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Summary

Studies in nonhuman and human primates have demon-
strated that sound-producing actions are mapped on the
same mirror circuits that are activated during the visual rec-
ognition and execution of actions [1-12]. However, no caus-
ative link between the auditory recognition and execution of
actions has been provided thus far. Here, we sought to deter-
mine whether patients with apraxia, who are by definition
impaired in performing specific gestures, are also impaired
in recognizing sounds specifically linked to human actions.
Twenty-eight left-hemisphere-damaged patients with or
without limb and/or buccofacial apraxia and seven right-
hemisphere-damaged patients with no apraxia were asked
to match sounds evoking human-related actions or nonhu-
man action sounds with specific visual pictures. Hand and
mouth action-related sound recognition were specifically im-
paired in limb and buccofacial apraxia patients, respectively.
Lesional mapping revealed that the left frontoparietal cortex
is crucial for recognizing the sound of limb movements. By
contrast, the left inferior frontal gyrus and adjacent insular
cortex are causatively associated with recognition of bucco-
facial-related action sounds. These behavioral and neural
double dissociations indicate that a left-lateralized multi-
modal mirror network is actively involved in the body-part-
specific motor mapping of limb and mouth action-related
sounds, as well as in the execution of the very same actions.

Results

In the present study, we devised a novel test to explore the abil-
ity of brain-damaged patients with or without limb and bucco-
facial apraxia to recognize actions on the basis of the sound
produced by them and to execute limb or buccofacial actions
associated to the heard sounds. Apraxic patients who, by
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definition, are impaired in intentional action execution [13-15]
may be an excellent model for testing the active role of specific
neural structures in performing actions, as well as in seeing
them or listening to their sounds.

We combined behavioral results with lesion-mapping tech-
niques to explore (1) whether apraxic patients present with a
consistent association between difficulties in producing and
recognizing actions by listening to the sound typically associ-
ated with these actions, an issue that has been addressed in a
few visual studies [16-19] but never in the auditory domain; (2)
whether body-part-specific gestural-production impairments
(i.e., limb versus buccofacial apraxia) [20, 21] may parallel sim-
ilar defects in gesture comprehension (in other words, we won-
dered whether patients with limb apraxia may show deficits
mainly in recognizing “hand clapping” and whether patients
with buccofacial apraxia may show deficits mainly in recogniz-
ing “whistles”); and (3) whether the action-sound recognition
process associated with body-part-specific apraxia is asso-
ciated with distinct lesion locations. This is also particularly
important in view of the fact that the anatomical substrates of
buccofacial and ideomotor apraxia are likely different [22, 23].

Thirty-five patients with unilateral left (LBD) or right (RBD)
brain damage participated in the study. Twenty-one LBD
patients performed below the cutoff in action-imitation tests
specifically tapping limb apraxia [24] (LA, mean = standard
deviation [SD] = 49.23 + 11.74) and/or buccofacial apraxia
[25] (BA, mean = SD = 13.46 = 3.33) and were assigned to
the Apraxia (A+) group. Seven out of these 21 LBD patients ex-
hibited both BA and LA (A+g... group), seven exhibited only
BA (A+g.L-] group), and seven exhibited only LA (A+g__L4
group). The remaining 14 patients, i.e., seven with LBD
(A—pepy) and seven with RBD (A—rgp)), did not show any signs
of apraxia and were assigned to the A— group (see Supplemen-
tal Experimental Procedures, available online, for additional
demographic and clinical data). Lesion overlap of patients
with or without apraxia confirmed the crucial role of frontal
and parietal areas in apraxia (see Figure S1 for lesion distribu-
tion). Lesions of the insula, the posterior pars opercularis of the
inferior frontal gyrus (IFG), and the rolandic operculum were
mainly associated with buccofacial apraxia, whereas lesions
involving the inferior parietal lobe (IPL), the supramarginal gy-
rus (SMG), and the superior temporal gyrus (STG) were mainly
associated with limb apraxia (see also Figure S2 and Table S1).

Comprehension of Action Sounds

In the novel sound-picture matching test used in this study,
each patient was asked to listen to a sound and then choose
from among four pictures the one corresponding to the heard
sound. The sounds used included limb-related action sounds
(LRAS), buccofacial-related action sounds (BRAS), and non-
human action-related sounds (NHARS). Examples of stimuli
and event trials are shown in Figure 1 (see Supplemental
Experimental Procedures for a list of the auditory stimuli and
information on the preliminary psychophysical studies). Cor-
rect sound-picture matching responses (mean and standard
error of the mean [SEM]) for each category of sounds in the
five patient groups are shown in Figure 2. These values were
entered in an analysis of variance (ANOVA) with group
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(A+BiL+1y A+pL4)y A+pi) A-pep, and A-ggp) as the be-
tween-subjects factor and type of sound (LRAS, BRAS, and
NHARS) as the within-subjects factor.

The main effect of the group was significant (Fj4, 30 = 38.15,
p < 0.0001). Post-hoc test for multiple comparisons showed
the following: The A+g.L.) group performed (mean hits = 9)
significantly worse than the other four groups (all p < 0.001);
the two A+g_L+) and A+g,L groups (mean hits = 13.43 and
13.14) performed with comparable accuracy but significantly
worse than LBD and RBD nonapraxic groups (mean hits =
14.8 and 14.6; all p < 0.04), which in turn did not differ from
one another. This effect can be parsimoniously explained by
the finding that the A+g...) group presented with significantly
larger lesions with respect to all the other groups (see Supple-
mental Results for details).

The significance of the effect of type of sound (F2, 60 = 7.2,
p < 0.001) is explained by better performance with nonhuman
action-related sounds (mean hits = 13.51) compared to the
buccofacial-related sounds (mean hits = 12.8) and limb-related
sounds (mean hits = 12.69) (p < 0.0038).

Crucially, the group X type of sound interaction was signifi-
cant (Fig 60 = 4.57, p < 0.0002). The Newman-Keuls post-hoc
test for multiple comparisons showed that whereas no differ-
ences in accuracy for different sound categories were found
in RBD and LBD patients without apraxia, a different pattern
ofresults emerged in patients with apraxia. Indeed, A+g_ . pa-
tients performed significantly worse in matching limb-related
sounds (mean hits = 12) compared to buccofacial-related
sounds (mean hits = 13.8, p = 0.002) and nonhuman action-re-
lated sounds (mean hits =14.43, p = 0.0005). Moreover, A+g.

Figure 1. Experimental Design

(A) Examples of visual stimuli associated to
buccofacial-related action sounds (BRAS), limb-
related action sounds (LRAS), and nonhuman
action-related sounds (NHARS).

(B) Schematic representation of two trial events
related to hand and buccofacial actions, respec-
tively. The patients heard a sound stimulus, last-
ing 2 s. A four-picture set appeared on the screen
100 ms after the end of the sound presentation,
and the patients were required to select the cor-
rect picture associated with the heard sound.
Sound stimuli were presented in a randomized
order, and the spatial position of the correct tar-
get picture varied in each trial (see Appendix S1).

patients performed significantly worse
in matching buccofacial-related sounds
(mean hits = 11.85) with respect to limb-
related (mean hits = 13.42, p = 0.01) and
nonhuman action-related sounds (mean
hits = 14.14, p = 0.0007).

Remarkably, between-group compari-
sons (performed with the Newman-Keuls
post-hoc test) showed that whereas
matching of buccofacial action-related
sounds was significantly better in
A+g_Ly than in A+g, . (mean hits =
13.85 versus 11.8, p = 0.002), the oppo-
site was true for limb action-related
sounds (mean hits = 12 versus 13.43,
p = 0.009). Therefore, the translation
code converting sounds into body
actions seems to follow body-part-specific mapping rules. In-
terestingly, a nonsignificant trend toward a better performance
in matching nonhuman action-related sounds (mean hits for
NHARS = 9.71) as opposed to human action-related sounds
(mean hits for LRAS = 8.71 and for BRAS = 8.57) was observed
inthe mostimpaired group (i.e., the A+g,.; group; p=0.06 and
0.08).

Studies indicate that the ability to perform transitive and in-
transitive actions may be double-dissociated in patients with
apraxia [26]. However, no main effect or interactions related
to transitive or intransitive action sounds were significant,
thus indicating that this variable did not play any major role
in our task (see Supplemental Results for details).

It has been reported that LBD patients with aphasia may
exhibit impaired comprehension of both linguistic and nonlin-
guistic sound stimuli (e.g., action and environmental sounds),
thus suggesting that these sounds may share a common
neural substrate [27]. This raises the question of whether the
deficits in processing action sounds exhibited by our apraxic
patients may be related to language problems. However, we
demonstrated that language-comprehension deficits do not
covary out with sound-recognition performance (see Supple-
mental Results).

Subject answer

Deficits in Performing Limb and Mouth Actions

and in Recognizing Them by Their Sounds

Studies in the visual domain demonstrate that deficits in
viewing and performing actions are positively correlated [18,
19, 28]. However, it is worth noting that not only associa-
tions [16-19] but also dissociations between viewing and
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Figure 2. Accuracy in Action-Sound Recognition
Mean correct recognition responses for each cat-
egory of sounds (LRAS, BRAS, and NHARS) in
the five patient groups. Error bars indicate the
SEM. Asterisks indicate significant post-hoc
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comparisons (*p < 0.01, **p < 0.001). Note that
sound-picture matching scores in non-brain-
damaged subjects were as follows, presented
as mean = SEM: BRAS = 17.8 = 0.25; LRAS =
17.6 = 0.32; NHARS = 18.1 = 0.20.

overlaps for (1) recognition plus execu-
tion tasks for BRAS and LRAS (lower
row, left and middle columns, respec-
tively), which reveal the lesional corre-

AB+ AL+ AB+ AL-

performing actions have been reported at both the group [29,
30] and single-case level [31, 32].

Moreover, causative evidence for the possible relationship
between understanding actions by their sounds and executing
the very same actions is lacking. To deal with this issue, we
asked our patients to perform eight buccofacial actions and
eight limb actions selected from those previously used for
the sound-picture matching test. We chose the gestures so
as to involve almost exclusively the buccofacial region or the
upper limb (see Appendix S1). During execution of sound-
associated actions, patients were allowed to look at pictures
depicting the action to be performed.

Correct recognition and execution scores (raw values,
mean, and SEM) for buccofacial and limb action sounds in
the three apraxic patient groups are reported in Figure 3 (see
also Supplemental Results). Whereas the body-part associa-
tion between auditory mapping and action execution reported
in the present study is clear at the group level, dissociations
between these two abilities were found at the single-case level
(see Table S2). This is in keeping with clinical studies [30-32]
demonstrating that the range of possible dissociations be-
tween action execution and action comprehension that can
occur in apraxia is quite multifarious and cannot be explained
by simple perception-action mirroring mechanisms.

Lesion Analysis

To explore the neural underpinnings of defective recognition of
action-related sounds and the execution of the action evoked
by the same sounds, we analyzed the lesions in the four
soubgroups of patients with LBD by using a voxel-based le-
sion-symptom mapping (VLSM) procedure (see Supplemental
Experimental Procedures). We determined the lesioned voxels
that predicted (p < 0.05; Brunner-Munzel analysis) impair-
ments in the recognition of sounds related to buccofacial,
limb, and nonhuman actions (see Supplemental Results), as
well as in the execution of buccofacial and limb actions evoked
by specific sounds.

Cortical Regions Causatively Associated wih Recognition
and Execution of Human Action-Related Sounds

Figure 4 shows the VLSM threshold at voxel-wise p < 0.05
(false-discovery-rate correction) for the recognition of bucco-
facial and limb action-related sounds and the execution of
actions related to the same sounds. Figure 4 also shows lesion

late of body-part-specific deficits
independent of the process impaired,
and (2) BRAS plus LRAS for recognition
and execution tasks (rightmost column,
upper and middle rows, respectively), which reveal the lesional
correlate of recognition and execution deficits independent of
the topography of the deficit. Lesions associated with deficits
in the recognition of sounds related to buccofacial actions
primarily involved regions including the left IFG and insula
and the nearest lateral anatomical region of the precentral
gyrus and rolandic operculum. Two main lesional clusters
were associated with deficits in matching sounds related to
limb actions. One cluster involved the SMG and the IPL and
extended to the underlying parietal white matter and the
STG. The other cluster involved the IFG and insula and ex-
tended to the rolandic opercularis region. This lesional pattern
indicates that whereas deficits in matching LRAS seem to be
related to both frontal and parietal lesions, those in matching
BRAS seem to be related to frontal lesions. The insula appears
to be affected in both cases, although its involvement in
matching buccofacial action-related sounds is higher than in
matching limb action-related sounds (highest Z score for
BRAS is 7.62 [MNI coordinates —37, 13, 13] and for LRAS is
4.32 [MNI coordinates —47,11, —7]).

An impaired performance in the execution of actions related
to buccofacial sounds was significantly associated with lesions
of the rolandic operculum and pars opercularis of the IFG as
well as of the insula, and it was associated to a lesser extent
with lesions to the inferior parietal cortex. An impaired perfor-
mance in the execution of actions related to limb sounds was
associated with lesions involving the entire inferior parietal cor-
tex as well as the IFG and extending to the rolandic operculum.

The correlations between anatomical maps shown in
Figure 4 were computed by means of the NIFTI toolbox in Mat-
lab (http://www.rotman-baycrest.on.ca/ ~ jimmy/NIFTI/). Such
correlations indicate that the lesioned voxels actively associ-
ated to deficits in execution tasks also play a role in gesture-
comprehension deficits. The relationship between damage to
these regions has a fundamental, predictive value, as indi-
cated by the comparisons between recognition and execution
related to the same effector (r [exeBRAS, recBRAS = 0.78] > r
[exeBRAS, recLRAS = 0.71] and r [exeLRAS, recBRAS = 0.63] <
r [exeLRAS, recLRAS = 0.74]).

Discussion

The ability to infer and describe others’ actions from the
sound they produce is fundamental in the absence of visual
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Figure 3. Accuracy in Comprehension and Execution of Human Action
Sounds

Mean correct responses in recognition and execution of the eight LRAS and
eight BRAS in the three apraxic groups. Error bars indicate the SEM. Note
that mean correct responses in nonapraxic groups were as follows,
presented as mean * SEM: recognition in LBD patients: BRAS = 7.86 =
0.14; LRAS = 7.86 = 0.14; recognition in RBD patients: BRAS = 7.86 =
0.14; LRAS = 7.71 = 0.18; execution in LBD patients: BRAS = 7.71 = 0.18;
LRAS = 7.86 * 0.14; execution in RBD patients: BRAS = 7.71 + 0.18;
LRAS =7.71 £ 0.18.

information concerning the same actions. Humans, for exam-
ple, are able to infer from the doorbell sound that the postman
is ringing twice or even to attribute precise identity to others
simply by hearing their footsteps. Therefore, relevant aspects
of social actions are acquired not only through sight, but also
through hearing. By combining a psychophysics paradigm
based on anovel sound-picture matching test with lesion-map-
ping procedures, we obtained three main findings concerning
audio-motor mirroring in humans. The first is that audition-
mediated human action-recognition and action-execution
abilities are closely linked at the behavioral level. The second
is that the frontoparietal regions that underpin action-sound
recognition largely overlap with the regions that underpin
action execution. Importantly, no such overlap between non-
human action-sound recognition and action execution was
found. The third is that audio-motor mirroring is inherently
embodied and is likely to take place according to body-part-
specific coordinate systems.

Hearing and Doing in Apraxia

The notion of parity between the motor and perceptual
aspects of action processing is based on neurophysiological
and neuroimaging studies in monkeys and humans, which
show that merely viewing others’ actions triggers an auto-
matic, simulative mapping of observed actions onto specific
regions of the onlooker’s brain [33-35]. This action mirroring,
which is likely to be fundamental to understanding what the
observed agent is doing [36], has been mainly demonstrated
in the visual domain [33]. Important studies in monkeys [1, 2,
37] and humans [3, 6, 7, 38] hinted at a close link between au-
ditory input and action mirroring. Recent studies demonstrate
that hearing sounds associated with intransitive [4, 5] or tool-
use-related human actions [6] activates not only cortical areas

related to auditory processing, but also a set of left-lateralized
frontotemporoparietal areas that are also linked to action exe-
cution. Even highly complex properties of the sounds heard,
such as phonetic [7] or semantic features [8, 9], as well as their
emotional qualities [10] can be mapped in the mirror motor
system. Electrophysiological [4] and functional magnetic reso-
nance imaging (fMRI) [3] investigations provided correlational
evidence that the motor mapping of heard actions occurs
according to body-part-centered mapping rules. Moreover,
motor mapping of heard actions may be plastic and linked to
expertise [11, 12]. However, no evidence of an active role of
specific brain structures in modulating hear-do mirroring
processes has been provided thus far.

Here, we provide this evidence by showing that (1) deficits in
comprehending human action-related sounds parallel deficits
in performing the same actions and (2) audio-motor mirroring
seems to be causatively linked to a left-sided frontoparietal
network, a result in keeping with fMRI studies showing that
the human auditory mirror system is correlationally linked to
a left-hemispheric temporo-parieto-premotor circuit [3]. Our
results also expand on some of the few studies conducted in
apraxia demonstrating that impairments in the visual recogni-
tion of actions paralleled deficits in performing these actions
[16-19, 28].

Audio-motor mirroring is fundamental when visual informa-
tion is absent. However, it is worth noting that during daily life
conditions, action mirroring is inherently multimodal, and it is
hardly possible to rule out that vision plays a role. Indeed,
single-cell recording studies clearly reported the existence of
trimodal, triple-duty mirror neurons that are activated when act-
ing, seeing an action, and hearing the sound associated with
that action [1, 2]. Moreover, visual and mental imagery may be
at play both in audio-motor [3] and olfacto-motor mapping [39]
studies. Thus, itis entirely plausible that although primarily audi-
tory, the matching process requested by our task may also have
tapped resources of visual and mental imagery. More generally,
the suggestion is made that patients with specific action deficits
may have problems in the multisensory mapping of the very
same actions. Moreover, the dissociations at the single-case
levelindicate that that motor execution deficits do not necessar-
ily account for all the possible instances of action-recognition
deficits. Therefore, although strong forms of the motor theories
of action recognition are not supported by our data, the sugges-
tion is made that motor production modulates perceptual action
recognition no matter whether it is mediated through visual,
auditory, or multimodal sensory inputs.

Body-Part-Centered Matching of Mouth- and Limb-Related
Human Action Sounds in Patients with Buccofacial

and Limb Apraxia

We designed the present study to explore, at the behavioral
and neural levels, effector-specific relations between action
execution and the recognition of the same actions by listening
to their audible output. It is relevant that the results of the
sound-picture matching test go hand in hand with those of
the lesion-mapping analysis. Patients with deficits in perform-
ing limb and buccofacial actions were impaired in matching
limb and mouth action-related sounds, respectively. It is rele-
vant that hand-action observation in subjects with limb aplasia
brought about the activation of mouth and foot representa-
tions, i.e., the effectors these subjects use to achieve the goal
that typically developed individuals achieve using the hands
[40]. Therefore, we can speculate that our body-part-specific
impairment in audio-visuo-motor mapping may not simply be
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Figure 4. Voxel-Based Lesion-Symptom Mapping for Buccofacial and Limb Recognition and Execution of Human Action Sounds

The maps show the Z statistics corresponding to the nonparametric Brunner and Munzel rank-order statistic test comparing the behavioral performance of
lesioned and intact patients on a voxel-by-voxel basis. The behavioral measures were the patients’ accuracy scores in (1) matching BRAS and LRAS to the
corresponding visual images and (2) executing the actions related to the BRAS and LRAS. A false discovery rate (FDR)-corrected alpha level of p < 0.05 was
used. Comparisons were conducted across all the voxels that were lesioned in at least 3 out of the 28 LBD patients. The results of the voxel-based lesion-
symptom mapping (VLSM) for BRAS and LRAS recognition are reported in the upper row, left and middle columns, respectively. The results of the VLSM for
execution of actions related to buccofacial and limb sounds are reported in the middle row, left and middle columns, respectively. Lesion overlaps in the
BRAS and LRAS recognition plus execution are shown in the lower row, left and middle columns, respectively. Lesion overlaps for recognition and execution
of BRAS plus LRAS are shown in the rightmost column, upper and middle rows, respectively. Renderings of the maximal overlap lesion for recognition and
execution of BRAS plus LRAS are shown in the extreme right part of the figure.

due to the observation of the effectors used by the model for
performing a given action, but also to the listener’s difficulty
in achieving the goal of the heard action because of the specific
execution deficit.

Remarkably, the impaired recognition and performance of
buccofacial action-related sounds were associated with left
anterior lesions (e.g., mainly in the IFG and insula), but not
with posterior lesions (e.g., in the inferior parietal region). In
contrast, the recognition of sounds related to limb action was
predominantly associated with lesions mainly involving the
IPL, SMG, and angular gyrus, but also extending as far as the
IFG. Therefore, whereas lesions to frontal areas may be caus-
atively linked to audio-motor mirroring of buccofacial actions,
lesions centered upon parietal areas and involving frontal re-
gions may be associated to deficits in audio-motor mirroring
of limb actions. This behavioral and neural double dissociation
may have to do with differences between the two types of
movements. Buccofacial actions comprise a limited set of uni-
form elements, mainly differing in their serial position, and re-
quire precise selection, coordination, and timing of sequences.
Moreover, these movements are restricted to a fixed number
of planes, can vary along a limited set of degrees of freedom,
and typically do not rely on online visual feedback. In contrast,

limb actions involve multiple degrees of freedom and spatial
planning, and they are typically performed under visual control
that codes the limb-body relationship and integrates various
sensory inputs according to different allocentric and egocen-
tric coordinate systems [41-43]. Studies in monkeys seem to
suggest that the IFG and IPL are neurally equipped for such
a division of labor [44]. Thus, our findings significantly expand
on studies showing that the parietal cortex is crucially involved
in hand and leg apraxia [18, 45], whereas the IFG, insula, and
periventricular white matter are linked to buccofacial apraxia
[46, 13]. Moreover, our findings complement and extend the
results of the first fMRI study that provided correlative evidence
of somatotopic audio-motor mirroring in healthy subjects [3].
The authors of that study reported that that neural activity in
dorsal and ventral clusters in the left premotor cortex were
associated with hand and mouth actions, respectively. Rele-
vant to the present study is that the inferior parietal region
showed more intense audio-motor mirroring for limb actions
than for mouth actions [3]. This finding further highlights the
notion that audio-motor mirroring due to very fine-grained
mechanisms enables listeners to rapidly acquire precise infor-
mation on what other individuals are doing, possibly as effect
of hebbian learning [47].
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