint constraints when patients
applied the motor imagery–based strategy for simulating
hand movements. When participants used motor imagery,
their RTs were consistently faster for medial (i.e., trials which
required a rotation toward the midsagittal plane: right-hand
Volume 23, Number 8
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movements (degree of accuracy for P1, P2, and P3: 94%,
89%, and 91%, respectively; Z scores: 0.87, −1.58, and
−0.76; all ps > .05, ns, when compared with the controls;
mean = 92.7%, SD = 2%). The HA+ patients (P4 and P5)
were as accurate as the controls in both the hand (degree of
accuracy for P4 and P5, 100% and 97%, respectively; Z scores
0.91 and −0.33; all ps > .05, ns) and the letter task (P5: 91%,
Z scores = −0.76, p > .05, ns), with P4 performing more
accurately than the control group (P4: 100%, Z scores =
3.32, p < .001).
The deficit of HA− patients (P1, P2, and P3) was selective
for hands, whereas on the letter task, all patients reached a
comparable level of performance; Wilcoxon test for the
hand task: P1 performed significantly worse than P4 (Z =
−3.16, p < .005), P5 (Z = −2.82, p < .005), and P2 (Z =
−2.000, p < .05) but comparably with P3 (Z = −1.732,
p > .05). P2 performed significantly worse than P4 (Z =
−3.742, p < .001) and P5 (Z = −3.464, p < .001) but
similarly to P3 (Z = −1.000, p > .05, ns), who in turn performed significantly worse than P4 (Z = −3.606, p < .005)
and P5 (Z = −3.317, p < .005), whereas P4 was as accurate as P5 (Z = −1.414, p > .05, ns); for the letter task:
P1 versus P4 (Z = −1.732), versus P5 (Z = −1.414), versus
P3 (Z = −1.414), and versus P2 (Z = −1.732). P2 versus P3
(Z = −1.000) and versus P5 (Z = −1.000). P3 versus P5
(Z = .000), all ps > .05, although P4 performed somewhat
better than the others, including P5 [P4 vs. P5 (Z = −2.236,
p < .05), vs. P3 (Z = −2.236, p < .05), and vs. P2 (Z =
−2.449, p < .05)].
The deficit of HA− patients affected the MR of the leftand right-hand stimuli equally (Wald, p > .05, ns). In addition, patients were able to match stimuli in the baseline
condition, which does not require mental rotation (for
hands: controls = 97.26% ± 0.6%, P1 = 96.43%, P2 =
96.43%, P3 = 96.43%, P4 = 96.43%, and P5 = 100%; for
letters: controls = 94.06% ± 0.9%, P1 = 96.43%, P2 =
100%, P3 = 100%, P4 = 96.43%, and P5 = 96.43%). Overall,
although patients took longer than the control participants to perform the task, they all showed a significant
main effect of Condition [longer RTs for rotation vs. baseline: P1, F(1, 89) = 5.89, p < .05; P2, F(1, 93) = 3.86, p <
.05; P3, F(1, 104) = 5.6, p < .05; P4, F(1, 107) = 11.9, p <
.005; P5, F(1, 107) = 8.9, p < .005], of Stimulus type (RTs
were longer for hand MR vs. letters; all ps < .05), and of
Angle (all ps < .05), indicating that they were all able to
imagine rotational movements of the stimuli.

DISCUSSION
This study measured the performance of patients with lesions in the sensorimotor cortex while they imagined rotational hand movements. The causal role of this area in the
higher cognitive functions, particularly in mental rotation,
has been the object of debate both in functional neuroimaging (Barnes et al., 2000; Harris et al., 2000; Kosslyn
et al., 1998; Parsons et al., 1995) and in TMS studies (Bode,
Koeneke, & Jancke, 2007; Eisenegger, Herwig, & Jäncke,
2007; Sauner et al., 2006; Tomasino, Borroni, et al., 2005;
Ganis et al., 2000). No clear neuropsychological evidence
has been provided so far to clarify whether the recruitment
of the sensorimotor area in the imagination of hand movements is necessary or an epiphenomenon. To explore this
issue, we studied neurosurgical patients with small and
selective lesions of the left sensorimotor cortex.
In Experiment 1, the performance of HA− patients was
significantly inferior to that of HA+ and healthy controls
in imagining the movement of their own hands; on the
contrary, all patients performed as accurately as the controls when they imagined similar rotational movements
of letters. Our findings provide evidence for a causal role
of the sensorimotor area in the simulation of the rotational
movements of body parts, but not of nonbody part stimuli
(Tomasino, Borroni, et al., 2005; Ganis et al., 2000; Kosslyn
et al., 1998). We propose that the pathological performance
of patients on imagining mental transformations of hand
shapes was a result of damage to their motor imagery ability. Their normal performance in Experiment 1 on the baseline trials (a pair of hands with either the same or mirror

orientation, for which no imagined rotational movement
was required) indicates that patients can match stimuli that
do not require mental rotation. Our behavioral results support the hypothesis that patients were mentally rotating
an image of their own hands a trajectory starting from an
upright position through to the position of the hand stimulus. All the patients who failed on this task had a lesion affecting the hand representation (HA−), whereas patients
with a lesion sparing the hand representation (HA+) performed the task accurately. Patients with focal and selective
lesions affecting the hand sensorimotor area are more appropriate for localization purposes.
Our findings suggest that motor imagery recruits somatotopically organized regions of the sensorimotor area,
depending on the effector involved in the mental transformation. In previous imaging studies (Ehrsson et al., 2003;
Stippich et al., 2002), imagery of voluntary movements of
different body parts activated somatotopical sections of
the human motor cortices when participants actually executed or imagined performing repetitive flexion/extension
movements of their right fingers or right toes or horizontal
movements of the tongue. Similarly, it has been shown
that TMS applied to the hand motor area interfered with
the hand but not feet mental rotation (Ganis et al., 2000)
and that corticospinal excitability was enhanced during
motor imagery of movements, but only for those muscles
that would be recruited during overt movement execution
(Fadiga, Craighero, & Olivier, 2005). This study with data
from patients with lesions to the sensorimotor cortex
further confirms a previous study in which the general
motor imagery ability was investigated in a patient with a
right motor lesion (Sirigu, Cohen, Duhamel, Pillon, Dubois,
Agid, & Pierrot-Deseilligny, 1995) and another addressing
the ability of a patient with an electrode grid placed on
the M1 cortex (Tomasino, Budai, et al., 2005) to imagine
rotational hand movements.
We also found that a lesion of the left sensorimotor
cortex impaired the simulation of both left- and righthand movements. Assuming that patients are using the
same strategy observed in studies with healthy individuals
(Kosslyn et al., 2001; Parsons et al., 1995; Parsons, 1987b),
the participants were expected to use their motor imagery
of their left hand for judging left-hand stimuli (thus activating a right-lateralized network of motor areas) and vice
versa for judging right-hand stimuli. A study of split-brain
patients (Parsons et al., 1998) with intact but disconnected
hemispheres demonstrated that both hemispheres can
perform accurate motor imagery (with the same lead time
as healthy participants) with the contralateral hand. It follows therefore that our patients should also have been
impaired on the mental simulation of right-hand movements only. Our findings, however, suggest that the left
hemisphere seems to play a critical role in the mental simulation of left- and right-hand movements. How can we reconcile these two contrasting sets of findings? The intact
right hemisphere does not seem to be sufficient to support
motor imagery for left- or right-hand stimuli in our patients.
Tomasino, Skrap, and Rumiati
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rotational movements counterclockwise and left-hand rotational movements clockwise) than for lateral orientations
(i.e., trials requiring rotation away from the midsagittal
plane: right-hand rotational movements clockwise and
left-hand rotational movements counterclockwise), indicating that participants switched between the two simulation
modes. Importantly, the “lateral-medial” gradient effect
disappeared when they used the visual strategy. This is confirmed by the significant Lateral-Medial Gradient × Strategy
interaction for all but one patient: P3, F(1, 156) = 10.52,
p < .005; P2, F(1, 109) = 6.19, p < .05; P1, F(1, 112) =
4.82, p < .05; P4, F(1, 140) = 5.69, p < .05; P5, F(1, 142) =
11.77, p < .005.
Solving the visual task via an alternative strategy as examining the relative position of the stimulus parts (e.g., thumb
with the red marker; Figure 3A) would have given rise to
an erroneous response (this type of error can occur for
upside-down rotated stimuli). In fact, in this condition, responses on the basis of the relative positions of the hand
parts (such as the thumb with the red marker or the index
finger) and those on the basis of spatial judgment are incompatible. Both the HA+ and the HA− patients performed the task as accurately as the controls, ruling out
the possibility that they might have used an alternative
strategy.
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ally oriented (i.e., trials where arms were rotated away from
the bodyʼs midsagittal plane) but not medially oriented
(i.e., trials where arms were rotated toward the bodyʼs midsagittal plane), but only when using the motor strategy.
This effect indicates that patients were aware of the trajectories through which their hands can be displaced, limiting
them to physically manageable rotations. In Experiment 2,
the biological constraint effect was present in the motor
imagery–based condition, confirming that the participants
performed the task in somatic or bio-mechanical space
(see also Parsons et al., 1995, 1998); on the contrary, the
fact that a biological constraint effect was not found on the
mental rotation of the stimulus in the visual imagery–based
condition is consistent with the view that this operation
takes place in visual space, with the object as its reference
frame. The present study adds to findings reported in a
previous single case study (Tomasino, Budai, et al., 2005)
in which cortical stimulation through an electrode grid applied to the motor cortex resulted in interference with task
performance in mental rotation only when the participant
was instructed to use a motor strategy similar to internal
strategy (egocentric perspective transformations; Zacks,
Vettel, & Michelon, 2003). The mental rotation performance was unaffected when the participant was instructed
to adopt a visual strategy comparable with external strategy
(object-based spatial transformations; Tomasino, Budai,
et al., 2005).
What is the function of the sensorimotor area during
motor imagery of rotational hand movements? There are
several possible explanations to be derived from the literature, which certainly deserve to be tested further. First, it
may reflect anticipatory priming signals received from the
premotor cortex in support of motor planning, or alternatively, it could be the consequence of pFC inhibition of
motor behavior. Second, sensorimotor activity may reflect
the process of attention to motor behavior occurring in
hand-centered space, as suggested by a study in which
the neural activity of subarea 4p (posterior) within the
primary motor area has been found to be modulated by
the attention participants paid to action (Binkofski et al.,
2002). Third, a study in which the activity of single neurons
was recorded in the brain of a monkey, demonstrated the
existence of direction-sensitive neurons in the primary
motor area supporting hand visuomotor transformations
(Georgopoulos, 2000; Georgopoulos, Lurito, Petrides,
Schwartz, & Massey, 1989), thus suggesting a direct involvement of the sensorimotor cortex in the mental simulation
of rotational hand movements. There are cortical circuits
that compute the appropriate motor command by projecting the visual information about the target location onto
an arm-centered reference frame (Burnod et al., 1992).
The interpretation we favor is that the sensorimotor cortex
may contribute to such motor simulation by providing a
continuous updating of somatotopic representations while
individuals compare the stimulus position with their own
hand motor image, an essential function during the imagination of rotational hand movements. Motor regions may
Volume 23, Number 8
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One possible explanation is that a lesion of the left-hand
representation (or possibly peri-lesion areas) may actively
disrupt the normal capacity of the right hemisphere to independently perform accurate motor imagery for the left
hand. This is consistent with functional neuroimaging studies reporting healthy participants with predominant left
sensorimotor area activity when performing a motor imagery task involving the right hand and left and right motor
area activity for motor imagery of the left hand (Kosslyn
et al., 2001; Porro et al., 2000; Porro et al., 1996; Parsons
et al., 1995). The specialization of the left sensorimotor cortex for both left- and right-hand movements has also been
shown in the context of the planning, execution, and simulation of movements (Ganis et al., 2000; Fadiga et al., 1999).
A distinctive feature of ideomotor and ideational apraxia
is that they affect both sides of the body equally after a unilateral left-brain damage (De Renzi, Faglioni, & Sorgato,
1982; for a review, see Goldenberg, 2008).
The results from Experiment 1 showed that the hand representation plays a key role in imagining hand movements
but not the movements of objects, suggesting that the involvement of the hand sensorimotor area is stimulus specific. Results from Experiment 2 clarified that the involvement
of the sensorimotor cortex is sensitive to the type of strategy for performing the mental transformation that was
explicitly induced in the patients. HA− patients were impaired when trying to apply motor imagery, independent
of whether the stimulus was a body part or an object, while
they were still capable of performing the MR of both types
of stimuli as accurately as the controls when they used the
visual imagery to accomplish the same task. This is consistent with the possibility that left-hand representation is
recruited whenever MR is carried out to simulate hand actions (i.e., motor simulation). These results provide neuropsychological data that converge with results obtained
with imaging techniques (Kosslyn et al., 1998) in which activation of the left sensorimotor area was dependent on
the strategy adopted by the participants to perform the
task. In a previous study, we found that TMS applied to
the left sensorimotor area interfered with the simulation of
hand movements, but not of object movement (Tomasino,
Borroni, et al., 2005), and suggested that when the subject is
left free to select the motor or visual strategy, the nature of
the stimulus implicitly triggered a particular type of mental
transformation. Hands elicited motor imagery, and letters
elicited visual imagery. This interpretation also seems to
hold true for the results of the current study.
The interpretation we favor is that the hand sensorimotor area in the left hemisphere participates in MR whenever
hand manipulation is required either implicitly, triggered
by a given type of stimulus, or explicitly, by applying task
instructions, or simply because participants are more familiar with motor simulation. More importantly, a significant biological constraint effect on response times (i.e.,
the lateral-medial gradient mentioned above) indicated that
patients did actually use the motor and the visual strategies,
revealing longer response times for stimuli that were later-

Conclusions
Recently, the role of the sensorimotor cortex in higher cognitive functions such as motor imagery, mental rotation,
motor memory, and linguistic processing of action-related
sentences has been at the focus of a stimulating debate.
More specifically, fMRI and TMS studies have addressed
the issue of whether this area is involved when participants
perform motor imagery tasks. Our findings provide evidence of a causal relationship between the left sensorimotor hand representation, whose primary function is the
execution of hand movements, and higher cognitive operations such as motor simulation.
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imagined transformation, all with no overt execution of
movement. Importantly, causal connectivity analyses studies demonstrated that some connections from nonprimary
to primary motor areas are inhibitory during motor imagery (Kasses et al., 2008; Solodkin, Hlustik, Elinor Chen, &
Small, 2004). These connections presumably remain active during motor imagery to keep the activity level in the
primary motor area below a certain level. Despite the absence of real movements, they might allow a continuous
updating between the imagined movement and the final
target hand position. The notion that imagined hand rotations may utilize the same motor structures as actual movements is consistent with previous behavioral experiments
in which it has been found that manual rotation interferes with the speed of a concurrent MR occurring in the
opposite direction (Wohlschläger, 2001; Wexler, Kosslyn,
& Berthoz, 1998; Wohlschläger & Wohlschläger, 1998). It
should also come as no surprise that MR may, in some instances, involve action-related brain areas. The concept
that the manipulation of mental images is associated with
a motor process was already intrinsic to the definition of
MR (Shepard & Metzler, 1971). It has been argued that
stimuli under MR appear to move in imagery as they would
if they were physically rotated, and our results are consistent with the notion that the sensorimotor area actively
participates in this operation.
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