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The relation between the sensorimotor cortex and the language network has been
widely discussed but still remains controversial. Two independent theories compete to
explain how this area is involved during action-related verbs processing. The embodied
view assumes that action word representations activate sensorimotor representations
which are accessed when an action word is processed or when an action is observed.
The abstract hypothesis states that the mental representations of words are abstract
and independent of the objects’ sensorimotor properties they refer to. We combined
neuropsychological and fMRI-PPI connectivity data, to address action-related verbs
processing in neurosurgical patients with lesions involving (N = 5) or sparing (N = 5) the
primary motor cortex and healthy controls (N = 12). A lack of significant changes in the
functional coupling between the left M1 cortex and functional nodes of the linguistic
network during the verb generation task was found for all the groups. In addition, we
found that the ability to perform an action verb naming task was not related to a damaged
M1. These data showed that there was not a task-specific functional interaction active
between M1 and the inferior frontal gyrus. We will discuss how these findings indicate
that action words do not automatically activate the M1 cortex; we suggest rather that its
enrolment could be related to other not strictly linguistic processing.
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INTRODUCTION
There is an important debate concerning the neural processes
underlying semantic representations of action words (Kemmerer
and Gonzalez-Castillo, 2010). The processing of sentences and
words that describe body part movements and actions has been
shown to activate the sensorimotor areas of the brain, in addi-
tion to the classical language-related regions (Hauk et al., 2004;
Buccino et al., 2005; Pulvermuller, 2005; Pulvermuller et al.,
2005a; Tettamanti et al., 2005; Aziz-Zadeh et al., 2006; Tomasino
et al., 2007; Tettamanti et al., 2008; Tomasino et al., 2008;
Boulenger et al., 2009). Although it has been demonstrated that
the motor system is activated during action word processing,
some issues remain open for discussion, e.g., for an overview see
(Willems and Hagoort, 2007); in particular there is debate on the
nature of such motor activation (Mahon and Caramazza, 2005,
2008). Theories of embodied cognition argue that conceptual
representations are modality-dependent and built from sensory
and motor experiences (e.g., Barsalou, 1999; Gallese and Lakoff,
2005; Barsalou, 2008). Another view suggests that sensory-motor
simulation is involved in linguistic processing depending on
the task, on the strategies and on the context (Tomasino et al.,
2007; Mahon and Caramazza, 2008; Postle et al., 2008; Tomasino
et al., 2008; Papeo et al., 2009; Raposo et al., 2009; Tomasino et al.,
2010; Willems et al., 2010; Papeo et al., 2012b; Tomasino et al.,
2012).

Deficits in processing action-related stimuli have been
reported in several studies involving patients with diseases affect-
ing the motor system, e.g., Parkinson’s disease (Boulenger et al.,
2008), motor neuron disease (Bak and Hodges, 2001) and stroke
involving the left hemisphere (Neininger and Pulvermuller, 2001,
2003; Kemmerer et al., 2010; Arevalo et al., 2012; Papeo et al.,
2012a). Other studies, however, showed that lesions to the motor
cortex do not predictably cause deficits in action word pro-
cessing (De Renzi and di Pellegrino, 1995; Saygin et al., 2004;
Mahon et al., 2007; Negri et al., 2007; Mahon and Caramazza,
2008; Tomasino et al., 2012). An important point in the above
mentioned studies is the extent and the location of the lesions.
Especially for studies involving patients with stroke, the deficit
in action word processing was found to be associated with sev-
eral regions across the left hemisphere and not solely with the
premotor/motor or the somatosensory regions (Neininger and
Pulvermuller, 2001, 2003; Kemmerer et al., 2010; Arevalo et al.,
2012; Papeo et al., 2012a). Patients with relatively circumscribed
lesions invading the motor areas of the brain e.g., a neuro-
surgical lesion (Tomasino et al., 2012) offer the possibility to
specifically address the role of the sensorimotor cortex in action-
related word processing. The fact that the lesions to the M1
cortex do not predictably cause deficits in action word process-
ing is in accordance with a large body of literature addressing
the neural basis of semantic memory (e.g., Vandenberghe et al.,
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1996; Rogers et al., 2004; Pobric et al., 2007; Binney et al., 2010;
Lambon Ralph et al., 2010; Visser and Lambon Ralph, 2011).
These studies used a variety of experimental approaches, such as
computational models of semantic representation (Rogers et al.,
2004), repetitive transcranial magnetic stimulation (rTMS) of
the anterior temporal lobe, classical neuropsychological stud-
ies of patients with semantic dementia (Lambon Ralph et al.,
2010), distortion-corrected fMRI, PET H2O (e.g., Vandenberghe
et al., 1996; Binney et al., 2010; Visser and Lambon Ralph,
2011) and probabilistic tractography (e.g., Binney et al., 2012).
Taken together, these studies indicate that concept representations
reflect the conjoint action of modality-specific sources of infor-
mation, such as the motor-related semantic associations between
the words and the action in the case of action-related verbs
processing, as well as a transmodal hub which is required in
order to form “coherent” concepts (Lambon Ralph et al., 2010).
For instance, the computational models indicate that the rep-
resentational hub plays an important role in concept creation;
moreover, in patients with semantic dementia the neuropsy-
chological data show that damage to the ventrolateral anterior
temporal regions generates a selective yet considerable degra-
dation of conceptual knowledge (Lambon Ralph et al., 2010),
which is not affected by damage to modality-specific association
regions.

Although previous studies also point to an involvement of
the motor system in processing action verbs (e.g., Tettamanti
et al., 2005; Aziz-Zadeh et al., 2006), in the present study
we were primarily interested in the role of the (left) M1 cor-
tex, given that resection of lesions in the sensorimotor cortex
is rare. We used a block design fMRI experiment where 12
healthy participants and 10 neurosurgical patients with lesions
involving or sparing the primary motor cortex performed an
action-verb generation task. It has been suggested that the
response to an object picture is a valid way to address the
relationship between the neural substrates of language process-
ing and the motor system (Peran et al., 2010). In that study,
authors found activation in the pre- and post-central gyrus dur-
ing action-verb generation (Peran et al., 2010). Similarly, other
authors found activation for the semantic generation task in
proximity of the hand or foot motor cortex (Esopenko et al.,
2012). It has been argued that action-related representations
are involved in tasks implying active semantic search during
the generation of action verbs (Peran et al., 2010). For these
reasons, we used a verb generation task in response to pic-
tures; this task was designed to suit even cognitively impaired
subjects, since it is known that subjects are faster at perform-
ing semantic tasks with pictures than words (Chainay and
Humphreys, 2002) and that pictorial stimuli have privileged
access to manipulation knowledge compared to word stimuli
(Thompson-Schill et al., 2006). In addition, it is held that to gen-
erate a verb in response to a picture one must select concepts
that are associated with the object picture. In our experiment,
we addressed two main points: firstly, the anatomo-functional
correlates of action-verb generation task in healthy participants
and in neurosurgical patients with lesions involving or sparing
the M1 cortex and the main differences between their activations
under classical General Linear Model assumptions. Secondly, to

highlight the results, we also assessed the functional connectiv-
ity, using psycho-physiological interactions (PPI) (Friston et al.,
1997).

The embodied view suggests that the linguistic processing of
action-related words and the M1 cortex interact (Hauk et al.,
2004) which implies an increase of the functional connectiv-
ity between language-related areas and motor-related areas. For
instance, the comprehension of action-related sentences should
be associated with a relatively stronger functional integration
between the perisylvian regions and M1. There is a limited num-
ber of studies addressing how do language-related areas and
motor-related areas functionally talk to each other. In one of
those studies, authors used dynamic causal modeling (DCM) to
analyze fMRI data during a listening task involving action- and
non-action related stimuli presented first as affirmative and then
negative sentences (Tettamanti et al., 2008). It was found that
within the action representation system, the modulatory effects
of action-related vs. abstract sentences were stronger for affir-
mative than negative sentences. Another result of the study was
that the degree of functional integration between the left inferior
frontal gyrus and the left fronto-parieto-temporal system, includ-
ing the dorsal premotor cortex, the supramarginal gyrus, and
the left posterior inferior temporal gyrus, was more positive for
processing action-related vs. abstract sentences (Tettamanti et al.,
2008). Authors argued that their results complement the findings
of more classical analyses of functional specialization underlying
action-related conceptual representations (Pulvermuller, 2005)
and that they are in agreement with previous studies showing
a more positive functional integration among the left fronto-
parieto-temporal region for action-related semantic processing,
in particular for pictures of tools vs. animals (Vitali et al., 2005;
Noppeney et al., 2006). In a further study, DCM was used to
test the semantic domain-specific patterns of the functional inte-
gration between the language and the modal semantic brain
regions during the listening of either action-related or abstract
sentences (Ghio and Tettamanti, 2010). Authors found that the
left superior temporal gyrus was more strongly connected with
the left-hemispheric action representation system, including sen-
sorimotor areas when participants processed for action-related
sentences, and with the left infero-ventral frontal, temporal, and
retrosplenial cingulate areas for abstract sentences. Furthermore,
authors found that causal modulatory effects were exerted by the
perisylvian language regions on peripheral modal areas, and not
vice versa (Ghio and Tettamanti, 2010). Lastly, other authors used
psychophysiological interaction analysis (PPI) for testing whether
the functional integration between the auditory brain regions and
the perception/action areas is modulated by a context in which
words with both motor and visual properties are presented (van
Dam et al., 2012a). Results showed that the bilateral superior
temporal gyrus was more strongly connected with brain regions
relevant for coding action information when subjects were pro-
cessing action color words (as compared to abstract words), and
for action color words presented in a context that emphasized
action vs. a context that emphasized color properties. Authors
argued that their results corroborate the view that language rep-
resentations are flexible and context-dependent (van Dam et al.,
2012a).
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In the present study, we first measured the functional con-
nectivity between language-related areas and M1 as calculated by
psycho-physiological interactions (PPI) in healthy controls and
in patients whose lesion affected the motor areas. Neurosurgical
patients were studied before surgery. PPI analyses were performed
on the left M1 (as revealed by the motor localizer task) and
on the left inferior frontal gyrus (Pars Opercularis, as revealed
by the whole brain analysis of the main fMRI experiment) as
seeds to assess the areas with increased connectivity with the
left primary motor area and with the left inferior frontal gyrus
during action-related word processing. PPI analysis is used to
explain the neural responses in one brain area in terms of the
interaction between influences of another brain region and a cog-
nitive process (here: action-related word processing). According
to the embodied view, we should expect that the functional con-
nectivity between the language-related areas and M1 is reduced
in patients who show a significantly decreased ability in pro-
cessing action-related words and whose lesions affect the motor
areas. On the contrary, a lack of functional connectivity changes
would support the view that sensory-motor activity is not nec-
essary but rather accessory to linguistic processing (Tomasino
et al., 2007; Mahon and Caramazza, 2008; Postle et al., 2008;
Tomasino et al., 2008; Papeo et al., 2009; Raposo et al., 2009;
Tomasino et al., 2010; Willems et al., 2010; Papeo et al., 2012b;
Tomasino et al., 2012). In addition, showing that lesions to
the M1 cortex do not degrade action-related word processing
complements a large body of literature addressing the neural
basis of semantic memory, and showing that although concept
representations reflect the conjoint action of modality-specific
sources of information (Lambon Ralph et al., 2010), degrada-
tion of conceptual knowledge is generated following damage
to the ventrolateral anterior temporal regions (and not to the
modality-specific association regions) (Lambon Ralph et al.,
2010).

MATERIALS AND METHODS
PARTICIPANTS
Patients
Ten right-handed neurosurgical patients (5 M, 5 F) whose tumor
involved the left hemisphere either sparing (N = 5, 3 F, mean
age 48.2 years, range 31–62) or involving (N = 5, 2 F, mean age
43.6 years, range 26–58) the primary motor cortex (M1+ and
M1−, respectively), gave informed consent to participate in the
study. All participants were native Italian speakers, had normal or
corrected-to-normal vision and reported no history of psychiatric
disease nor drug abuse. All the patients participated in the study
before surgery (see Figure 1).

Control group (healthy volunteers)
The control group consisted of twelve right-handed volunteers
(6 F, 6 M, mean age 48 years, range 35–60) were selected from a
pool of data on healthy controls previously published (Tomasino
et al., 2013) and were matched in education level with our patient
sample (range 8–17 years of education) (Healthy control Group;
HC). All the participants were native Italian speakers, with no
history of neurological nor psychiatric disorders and with no
structural brain abnormalities.

NEUROPSYCHOLOGICAL EXAMINATION
Each patient was submitted to a neuropsychological battery one
day before fMRI. Handedness was evaluated with the Edinburgh
Handedness Inventory (Oldfield, 1971). The neuropsychological
evaluation included tests assessing non-verbal intelligence (Basso
et al., 1987); verbal short-term digit span memory (Orsini et al.,
1987); oral apraxia (Spinnler and Tognoni, 1987); ideomotor
apraxia (De Renzi et al., 1980) and language. The following lan-
guage tasks were performed: Token test (De Renzi and Faglioni,
1978); verbal fluency (Novelli et al., 1896); noun and verb nam-
ing (Miceli et al., 1994). Using the SPSS software for Windows,
version 15 (SPSS Inc, Chicago, Ill, US), a non-parametric t-test
(Mann–Whitney U test) was performed to evaluate the accuracy
differences between groups of subjects.

FUNCTIONAL MRI AND DTI ACQUISITIONS
MRI data were collected on a whole-body 3 Tesla Philips Achieva
(Best, Netherlands) MRI scanner equipped with a SENSE-Head-8
channel coil. Functional runs were acquired using a T2∗ BOLD—
sensitive gradient-recalled EPI sequence; imaging parameters
were as follows: TR = 2500 ms; TE = 35 ms; 90◦ flip angle;
SENSE reduction factor in phase encoding direction = 2; FOV
= 23 × 23 cm; 128 × 128 image matrix, yielding an in-plane
voxel size of 1.8 × 1.8 mm; 34 axial slices, slice thickness =
3 mm; no gap. Head motion was reduced by a foam custom
built head cushion around the subject’s head. The MR scanner
was allowed to reach a steady state by discarding the first four
volumes in each scan series, since they were collected before equi-
librium magnetization was reached. Anatomical T1-Weighted
images MPRAGE were also acquired (190 sagittal slices; TR =
8.1007; TE = 3.707 ms; flip angle 8◦; FOV = 24 cm; voxel size
1 × 1 × 1 mm) to obtain structural three-dimensional (3-D) vol-
umes. In addition we acquired DTI data using a single-shot EPI
sequence (TR/TE = 8800/74 ms, bandwidth = 1287 Hz/pixel, flip
angle = 90◦, FOV = 224 × 224 cm, in-plane resolution 1.8 ×
1.8 mm). The gradient directions were uniformly distributed
on a sphere. Diffusion gradients were applied along 64 non-
coplanar axes, using a b-value of 0 and 1000 s/mm2. Seventy
contiguous axial slices were acquired, with a thickness of 1.5 mm,
with no gap. Total time for diffusion tensor MR imaging was
13 min 56 s.

TASK AND PARADIGM
Participants performed three runs of one task each: two motor
tasks and a language task organized in a boxcar paradigm, com-
posed of baseline and activation periods (15 s on −15 s off ) the
active conditions were repeated four times. In the motor run,
participants were required to perform repetitive movements of
the lips, and, in the second motor run, clenching hand move-
ments. Instructions about the beginning, the end, and the side
of the movement were visually cued during the fMRI acquisition
for a total duration of 135 s for the lip localizer and 255 s for the
hand localizer. In the language run participants were instructed
to silently generate verbs evoked by visually presented objects; in
each active block (N = 4) seven items were presented for a total
duration of 135 s (see Appendix). The pictures were selected from
the Snodgrass and Vanderwart’s set of pictures (Snodgrass and
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FIGURE 1 | (A) Whole brain analysis results for the group of patients with
lesions involving M1 (M1−) performing hand clenching movements vs. rest and
(B) activation maps for the group of patients with lesions sparing M1 (M1+)
performing lip movements vs. rest. The two types of movement have been
selected in this image to highlight the close location of the M1− to the hand
representation area, as evidenced by the activation cluster, and the vicinity of

the M1+ to the lip representation area, as evidenced by the activation cluster.
Data were thresholded at p < 0.05 cluster corrected (Z > 2.3). (C)

Overlapping of the ROIs drawn on the patients’ lesions after normalization (in
blue for the M1+ and in red for the M1−) and of the mask created by using
the Anatomy Toolbox and the maximum probability maps (MPS) of the left and
right M1 (in green) and of the left and right Pm cortex (in pink).

Vanderwart, 1980) (mean word length 6.8 ± 2.2; length in syllable
2.8 ± 0.89; frequency 1.4 ± 1.6). For both experiments, partici-
pants were instructed to relax and remain still, to keep their arms
aligned with the sides of the body, and to breath normally. Stimuli
and instructions were presented through a VisuaStim Goggles
system (NordicNeuroLab, Bergen, Norway) equipped with the
Presentation® software (Version 9.9, Neurobehavioral Systems
Inc., CA, USA)

DTI DATA ANALYSIS
Images were analyzed using DTIStudio, version 3.0.3 (2010),
(Kennedy Kriger Institute, Baltimore, MD, USA) software obtain-
ing main eigenvector, fractional anisotropy (FA) maps and color
maps generated with conventional coding-color (Pajevic and
Pierpaoli, 1999). Deterministic tractography was performed in all
patients and subjects to reconstruct superior longitudinal fasci-
culus (SLF) using the fiber assignment by continuous tracking
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method (Mori et al., 1999, 2005) in both hemispheres. An FA
threshold of 1.5 and a turning angle >45◦ were used as criteria
to start and stop tracking. The SLF tract was reconstructed using
a multi-ROI approach (Wakana et al., 2007): the first ROI was
placed on a coronal view at the level of the middle of the pos-
terior limb of the internal capsule on the intense triangle-shape
green structure which identified the SLF tract. The second ROI
was even placed on a coronal slice at the splenium of corpus callo-
sum to select the descending branch of the tract. For all the tracts
reconstructed, eventual contaminating fibers were removed.

Tracts were then classified as unchanged, displaced or infil-
trated/disrupted as described in previous articles (Witwer et al.,
2002; Jellison et al., 2004). Unchanged reconstructed tracts exhib-
ited normal anisotropy, location and orientation, compared with
homologous contralateral tracts. Displaced tracts had a normal
or any slightly reduced anisotropy and showed abnormal location
or trajectories when compared with contralateral hemisphere.
Infiltrated tracts showed considerably decreased FA with altered
color patterns on directional maps. Disruption represented an
extreme case of infiltration, with near-zero anisotropy due to
destruction of fibers and interruption of DTI tractography recon-
struction. Fiber tract FA and number of reconstructed fibers
were evaluated between groups using a non-parametric t-test
(Mann–Whitney U test) by SPSS software.

fMRI DATA ANALYSIS
Image analysis was performed on each subject’s data using FSL
(FMRIB’S Software Lybrary, www.fmrib.ox.ac.uk/fsl). Data were
skull stripped with BET (Smith, 2002), motion corrected with
MCFLIRT (Jenkinson et al., 2002), smoothed with gaussian
kernel (5 mm FWHM), and registered with FLIRT (Jenkinson
et al., 2002) to standard MNI152 template image supplied by the
Montreal Neurological Institute using the affine transformation
method. We paid particular attention to patient’s normalization
in order to ensure a correct alignment with the template (Brett
et al., 2001): first, for all patients a lesion mask was drawn and
linearly registered with FLIRT on the T1-W image using affine
transformation parameters with a normalized mutual informa-
tion cost function. Second, each lesion mask previously registered
on the T1-W image was non-linearly registered on the tem-
plate with FMRIB’s non-linear image registration tool (Andersson
et al., 2010) using the transformation parameters derived by reg-
istering the T1-W image on the template. The nearest neighbor
interpolation method was used in both stages. Two observers
(M.M. and D.M.) independently checked all the co-registered
lesion masks and an agreement was found in all cases. The task
timing was convolved with the standard gamma variate function
implemented in FSL (lag, 6 s; width, 3 s), and the fMRI signal was
then linearly modeled (Worsley and Friston, 1995) on a voxel-by-
voxel basis using a general linear model (GLM) approach, with
local autocorrelation correction (Woolrich et al., 2001) to calcu-
late the subject-specific parameter estimates for each event type.
The estimated translation and rotation parameters were added
as confounds in the model. At the single subject level, specific
effects were tested by applying linear contrast to the parameter
estimates for each event (active vs. rest) and the calculated Z
statistic images were thresholded at the whole-brain level using

clusters determined with Z > 2.3 voxelwise thresholding and a
family-wise error-corrected cluster significance threshold of p =
0.05 (Worsley, 2001). Only for the language task, we performed
a higher-level random effects group analysis, assessing the consis-
tency and differences of the language network between healthy
controls (HC), patients with a lesion involving or sparing the
motor cortex.

In addition, to estimate the functional connectivity during the
action naming task, two psycho-physiological interaction (PPI)
analyses (Friston, 1997) were conducted in order to test for signif-
icant PPIs with activity in Broca’s area and in the primary motor
area, assessing whether those two areas interact during the lan-
guage task execution. PPI analysis simply tells us which voxels
across the whole brain increase their signal changes related to the
seed ROI during and modulated by task execution. PPI analysis is
a simple brain connectivity method that characterizes the activity
in one brain region by interaction between another region’s activ-
ity and a psychological factor, and an interregional correlation
analysis (O’Reilly et al., 2012). PPI functional connectivity analy-
sis has the capacity to detect regions whose BOLD hemodynamic
response significantly covaries with the activity of selected areas
during the performance of the task. Brain areas which exhibit
significant covariance with the activity of selected ROIs over the
time course can be considered as functionally connected to each
other’s by the task. Our ROIs were functionally and structurally
constrained. We identify the seed ROIs from the previous subject-
level GLM analysis of the language task and the hand clenching
task. From the GLM results of the language task we identify the
functionally activated cluster closest to the Broca’s area [Areas 44
and 45 of Brodmann’s cytoarchitectonic map (Dronkers et al.,
2007)] for each subject and patient. We used the coordinates of
the local maximum of this cluster as the centre of the seed region,
defined as a sphere with a 6 mm radius. In the same way, the sec-
ond ROI seed was centered on the local maximum of the motor
hand area for each participant, as identified by functional analysis
of the motor task. The primary motor hand area was identified
as the cluster located in the precentralgyrus, structurally defined
using the FSL Harvard–Oxford cortical atlas.

We performed two-step analysis: in the first level analysis, for
each participant a PPI regressor was extracted. The PPI regres-
sor was the result of the convolution of two functions: the
hemodynamic-response-function-convolved task regressor (for
the naming actions–baseline contrast), and the BOLD time-
course of the spherical seed ROI. This regressor was used to
identify the individual effect of task modulation on functional
connectivity due to the language task. While the first level anal-
ysis involved the subjects at an individual level, the second level
analysis was performed at a group level. In both analyses, Z
statistic images where thresholded at the whole brain level using
cluster determined with Z > 2.3 voxelwise thresholding and a
family-wise error-corrected cluster significance threshold of p =
0.05.

PPI analysis estimates the connectivity, allowing to test
whether the inter-regional correlation in neuronal activities
changes significantly as a function of the task condition, indepen-
dently of activity due to task differences. This “functional connec-
tivity” analysis differs from the conventional activation mapping
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approach in that PPI reveals differential interactions between
brain regions on residual variance after removing task-related
effect, and hence disambiguates inter-regional connectivity from
differential task effects (Friston, 1997). With PPI analysis, we
tested the connectivity of Broca’s area and the primary motor
cortices, in order to assess how those areas interact and are
functionally connected in a verb generation task.

RESULTS
NEUROPSYCHOLOGICAL EVALUATION
As reported in Table 1, the group with lesions involving M1
(M1−) significantly differed from the group with lesions sparing
M1 (M1+) at verb naming (Mann–Whitney U test, Z = −2.66,
p = 0.008). While M1− had a performance within the normal
range (mean 27.4/28), M1+ had a performance significantly
below the normal range (mean 22.6/28). Note that the cut-offs
of noun naming and verb naming are 28 and 26, respectively
(Miceli et al., 1994), and all the single M1+ patients scored below
the normal range at the verb naming task. Possible noun-verb
naming dissociations were not the subject of the present study,
which focuses on verb naming, irrespective of noun naming per-
formance. On the remaining neuropsychological tasks we didn’t
find any significant difference between the groups (noun nam-
ing, Z = 2.132, p = 0.056; RCPM, Z = −1.786, p = 0.095; oral
apraxia, Z = −0.149, p = 1.00; ideomotor apraxia, Z = −1.838,
p = 0.095; phonological fluency, Z = 0.21, p = 0.841; Token test,
Z = −0.346, p = 0.548; short-term memory Z = −0.346, p =
0.729). As to their performance at noun naming, both groups
scored within the normal range (M1− mean naming nouns
29.4/30 and M1+ mean naming nouns 27.2/30, respectively, cut-
off 28). Therefore, there was also a dissociation between group
and type of stimulus (nouns, verbs). As to the single patient per-
formance, each individual of the M1+ group scored: P1: 23/28,
and 29/30 P2:25/28, and 29/30, P3:22/28, and 25/30, P4:23/28,
and 28/30, and P5:20/28 and 25/30 at the verb and at the noun
naming task, respectively. By contrast, each individual of the
M1− group scored: P1: 28/28, and 30/30, P2:27/28, and 29/30,
P3:27/28, and 29/30, P4:27/28, and 29/30, and P5:28/28 and 30/30
at the verb and at the noun naming task, respectively.

DTI DATA
In the group of patients sparing M1 (M1+), the analysis of DTI
data showed that the left Superior Longitudinal Fasciculus (SLF)
was unchanged in P2 (20%), infiltrated in P1 (20%) and displaced
in P3, P4, and P5 (60%). In the group with lesions involving M1
(M1−), the analysis of DTI data revealed that the left SLF was
unchanged in P1, P3, and P5 (60%), and non-reconstructable
in P2 and P4 (40%). The SLF tract in the right hemisphere
was reconstructed for all patients. Finally, in all healthy sub-
jects (100%) unchanged SLF tracts were reconstructed on both
hemispheres (see Table 2).

Focusing on the number of fibers, interhemispheric differences
were found in healthy subjects (using a paired t test) (left side =
659 ± 111, right side 586 ± 102, t = 8.94; p < 0.001), no differ-
ences were found for M1− patients (left side = 494 ± 82, right
side 435 ± 67, t = 0.58; p = 0.621) and for M1+ patients (left
side = 344 ± 151, right side 428 ± 168, t = −2.235; p = 0.89).

Interhemispheric asymmetry was found on the FA value for HC
group(left side = 0.49 ± 0.11, right side 0.48 ± 11, t = 2.327;
p = 0.040) but not for M1− (left side = 0.41 ± 0.13, right side
0.44 ± 0.11, t = −1.732; p = 0.225) and M1+ (left side = 0.41
± 0.12, right side 0.45 ± 0.12, t = −2.236; p = 0.89).

However, the Mann–Whitney U test shows a significantly
decreased value of FA and the number of fibers in the left affected
hemisphere for the M1+ group (0.41 ± 0.12 and 344 ± 151)
compared with healthy controls (0.49 ± 0.11 and 659 ± 111),
Z = −2.747; p = 0.006 and Z = −2.771; p = 0.006.

For the M1− group (0.41 ± 0.13 and 494 ± 82) compared
with healthy controls, we found a significant difference only in
FA values, Z = 2.634; p = 0.008 but not in the number of fibers,
Z = −1.878; p = 0.06. Moreover, FA values and number of fibers
showed no differences, when comparing the two patient groups
(FA: Z = −0.30, p = 0.786; numbers of fibers: Z = −1.64, p =
0.143).

FUNCTIONAL MRI DATA
Group analysis of the motor tasks
The lip representation area and the hand motor area have been
identified for all the patients (Figure 1), thus ruling out the
possibility that a lesion affecting the motor areas could have
compromised the signal change in the primary motor cortex, if
any, during the linguistic task. BOLD time course was extracted
from the primary motor cortex of each subject and used for PPI
analysis. The motor network activated the standard hand motor
region involved in the execution of movements for each subject
(Table 3). Even for the group with lesions involving M1 (M1−),
fMRI data analysis allows us to identify the correct position of the
primary motor area, verifying that no significant displacements
or absence of activation occurred.

Group analysis of the verb generation task
The verb generation task (verb generation > rest) triggered a clus-
ter of increased activity in a set of brain regions typically found in
language-related tasks, including: bilaterally in the occipital lobe,
bilaterally in the hippocampus, in the temporal inferior cortex,
the left precentralgyrus, the SMA, and the left insula (Table 4,
Figure 2A).

The contrast (verb generation > rest) in healthy controls (HC)
> group with lesions involving M1 (M1−), showed significantly
higher activity in the superior frontal gyrus, the precentralgyrus,
the postcentralgyrus, the middle temporal gyrus, the precuneus
and the lateral occipital cortex. The opposite contrast (M1− >

HC) showed an increased activity in the lateral occipital cortex,
the occipital pole, the inferior frontal gyrus.

The contrast (verb generation > rest) in HC > group with
lesions sparing M1 (M1+) showed clusters of activity in the
right occipital pole, the left precentralgyrus, the right supe-
rior parietal gyrus, the left superior temporal gyrus, the left
SMA and the left middle temporal gyrus. The opposite con-
trast (M1+ > HC) showed clusters of activity bilaterally in
the occipital cortex, bilaterally in the lateral occipital cortex, in
the right suparmarginalgyrus, the right precentralgyrus, the left
inferior temporal gyrus and the right angular gyrus (Table 5,
Figure 3A).
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Table 2 | Results of the DTI analysis.

Lesion_side Healty side Classification

FA s Numbers of fibers FA s Numbers of fibers

M1−
1 0.36 0.13 475 0.38 0.11 481 Unchanged
2 – – – 0.44 0.11 369 Distrupted
3 0.46 0.12 585 0.46 0.10 520 Unchanged
4 – – – 0.45 0.12 369 Distrupted
5 0.41 0.14 423 0.45 0.11 438 Unchanged

Mean 0.41 0.13 494 0.44 0.11 435
M1+
1 0.36 0.13 285 0.45 0.11 351 Infiltrated
2 0.44 0.11 218 0.49 0.13 199 Unchanged
3 0.42 0.13 584 0.43 0.11 656 Displaced
4 0.37 0.10 236 0.43 0.12 449 Displaced
5 0.48 0.15 399 0.47 0.13 483 Displaced

Mean 0.41 0.12 344 0.45 0.12 428
HC

1 0.50 0.12 846 0.47 0.10 769 –
2 0.48 0.13 626 0.46 0.12 570 –
3 0.50 0.10 646 0.46 0.12 545 –
4 0.52 0.12 584 0.47 0.11 496 –
5 0.48 0.11 534 0.48 0.13 491 –
6 0.47 0.12 673 0.50 0.12 654 –
7 0.50 0.11 565 0.50 0.10 501 –
8 0.47 0.13 632 0.46 0.10 587 –
9 0.50 0.10 763 0.49 0.11 671 –
10 0.51 0.10 578 0.49 0.11 499 –
11 0.49 0.11 584 0.47 0.10 500 –
12 0.47 0.12 873 0.47 0.10 754 –

Mean 0.49 0.11 659 0.48 0.11 586 –

The value of FA and the number of fibers of the SLF tract are shown for all the three groups. For healthy controls no classification is reported because they show

always unchanged tracts between sides.

We tested the difference between BOLD signals extracted from
the Broca’s area seed and the motor area seed during the verb gen-
eration task from all three groups by running the ANOVA test.
There were no significant differences between all three groups
when we tested signals from the motor area [F(2) = 0.586, p =
0.557]. Conversely, when the seed was centered on the Broca’s
area, we found a significant difference between (verb generation
> rest) M1+ versus (verb generation > rest) HC and (verb gen-
eration > rest) M1− BOLD signals [F(2) = 18.917, p < 0.001]
(Figure 3B).

Functional connectivity analysis with psycho-physiological
interactions (PPI)
For all three groups [healthy controls (HC), the group with
lesions involving M1 (M1−), the group with lesions sparing
M1 (M1+)], there were no regions exhibiting significant func-
tional connectivity depending on the seed activity when it was
extracted from the primary motor cortex (see Figure 2C). When
the seed ROI was centered on the inferior frontal gyrus (Broca’s
area), the PPI analysis on healthy participants showed that the

verb generation task increased the functional connectivity with a
cluster overlapping bilaterally the angular gyrus (Z = 4.2 right,
Z = 3.86 left), the left middle frontal gyrus (Z = 3.98), the left
frontal pole (Z = 3.72), the left posterior cingulate gyrus (Z =
4.08), the left putamen (Z = 4.59) and the middle temporal
gyrus (Z = 3.13) (Table 6, Figure 2B). For the M1− group, the
analysis showed an increased connectivity between the inferior
frontal gyrus (Broca’s area) and the right posterior brain areas,
specifically the inferior occipital cortex (Z = 5.03), the calcarine
cortex (Z = 3.71), the temporal inferior cortex (Z = 3.62) and
the fusiform areas (Z = 3.46).

PPI analysis on the M1+ group did not display any brain
area showing significant task-specific correlation to the seed ROI
on the inferior frontal gyrus (Broca’s area) at the predefined
threshold.

DISCUSSION
This study was designed to further explore the nature of the
interaction between the M1 cortex and linguistic processing.
Specifically, we investigated patients’ proficiency in performing a
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Table 3 | MNI coordinates and Z -value group statistics for most

strongly activated voxel during hand motor localizer scan.

Coordinates (mm) Primary motor

Z -value x y z Cortex

HC 1 9.01 −40 −20 49 BA 4p
HC 2 10.23 −38 −24 54 BA 4a
HC 3 9.56 −32 −22 50 BA 4p
HC 4 13.25 −40 −28 52 BA 4p
HC 5 12.09 −34 −26 52 BA 4p
HC 6 12.26 −38 −22 50 BA 4p
HC 7 12.54 −45 −23 17 BA 4a
HC 8 10.86 −41 −20 59 BA 4a
HC 9 12.76 −39 −18 56 BA 4a
HC 10 11.34 −38 −16 54 BA 4p
HC 11 12.98 −37 −18 52 BA 4p
HC_12 13.02 −40 −21 53 BA 4p
M1− 1 9.76 −40 −28 50 BA 4p
M1− 2 8.73 −32 −18 52 BA 4p
M1− 3 7.98 −36 −22 52 BA 4p
M1− 4 10.73 −40 −32 50 BA 4p
M1− 5 7.98 −40 −28 46 BA 4p
M1+ 1 5.73 −40 −29 50 BA 4p
M1+ 2 7.98 −40 −31 50 BA 4p
M1+ 3 8.83 −36 −27 50 BA 4p
M1+ 4 5.42 −38 −22 48 BA 4p
M1+ 5 7.91 −32 −34 46 BA 4p

verb naming task and we analyzed the functional connectivity
between language-related areas and the M1 cortex during a verb
generation task. The verb naming task has been widely used in
neuroimaging studies of language to explore the lexico-semantic
features of the language network (Demonet et al., 2005; Peran
et al., 2009). Previous studies addressed the neural correlates of
verb generation in healthy participants (Crescentini et al., 2010;
Peran et al., 2010) and in Parkinson disease patients (Peran et al.,
2009). However, none addressed the functional connectivity in
neurosurgical patients who show a decreased ability in processing
action-related words, in patients who are proficient and in healthy
controls.

Our main finding is a proficient verb naming performance
of patients whose lesion involved M1, a degraded verb naming
performance of patients whose lesion spared M1, and a lack of
significant changes in the functional coupling between the left M1
cortex and other brain areas during the verb generation task both
for healthy controls and for patients. Before we address the impli-
cations of our main finding, we first discuss results concerning the
anatomo-functional correlates of the action-verb generation task
in healthy participants and in neurosurgical patients with lesions
involving the motor system and the main differences between
their activations under classical General Linear Model assump-
tions. The task-related network reflected language processing;
the activations encompassed areas which have been shown by
fMRI and PET studies to be involved in semantic processing (e.g.,
Tettamanti et al., 2005; Peran et al., 2010; Esopenko et al., 2012);
areas reflecting language processing were the ventral occipital

cortex bilaterally extending to the left anterior superior tempo-
ral gyrus and the left TPJ; areas activated in conjunction with
bilateral activations of the premotor cortex were found bilater-
ally in the superior parietal cortex and in the left intraparietal
sulcus. These findings confirm earlier reports of a general role of
these areas in semantic processing (Chao and Martin, 2000; Price,
2000). The activation of the left inferior frontal region (despite
the presence of glioma) and not in right homologue regions rule
out the possibility of long-term shifts of function which are typ-
ically found in low grade glioma but not in high grade glioma
(Thiel et al., 2001; Duffau et al., 2003; Thiel et al., 2005; Keidel
et al., 2010). In addition, that semantic processing related areas
were activated by the verb generation task is consistent with pre-
vious studies that have emphasized graded differences between
verbs and nouns in terms of imageability, contextual diversity, etc.
(e.g., Bird et al., 2000). Additional activation clusters, included the
dorso-lateral prefrontal cortex bilaterally, most likely reflecting
the supervisory demands of the task. To sum up, the task induced
activation in fronto-temporal and temporo-occipital regions and
the SMA as previously found (Peran et al., 2009). It is remark-
able that, we did not find any activation in the primary motor
area during the verb generation task, either in healthy controls
and in patients. This was particularly evidenced by the anal-
ysis performed on the parameter estimates extracted from the
ROI reconstructed on the M1 hand areas of each participant.
In that analysis we found that both patients with a decreased
performance in action verb naming and those who were profi-
cient did not show any significant difference from the parameter
estimates of healthy controls. By contrast, we found between
groups differences in the analysis performed on the parameter
estimates extracted from the ROI in the inferior frontal gyrus
(Pars Opercularis) of each participant.

The analysis of the fMRI signal showed a consistent reduction
on the intensity depending on the group of subjects: patients who
had a spared action naming ability showed a significantly lower
signal compared to healthy controls; patients with a decreased
performance in action verb naming showed the lowest intensity
of any group. This result indicates that, activation in M1 cortex
is not a necessary component of the network of areas support-
ing the action verb generation task. Interestingly, we found that,
with respect to healthy controls, patients with a lesion involving
M1 and a spared verb naming (M1−) differentially activated the
left middle temporal gyrus/angular gyrus, the left inferior frontal
gyrus/pars triangularis and the left precentral cortex. By contrast,
we found that with respect to patients with a lesion sparing M1
cortex and an impaired verb naming (M1+), healthy controls
differentially activated the left superior temporal gyrus and bilat-
erally the middle temporal gyrus. In turn, M1− as compared to
M1+ differentially activated the left supramarginalgyrus, bilater-
ally the middle temporal gyrus and the right inferior temporal
gyrus, the left inferior parietal lobe and bilaterally the inferior
parietal lobe, whereas M1+ as compared to M1− differentially
activated bilaterally the precentralgyrus, the left superior tempo-
ral pole, the left inferior parietal lobe and the right angular gyrus.
All these areas are key hubs associated to semantic processing,
with the left precentralgyrus, especially related to the semantic
processing of action related items (e.g., Tettamanti et al., 2005).
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Table 4 | MNI coordinates and second level group statistics for voxels that were most strongly activated by the verb generation task vs. rest.

Coordinates(mm)

Cluster Voxels P Z x y z

HC

1 41,145 0 17.5 −48 −84 −4 Lateral occipital pole L
16.8 16 −102 8 Occipital pole R
15.4 −22 −100 2 Occipital pole L

2 218 9.42E-05 5.63 64 −44 18 Supramarginal gyrus R
3.88 66 −34 10 Superior temporal gyrus R
3.7 66 −48 24 Angular gyrus R
3.09 58 −38 8 Middle temporal gyrus R

3 130 0.00825 4.84 −28 50 −18 Frontal pole L
4.84 −28 50 −18 Frontal pole L

4 129 0.00872 4.61 32 −18 2 Right putamen
3.63 14 6 8 Right caudate

5 107 0.0306 4.53 −12 −16 4 Left thalamus
3.31 2 −10 10 Right thalamus

M1−
1 14,469 0 13.4 28 −88 20 Lateral occipital cortex R

12.2 −40 −88 8 Occipital pole R
11.7 −22 −92 10 Precentral gyrus L

2 3258 3.17E-39 9.31 −58 0 38 Precentral gyrus L
6.23 −50 14 16 Inferior frontal gyrus L

3 1751 2.82E-25 6.13 −38 24 4 Insular cortex L
5.75 −48 0 30 Precentral gyrus L
5.14 −24 0 70 Superior frontal gyrus L
5.11 −46 22 22 Inferior frontal gyrus L

4 1603 1.01E-23 7.93 24 −66 56 Parietal superior cortex R
7.91 28 −64 60 Lateral occipital cortex L

5 947 3.94E-16 6.77 −2 14 56 Supplementary motor cortex L
6.26 0 12 60 Superior frontal gyrus L
4.84 4 18 66 Supplementary motor cortex R

6 146 0.00288 4.68 −34 46 24 Middle frontal gyrus L
4.55 −46 48 8 Frontal pole L

7 112 0.0198 4.72 22 −32 −4 Thalamus R
3.5 16 −40 0 Cingulate gyrus R
3.49 32 −34 −2 Hippocampus R
3.26 16 −30 −10 Parahippocampal gyrus R

8 109 0.0237 3.99 −26 −26 −5 Hippocampus L
3.81 −20 −30 −10 Parahippocampal gyrus L
3.1 −36 −34 −16 Temporal fusiform cortex L

M1+
1 24,068 0 16.1 44 −72 −10 Lateral occipital cortex/occipital fusiform gyrus R

14.2 −30 −90 6 Lateral occipital cortex/occipital fusiform gyrus L
13.7 30 −78 −14 Occipital fusiform gyrus R
13.5 32 −92 16 Occipital pole R

2 2887 2.07E-35 8.03 8 10 72 Superior frontal gyrus /SMA R
7.68 0 20 56 Superior frontal gyrus R
6.98 54 34 12 Inferior frontal gyrus, parstriangularis R
6.67 44 20 22 Inferior frontal gyrus R

3 227 6.44E-05 5.24 −38 8 58 Middle frontal gyrus L
4.7 −40 2 42 Precentral gyrus L

4 174 0.000836 4.6 −38 24 −6 Frontal orbital cortex/insular cortex L
4.47 −32 38 −8 Frontal pole L

5 105 0.036 5.01 −40 52 18 Frontal pole L

HC, healthy controls; M1−, lesions involving the primary motor cortex; M1+, lesions sparing the primary motor cortex.
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FIGURE 2 | (A) Activation elicited by the verb generation task vs. rest
(p < 0.05 cluster corrected (Z > 2.3) for healthy controls (upper row), for
patients with lesions involving M1 (M1−, middle row) and for patients
with lesions sparing M1 (M1+, lower row). (B) The image shows the
activation maps generated by the PPI analysis. Brain regions showing

significant increases of connectivity to the left Broca’s area during verb
generation task for healthy controls and for M1− are shown. For M1+
PPI analysis didn’t find any area with a significant activation. (C)

Overlapping of the seed regions (Broca’s and M1 area) on a rendered
3D template.

In the case of M1−, their activation is interpreted here as likely
being due to an increased effort required to perform the fMRI
tasks, whereas in the case of M1+ a lack of activation in this area
seems to indicate a correlation with the low performance in action
naming.

In addition, with respect to M1− and to M1+, healthy controls
differentially activated the superior and middle frontal gyrus.
In turn, with respect to M1+, M1− differentially activated the
middle frontal gyrus bilaterally, while M1+ activated the left mid-
dle and orbital frontal gyrus, as compared to M1−. This data
indicate that healthy controls had more executive control-related
resources available with respect to patients, as had M1− with
respect to M1+ e.g., for functional interaction between associa-
tive retrieval and executive control, see (Crescentini et al., 2010).
Healthy controls, with respect to M1+, differentially recruited the
right precentralgyrus extending to the inferior frontal gyrus/pars
opercularis, as previously found with the verb generation task
(Papathanassiou et al., 2000). In addition, with respect to M1−,
healthy controls differentially recruited the left postcentralgyrus
since the patients’ lesions often extended to the left postcentral
area and consequently they lacked the BOLD signal from this area.

Similarly, healthy controls with respect to M1+, differentially
activated the SMA, as did M1− for the right SMA as compared
to M1+ patients, since M1+ patients’ lesions often extended to
this area and consequently they lacked the BOLD signal from it.
Lastly, with respect to M1−, controls differentially activated bilat-
erally the middle temporal gyrus, as previously observed in other
studies (Esopenko et al., 2012). A last between-group difference
involved the occipital lobe. With respect to M1−, healthy con-
trols differentially activated bilaterally the lateral occipital cortex,
which we realized was due to the different field of view we used
during acquisition for the patient’s groups, accidentally cutting
the lower part of the occipital lobes. Indeed also M1−, and M1+,
with respect to healthy controls, differentially activated the bilat-
erally lateral occipital cortex. The DTI analysis revealed that the
superior longitudinal fasciculus (SLF) was reconstructed in all the
patients. In particular, for the M1+, the DTI analysis revealed
that the SLF was intact in one patient, infiltrated in another case,
and displaced (but not damaged) in three cases. This suggests that
parts of the lesions have probably involved white matter (as it is
typical for glioma). However, for the M1+, the SLF was never
found interrupted, therefore the possibility that disconnection
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syndromes as well as local cortical dysfunction could make the
picture more complicated can be ruled out.

NEUROPSYCHOLOGICAL DATA
The strong version of the embodied theory of language processing
proposes that the sensorimotor cortex is involved in the pro-
cessing and representation of action-related items. Some theories
suggest that sensorimotor areas are an integral part of lexical-
semantic representations (Pulvermuller, 2005; Pulvermuller et al.,
2005a,b). Others suggest that motor activations are flexible and
context-dependent (Tomasino et al., 2010; van Dam et al., 2010;
Tomasino et al., 2012; van Dam et al., 2012b). In our study,
patients with lesions involving the M1 cortex had a performance
within the normal range in action naming, whereas patients with
lesions sparing the M1 cortex were impaired, confirming the view
that lesions to M1 do not predictably cause deficits in action word
processing (De Renzi and di Pellegrino, 1995; Saygin et al., 2004;
Mahon et al., 2007; Negri et al., 2007; Mahon and Caramazza,
2008; Tomasino et al., 2012). Those who presented an impaired
performance were patients with lesions sparing the M1 cortex.
These results complement those reported in studies address-
ing the neural basis of semantic memory (e.g., Vandenberghe
et al., 1996; Rogers et al., 2004; Pobric et al., 2007; Binney
et al., 2010; Lambon Ralph et al., 2010; Visser and Lambon
Ralph, 2011). A parallel distributed processing implementation
of the view that suggests that semantic knowledge arises from
the interaction of perceptual representations of objects and words
has been tested in a computational model of semantic repre-
sentation (Rogers et al., 2004), indicating that the represen-
tational hub is especially important for conceptual formation
(Rogers et al., 2004). It has been argued that concept represen-
tations reflect the conjoint action of modality-specific sources of
information, as well as a transmodal hub which is required in
order to form “coherent” concepts (Lambon Ralph et al., 2010).
However, it has also been put forward that neuropsychological
data from patients with semantic dementia showed that damage
to ventrolateral anterior temporal regions (and not to modality-
specific association regions) generates a selective degradation of
conceptual knowledge (Lambon Ralph et al., 2010). These clin-
ical data from patients with semantic dementia in the context
of focal atrophy of the anterior temporal lobe (Lambon Ralph
et al., 2010) has been confirmed by a repetitive transcranial mag-
netic stimulation (rTMS) of the anterior temporal lobe (Pobric
et al., 2007). Authors showed that rTMS over the left ante-
rior temporal lobe significantly increased naming latencies for
a specific-level naming task but not for number naming, and
significantly slowed synonym judgment times but not number
quantity decisions (Pobric et al., 2007). Lastly, fMRI data (e.g.,
Vandenberghe et al., 1996; Binney et al., 2010; Visser and Lambon
Ralph, 2011) and probabilistic tractography (e.g., Binney et al.,
2012) further supported the role of the temporal cortex as a zone
of gradual convergence of sensory information that culminates
in modality and perceptually invariant representations found in
the most rostral part of this area (Binney et al., 2012). Authors
(Binney et al., 2012) explore the connectivity of specific temporal
lobe areas to frontal and parietal language regions, and among
the regions they found to be connected to the temporal areas,
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FIGURE 3 | (A) Activation maps for whole-brain GLM analysis related to
verb generation task vs. rest. The contrast data between groups are
presented at a threshold of p < 0.05, cluster corrected for Z > 2.3. (B)

Average BOLD signal time-course extracted from the motor seed ROI

(left) and from the Broca’s seed ROI (right) during the verb generation
task are displayed for all the groups separately (M1−, lesions involving
the primary motor cortex; M1+, lesions sparing M1; HC, healthy
controls).

no evidence of connections to M1 cortex or premotor area was
found. Similarly, our neuropsychological and fMRI_PPI results
suggest that sensorimotor areas are not invariantly involved in the
semantic processing and representation of action-related items.
To rule out the possibility that the lack of connectivity between
the Broca’s area and the M1 in M1+ was due to the difficul-
ties that those participants had in generating verbs to pictures

of objects, we considered that the lack of connectivity between
the Broca’s area and the motor system was found also for M1−,
whose performance at verb naming is within the normal range,
ensuring thus that they properly carried out the task in the scan-
ner. The same result was found in healthy controls. In addition, as
a confirmation that the M1+ could produce the verbs used in the
experiment, we verified that 50% of the items included in the list
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Table 6 | Brain regions showing significant increases of connectivity to the left Boca’s area during the verb generation task vs. rest as revealed

by the PPI analysis.

Coordinates (mm)

Cluster Voxels P Z -value x y z

HC

9 436 6.30E-09 4.09 −54 −66 22 Lateral occipital Cortex L

3.28 −56 −62 40 Angular gyrus L

8 408 1.87E-08 4.25 58 −60 32 Lateral occipital cortex R

4.06 60 −60 28 Angular gyrus R

3.31 48 −68 36 Lateral occipital cortex R

7 205 0.00013 3.86 −48 16 48 Middle frontal gyrus L

3.45 −50 22 40 Inferior frontal gyrus, pars opercularis L

6 201 0.000159 4.07 −6 52 48 Frontal pole L

3.32 −10 56 36 Superior frontal gyrus L

5 198 0.000185 3.91 −46 32 −24 Frontal orbital cortex L

3.81 −48 28 −12 Frontal operculum cortex L

3.54 −48 38 −16 Inferior frontal gyrus, pars triangularis L

4 162 0.00119 4.11 −42 52 0 Frontal pole L

4.11 −42 52 0 Frontal pole L

3 137 0.00467 3.6 −72 −38 −12 Middle temporal gyrus L

3.14 −66 −36 −6 Superior temporal gyrus L

2.92 −60 −38 −6 Middle temporal gyrus, temporoccipital p. L

2 136 0.00494 3.94 −24 24 6 Insular cortex L

3.58 −20 32 −10 Fronto orbital cortex L

1 121 0.0117 3.82 −4 −40 34 Cingulate gyrus L

2.65 2 −36 36 Cingulate gyrus, precuneous R

2.53 −4 −42 44 Precuneous cortex L

M1−
1 515 6.26E-06 5.03 42 −74 −4 Inferior occipital cortex R

3.71 12 −92 4 Calcarine cortex R

3.62 46 −64 −6 Temporal inferior cortex R

3.46 28 −78 −2 Fusiform gyrus R

HC, healthy controls; M1−, lesions involving the primary motor cortex.

of items used in the verb generation fMRI task were part of the
neuropsychological verb naming task [B. A. D. A.: A Battery for
the assessment of aphasic disorders] (Miceli et al., 1994). Taken
together our results contribute to the embodied cognition debate.
Supporters of the strong version of this view hypothesize that the
M1 area is necessary for the semantic analysis of an action-related
word item; however, in our study, a damaged M1 area did not
cause a degraded verb naming performance. In particular, the dis-
embodied view argues that the motor system may be activated
during action-word processing but not necessarily so (Mahon and
Caramazza, 2005, 2008). This view is in line with the notion of
flexibility in language representation whereby the degree to which
a modality specific region contributes to a representation depends
on the context (van Dam et al., 2010, 2012b) in which conceptual
features are retrieved. Flexibility is characterized by the relative
presence or absence of activation in motor and perceptual brain
areas. Our results are also in accordance with the idea of a top
down modulation exerting its influence in selecting the type of
strategy adopted while processing language, according to which
different strategies can cause participants to lean on different sorts
of sensorimotor representations (Tomasino and Rumiati, 2013).

Therefore, our data provides support to the idea that the activa-
tion of the M1 area may not be absolutely necessary for language
comprehension.

PSYCHO-PHYSIOLOGICAL INTERACTIONS (PPI)
We measured the functional connectivity between language-
related areas and motor-related areas as calculated by psycho-
physiological interactions (PPI) in healthy controls and in
patients whose lesion affected M1. PPI analysis aimed to explain
neural responses in one brain area in terms of the interaction
between influences of another brain region and a cognitive pro-
cess (here: action-related word processing). As a first result we
found that the M1 cortex did not show an essential role, since,
when the seed for the PPI analysis was positioned in it, this
area was not significantly changing its functional connectivity to
any nodes of the linguistic network. In addition, by position-
ing the seed for the PPI analysis in the inferior frontal gyrus,
the motor area was not part of the network of areas which
were significantly changing their functional connectivity to the
inferior frontalgyrus. In more detail, PPI analyses performed
with the left primary motor area (as revealed by the motor
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localizer task) as seed assessed the areas with increased connec-
tivity with the left primary motor area and with the left inferior
frontal gyrus during action-related word processing. No signifi-
cant changes in the functional coupling between the left primary
motor area and other brain areas were observed both in healthy
controls and in patients during action-related word processing.
This result is in contrast with previous studies addressing how do
language-related areas and motor-related areas functionally talk
to each other (Tettamanti et al., 2008; Ghio and Tettamanti, 2010).
Those studies showed that the degree of functional integration
between the left inferior frontal gyrus and the left fronto-parieto-
temporal system, including the dorsal premotor cortex, the supra-
marginalgyrus, and the left posterior inferior temporal gyrus, was
more positive for processing action-related vs. abstract sentences
(Tettamanti et al., 2008). Moreover, the same studies showed that
when participants processed action-related sentences during the
listening of either action-related or abstract sentences, the left
superior temporal gyrus was more strongly connected with the
left-hemispheric action representation system, including senso-
rimotor areas, while the left inferior-ventral frontal, temporal,
and retrosplenial cingulate areas were activated when processing
abstract sentences (Ghio and Tettamanti, 2010).

Our results, on the other hand, are consistent with a previous
psycho-physiological interaction (PPI) study, in which authors
corroborate the view that language representations are flexible
and context-dependent (van Dam et al., 2012a). In our study,
generating action verbs associated with a target object did not
automatically activate M1 and did not increase functional con-
nectivity to this area in healthy controls and both in patients that
were proficient and those who showed an impaired performance
at verb naming.

PPI analyses performed with the left inferior frontal gyrus
(Pars Opercularis, revealed by the whole brain analysis of the
main fMRI experiment) as seed assessed the areas with increased
connectivity with the left inferior frontal gyrus during action-
related verb processing. Results showed that in healthy controls
the verb generation task increased connectivity between the
left inferior frontal gyrus and an extensive network, including
the inferior left middle frontal gyrus, the left middle orbital
gyrus/frontal pole associated with executive control triggered
during verb generation and the left inferior frontal gyrus (pars tri-
angularis), the left putamen, the angular gyrus bilaterally and the
left middle temporal gyrus, associated with semantic retrieval and
semantic knowledge (Mahon and Caramazza, 2008). It is known
that the regions involved in naming tools and other artifacts
include the left posterior middle temporal gyrus (pMTG), the
bilateral inferior temporal gyri, the left middle temporal gyrus,
and the left premotor region (Martin et al., 1996). The relative
contribution of the various areas may vary depending on the
type of task used (Martin et al., 1996; Tyler and Moss, 2001)
[For reviews see (Martin et al., 1996; Mahon and Caramazza,
2009)]. In most current models of language representation, tem-
poral lobe regions have been implicated in aspects of semantic
processing, for reviews see (e.g., Martin and Chao, 2001; Binder
et al., 2009). Some authors, for example, posit the angular gyrus
and anterior inferior temporal regions as key in semantic process-
ing, while others (Indefrey and Levelt, 2004) suggest that lemma

retrieval and selection occur in the middle temporal gyrus, or
others (Hickok and Poeppel, 2004, 2007) propose a role for the
bilateral posterior middle and inferior portions of the tempo-
ral lobe corresponding to the lexical interface, which is seen to
link phonological and lexical (including semantic) information.
In this context, our PPI analysis showed that in healthy con-
trols our task increased the functional connectivity between the
inferior frontal gyrus and two essential nodes of the semantic
system.

As a second result, we found that in the M1− patients, the
verb generation task increased connectivity between the left infe-
rior frontal gyrus and the left lateral occipito-temporal cortex.
Previous studies investigating category selective responses by
using DCM (Noppeney et al., 2006), showed that the occipito-
temporal gyrus was one of the nodes with increased functional
connectivity during tool processing. Interestingly, in our study
we found that one cluster was localized close to the coordi-
nates of the occipito-temporal/extra-striate cortex, i.e., a complex
brain region that processes not only body parts, but also motion
and tools (Gitelman et al., 1999; Huk et al., 2002; Downing
et al., 2007; Bracci et al., 2010; Kolster et al., 2010; Valyear and
Culham, 2010; Bracci et al., 2012); for a review see (Weiner and
Grill-Spector, 2011). It has been shown that these body-related
occipito-temporal/extra-striate areas are modulated by the sim-
ulated use of appropriate tools (Tomasino et al., 2012). Lastly,
we found that no significant changes in the functional coupling
between the left inferior frontal gyrus and other brain areas were
observed during the verb generation task in M1+ patients. This
is consistent with the presence of an action naming decrease at
behavioral level. Both groups of patients had a different pattern
of connectivity with respect to controls. In a study on neuro-
surgical patients it has been suggested that the effect of brain
lesions may be better evaluated over the entire network rather
than on the basis of the activity of isolated regions (Briganti et al.,
2012). Authors positioned the seed in the inferior frontal gyrus
and tested for differences in functional connectivity between
patients and controls during a verb generation task and showed
that patients had a reduced functional connectivity of the lan-
guage network. Remarkably, it has been shown that the reduction
was not confined to the area surrounding the tumor, but also
involved remote areas of the contralateral hemisphere. In par-
ticular, similarly to our results, there is evidence that patients
showed a decreased bilateral connectivity in the temporo-parietal
area (TPJ) (Briganti et al., 2012). Authors underlined the crucial
role of TPJ area for the integrity of functional networks and sug-
gested a particular vulnerability of this area to local and non-local
disturbances (Briganti et al., 2012).

Taken together, our results suggest that the activation of the
M1 cortex is not as automatic as held by the strong version of
the embodied accounts of language processing, suggesting that
sensorimotor areas are involved in the processing and the rep-
resentation of action-related items. In our study, patients with
lesions involving the M1 cortex had a performance within the
normal range in action naming. In addition, both for healthy con-
trols and for patients (either those with a spared and those with an
impaired verb naming performance) no significant changes in the
functional coupling between the left motor cortex and other brain
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areas were observed during the verb generation task. Moreover,
patients with a lesion in M1 showed that the verb generation task
increased connectivity between the left inferior frontal gyrus and
the left EBA, an area which has been related to motor imagery
of tool use, and the occipito-temporal cortex related to semantic
processing of tools.

To conclude, PPI detects regions whose activation could be
explained by the activation pattern of a seed region in interplay
with a specific cognitive or sensory process. For this reason, the
lack of functional connectivity changes between the left inferior
frontal gyrus and M1 would support the view that sensory-motor

activity is not necessary but rather accessory to linguistic process-
ing (Tomasino et al., 2007; Mahon and Caramazza, 2008; Postle
et al., 2008; Tomasino et al., 2008; Papeo et al., 2009; Raposo et al.,
2009; Tomasino et al., 2010; Willems et al., 2010; Papeo et al.,
2012b; Tomasino et al., 2012).

ACKNOWLEDGMENTS
We would like to thank all the patients and volunteers who par-
ticipated in this study. We would also like to acknowledge the
support that was given by Dr. Serena D’Agostini and the MRI staff
of the Neuroradiological Department.

REFERENCES
Andersson, J., Jenkinson, M.,

and Smith, S. (2010). Non-
linear Optimisation. Non-linear
Registration, Aka Spatial
Normalisation. Tech. Rep. FMRIB
technical report TR07JA2. Available
at: www.fmrib.ox.ac.uk/analysis/
techrep

Arevalo, A. L., Baldo, J. V., and
Dronkers, N. F. (2012). What
do brain lesions tell us about
theories of embodied semantics
and the human mirror neuron
system? Cortex 48, 242–254. doi:
10.1016/j.cortex.2010.06.001

Aziz-Zadeh, L., Wilson, S. M.,
Rizzolatti, G., and Iacoboni,
M. (2006). Congruent embod-
ied representations for visually
presented actions and linguis-
tic phrases describing actions.
Curr. Biol. 16, 1818–1823. doi:
10.1016/j.cub.2006.07.060

Bak, T. H., and Hodges, J. R. (2001).
Motor neurone disease, demen-
tia and aphasia: coincidence,
co-occurrence or continuum?
J. Neurol. 248, 260–270. doi:
10.1007/s004150170199

Barsalou, L. W. (1999). Perceptual sym-
bol systems. Behav. Brain Sci. 22,
577–660.

Barsalou, L. W. (2008). Grounded
cognition. Ann. Rev. Psychol. 59,
617–645. doi: 10.1146/annurev.
psych.59.103006.093639

Basso, A., Capitani, E., and Laiacona,
M. (1987). Raven’s coloured pro-
gressive matrices: normative values
on 305 adult normal controls. Funct.
Neurol. 2, 189–194.

Binder, J. R., Desai, R. H., Graves,
W. W., and Conant, L. L. (2009).
Where is the semantic system? A
critical review and meta-analysis of
120 functional neuroimaging stud-
ies. Cereb. Cortex 19, 2767–2796.
doi: 10.1093/cercor/bhp055

Binney, R. J., Embleton, K. V., Jefferies,
E., Parker, G. J., and Ralph, M. A.
(2010). The ventral and inferolateral
aspects of the anterior temporal lobe
are crucial in semantic memory:

evidence from a novel direct com-
parison of distortion-corrected
fMRI, rTMS, and semantic demen-
tia. Cereb. Cortex 20, 2728–2738.
doi: 10.1093/cercor/bhq019

Binney, R. J., Parker, G. J., and Lambon
Ralph, M. A. (2012). Convergent
connectivity and graded spe-
cialization in the rostral human
temporal lobe as revealed by
diffusion-weighted imaging prob-
abilistic tractography. J. Cogn.
Neurosci. 24, 1998–2014. doi:
10.1162/jocn_a_00263

Bird, H., Howard, D., and Franklin,
S. (2000). Why is a verb like an
inanimate object? Grammatical
category and semantic category
deficits. Brain Lang. 72, 246–309.
doi: 10.1006/brln.2000.2292

Boulenger, V., Hauk, O., and
Pulvermuller, F. (2009). Grasping
ideas with the motor system:
semantic somatotopy in idiom
comprehension. Cereb. Cortex 19,
1905–1914. doi: 10.1093/cercor/
bhn217

Boulenger, V., Mechtouff, L., Thobois,
S., Broussolle, E., Jeannerod, M.,
and Nazir, T. A. (2008). Word
processing in Parkinson’s dis-
ease is impaired for action verbs
but not for concrete nouns.
Neuropsychologia 46, 743–756.
doi: 10.1016/j.neuropsychologia.
2007.10.007

Bracci, S., Cavina-Pratesi, C., Ietswaart,
M., Caramazza, A., and Peelen,
M. V. (2012). Closely overlapping
responses to tools and hands in
left lateral occipitotemporal cor-
tex. J. Neurophysiol. 107, 1443–1456.
doi: 10.1152/jn.00619.2011

Bracci, S., Ietswaart, M., Peelen, M.
V., and Cavina-Pratesi, C. (2010).
Dissociable neural responses to
hands and non-hand body parts in
human left extrastriate visual cor-
tex. J. Neurophysiol. 103, 3389–3397.
doi: 10.1152/jn.00215.2010

Brett, M., Leff, A. P., Rorden, C.,
and Ashburner, J. (2001). Spatial
normalization of brain images
with focal lesions using cost

function masking. Neuroimage 14,
486–500. doi: 10.1006/nimg.2001.
0845

Briganti, C., Sestrieri, C., Mattei, P. A.,
Esposito, R., Galzio, R. J., Tartaro,
A., et al. (2012). Reorganization
of functional connectivity of the
language network in patients
with brain gliomas. AJNR Am. J.
Neuroradiol. 33, 1983–1990. doi:
10.3174/ajnr.A3064

Buccino, G., Riggio, L., Melli, G.,
Binkofski, F., Gallese, V., and
Rizzolatti, G. (2005). Listening
to action-related sentences mod-
ulates the activity of the motor
system: a combined TMS and
behavioral study. Brain Res. Cogn.
Brain Res. 24, 355–363. doi:
10.1016/j.cogbrainres.2005.02.020

Chainay, H., and Humphreys, G.
W. (2002). Privileged access to
action for objects relative to words.
Psychon. Bull. Rev. 9, 348–355.

Chao, L. L., and Martin, A. (2000).
Representation of manipulable
man-made objects in the dorsal
stream. Neuroimage 12, 478–484.
doi: 10.1006/nimg.2000.0635

Crescentini, C., Shallice, T., and
Macaluso, E. (2010). Item retrieval
and competition in noun and
verb generation: an FMRI study.
J. Cogn. Neurosci. 22, 1140–1157.
doi: 10.1162/jocn.2009.21255

De Renzi, E., and Faglioni, P. (1978).
Normative data and screening
power of a shortened version of the
Token Test. Cortex 14, 41–49.

De Renzi, E., and di Pellegrino, G.
(1995). Sparing of verbs and
preserved, but ineffectual read-
ing in a patient with impaired
word production. Cortex 31,
619–636.

De Renzi, E., Motti, F., and Nichelli,
P. (1980). Imitating gestures. a
quantitative approach to ideo-
motor apraxia. Arch. Neurol. 37,
6–10. doi: 10.1001/archneur.1980.
00500500036003

Demonet, J. F., Pernet, C., Kouider,
S., and Musso, M. (2005). The
dynamics of language-related brain

images. Neurocase. 11, 148–150. doi:
10.1080/13554790590925574

Downing, P. E., Wiggett, A. J., and
Peelen, M. V. (2007). Functional
magnetic resonance imaging
investigation of overlapping lat-
eral occipitotemporal activations
using multi-voxel pattern analy-
sis. J. Neurosci. 27, 226–233. doi:
10.1523/JNEUROSCI.3619-06.2007

Dronkers, N. F., Plaisant, O., Iba-
Zizen, M. T., and Cabanis, E.
A. (2007). Paul Broca’s historic
cases: high resolution MR imag-
ing of the brains of leborgne and
lelong. Brain 130, 1432–1441. doi:
10.1093/brain/awm042

Duffau, H., Capelle, L., Denvil, D.,
Sichez, N., Gatignol, P., Lopes, M.,
et al. (2003). Functional recovery
after surgical resection of low grade
gliomas in eloquent brain: hypothe-
sis of brain compensation. J. Neurol.
Neurosurg. Psychiatry 74, 901–907.
doi: 10.1136/jnnp.74.7.901

Esopenko, C., Gould, L., Cummine,
J., Sarty, G. E., Kuhlmann, N.,
and Borowsky, R. (2012). A neu-
roanatomical examination of
embodied cognition: semantic
generation to action-related stimuli.
Front. Hum. Neurosci. 6, 1–12. doi:
10.3389/fnhum.2012.00084

Friston, K., Buechel, C., Fink, G. R.,
Morris, J., Rolls, E., and Dolan, R.
J. (1997). Psychophysiological and
modulatory interactions in neu-
roimaging. Neuroimage 6, 218–229.
doi: 10.1006/nimg.1997.0291

Friston, K. J. (1997). Testing for
anatomical specified regional
effects. Hum. Brain Mapp. 5,
133–136. doi: 10.1002/(SICI)1097-
0193(1997)5:2<133::AID-HBM7>

3.0.CO;2-4
Gallese, V., and Lakoff, G. (2005).

The Brain’s concepts: the role
of the sensory-motor system
in reason and language. Cogn.
Neuropsychol. 22, 455–479. doi:
10.1080/02643290442000310

Ghio, M., and Tettamanti, M. (2010).
Semantic domain-specific func-
tional integration for action-related

Frontiers in Human Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 249 | 17

www.fmrib.ox.ac.uk/analysis/techrep
www.fmrib.ox.ac.uk/analysis/techrep
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Maieron et al. Connectivity between language and M1

vs. abstract concepts. Brain Lang.
112, 223–232. doi: 10.1016/j.bandl.
2008.11.002

Gitelman, D. R., Nobre, A. C., Parrish,
T. B., LaBar, K. S., Kim, Y. H.,
Meyer, J. R., et al. (1999). A large-
scale distributed network for covert
spatial attention: further anatomi-
cal delineation based on stringent
behavioural and cognitive controls.
Brain 122(Pt 6), 1093–1106. doi:
10.1093/brain/122.6.1093

Hauk, O., Johnsrude, I., and
Pulvermuller, F. (2004). Somato-
topic representation of action words
in human motor and premotor
cortex. Neuron 41, 301–307. doi:
10.1016/S0896-6273(03)00838-9

Hickok, G., and Poeppel, D. (2004).
Dorsal and ventral streams: a frame-
work for understanding aspects of
the functional anatomy of lan-
guage. Cognition 92, 67–99. doi:
10.1016/j.cognition.2003.10.011

Hickok, G., and Poeppel, D. (2007).
The cortical organization of speech
processing. Nat. Rev. Neurosci. 8,
393–402. doi: 10.1038/nrn2113

Huk, A. C., Dougherty, R. F., and
Heeger, D. J. (2002). Retinotopy and
functional subdivision of human
areas MT and MST. J. Neurosci. 22,
7195–7205.

Indefrey, P., and Levelt, W. J. (2004).
The spatial and temporal signa-
tures of word production compo-
nents. Cognition 92, 101–144. doi:
10.1016/j.cognition.2002.06.001

Jellison, B. J., Field, A. S., Medow,
J., Lazar, M., Salamat, M. S., and
Alexander, A. L. (2004). Diffusion
tensor imaging of cerebral white
matter: a pictorial review of physics,
fiber tract anatomy, and tumor
imaging patterns. AJNR Am. J.
Neuroradiol. 25, 356–369.

Jenkinson, M., Bannister, P., Brady,
M., and Smith, S. (2002). Improved
optimization for the robust and
accurate linear registration and
motion correction of brain images.
Neuroimage 17, 825–841. doi:
10.1006/nimg.2002.1132

Keidel, J. L., Welbourne, S. R., and
Lambon Ralph, M. A. (2010).
Solving the paradox of the equipo-
tential and modular brain: a
neurocomputational model of
stroke vs. slow-growing glioma.
Neuropsychologia 48, 1716–1724.
doi: 10.1016/j.neuropsychologia.
2010.02.019

Kemmerer, D., and Gonzalez-Castillo,
J. (2010). The two-level theory of
verb meaning: an approach to inte-
grating the semantics of action with
the mirror neuron system. Brain
Lang 112, 54–76. doi: 10.1016/j.
bandl.2008.09.010

Kemmerer, D., Rudrauf, D., Manzel, K.,
and Tranel, D. (2010). Behavioral
patterns and lesion sites associ-
ated with impaired processing of
lexical and conceptual knowl-
edge of actions. Cortex doi:
10.1016/j.cortex.2010.11.001[Epub
ahead of print]

Kolster, H., Peeters, R., and Orban, G.
A. (2010). The retinotopic organiza-
tion of the human middle temporal
area MT/V5 and its cortical neigh-
bors. J. Neurosci. 30, 9801–9820.
doi: 10.1523/JNEUROSCI.2069-10.
2010

Lambon Ralph, M. A., Sage, K.,
Jones, R. W., and Mayberry, E.
J. (2010). Coherent concepts are
computed in the anterior tem-
poral lobes. Proc. Natl. Acad.
Sci. U.S.A 107, 2717–2722. doi:
10.1073/pnas.0907307107

Mahon, B., and Caramazza, C. (2009).
Concepts and categories: a cognitive
neuropsychological perspective.
Ann. Rev. Psychol. 60, 27–51.
doi: 10.1146/annurev.psych.60.
110707.163532

Mahon, B. Z., and Caramazza, A.
(2005). The orchestration of the
sensory-motor systems: clues
from neuropsychology. Cogn.
Neuropsychol. 22, 480–494. doi:
10.1080/02643290442000446

Mahon, B. Z., and Caramazza, A.
(2008). A critical look at the
embodied cognition hypoth-
esis and a new proposal for
grounding conceptual content.
J. Physiol. (Paris) 102, 59–70. doi:
10.1016/j.jphysparis.2008.03.004

Mahon, B. Z., Milleville, S. C., Negri,
G. A., Rumiati, R. I., Caramazza,
A., and Martin, A. (2007). Action-
related properties shape object
representations in the ventral
stream. Neuron 55, 507–520. doi:
10.1016/j.neuron.2007.07.011

Martin, A., and Chao, L. L. (2001).
Semantic memory and the
brain: structure and processes.
Curr. Opin. Neurobiol. 11,
194–201. doi: 10.1016/S0959-
4388(00)00196-3

Martin, A., Wiggs, C. L., Ungerleider, L.
G., and Haxby, J. V. (1996). Neural
correlates of category-specific
knowledge. Nature 379, 649–652.
doi: 10.1038/379649a0

Miceli, G., Laudanna, A., Burani, C.,
and Capasso, R. (1994). Batteria
per l’analisideiDeficit Afasici.
B.A.D.A. [B.A.D.A.: A Battery for the
Assessment of Aphasic Disorders.].
Roma: CEPSAG.

Mori, S., Crain, B. J., Chacko, V. P.,
and van Zijl, P. C. (1999). Three-
dimensional tracking of axonal pro-
jections in the brain by magnetic

resonance imaging. Ann. Neurol. 45,
265–269.

Mori, S., Wakana, S., Nagae-Poetscher,
L. M., and Van Zijl, P. C. M. (2005).
MRI Atlas Of Human White Matter.
Oxford: Elsevier.

Negri, G. A., Rumiati, R. I., Zadini,
A., Ukmar, M., Mahon, B. Z., and
Caramazza, A. (2007). What is
the role of motor simulation in
action and object recognition?
Evidence from apraxia. Cogn.
Neuropsychol. 24, 795–816. doi:
10.1080/02643290701707412

Neininger, B., and Pulvermuller, F.
(2001). The right hemisphere’s role
in action word processing: a dou-
ble case study. Neurocase 7, 303–317.
doi: 10.1093/neucas/7.4.303

Neininger, B., and Pulvermuller, F.
(2003). Word-category specific
deficits after lesions in the right
hemisphere. Neuropsychologia 41,
53–70. doi: 10.1016/S0028-3932
(02)00126-4

Noppeney, U., Price, C. J., Penny,
W. D., and Friston, K. J. (2006).
Two distinct neural mechanisms
for category-selective responses.
Cereb. Cortex 16, 437–445. doi:
10.1093/cercor/bhi123

Novelli, G., Papagno, C., Capitani,
E., Laiacona, M., Vallar, G., and
Cappa, S. F. (1896). Tre test clin-
ici di ricerca e produzione lessicale.
Taratura su soggetti normali. Arch.
Psicol. Neurol. Psichiat. 47, 477–505.

Oldfield, R. C. (1971). The assessment
and analysis of handedness:
the Edinburgh inventory.
Neuropsychologia 9, 97–113.

Orsini, A., Grossi, D., Capitani, E.,
Laiacona, M., Papagno, C., and
Vallar, G. (1987). Verbal and
spatial immediate memory span:
Normative data from 1355 adults
and 1112 children. Ital. J. Neurol.
Sci. 8, 539–548. doi: 10.1007/
BF02333660

O’Reilly, J. X., Woolrich, M. W.,
Behrens, T. E., Smith, S. M., and
Johansen-Berg, H. (2012). Tools
of the trade: psychophysiological
interactions and functional connec-
tivity. Soc. Cogn. Affect. Neurosci. 7,
604–609. doi: 10.1093/scan/nss055

Pajevic, S., and Pierpaoli, C. (1999).
Color schemes to represent the ori-
entation of anisotropic tissues from
diffusion tensor data: application
to white matter fiber tract mapping
in the human brain. Magn. Reson.
Med. 42, 526–540. doi: 10.1002/
(SICI)1522-2594(199909)42:3<526
::AID-MRM15>3.0.CO;2-J

Papathanassiou, D., Etard, O., Mellet,
E., Zago, L., Mazoyer, B., and
Tzourio-Mazoyer, N. (2000). A
common language network for

comprehension and production:
a contribution to the definition
of language epicenters with PET.
Neuroimage 11, 347–357. doi:
10.1006/nimg.2000.0546

Papeo, L., Negri, G. A., Zadini, A., and
Rumiati, R. I. (2012a). Action per-
formance and action-word under-
standing: evidence of double dis-
sociations in left-damaged patients.
Cogn. Neuropsychol. 27, 428–461.
doi: 10.1080/02643294.2011.570326

Papeo, L., Rumiati, R. I., Cecchetto, C.,
and Tomasino, B. (2012b). On-line
changing of thinking about words:
the effect of cognitive context on
neural responses to verb reading.
J. Cogn. Neurosci. 24, 2348–2362.
doi: 10.1162/jocn_a_00291

Papeo, L., Vallesi, A., Isaja, A., and
Rumiati, R. I. (2009). Effects of
TMS on different stages of motor
and non-motor verb processing in
the primary motor cortex. PLoS.
ONE. 4:e4508. doi: 10.1371/jour-
nal.pone.0004508

Peran, P., Cardebat, D., Cherubini, A.,
Piras, F., Luccichenti, G., Peppe,
A., et al. (2009). Object nam-
ing and action-verb generation
in Parkinson’s disease: a fMRI
study. Cortex 45, 960–971 doi:
10.1016/j.cortex.2009.02.019

Peran, P., Demonet, J. F., Cherubini, A.,
Carbebat, D., Caltagirone, C., and
Sabatini, U. (2010). Mental repre-
sentations of action: the neural cor-
relates of the verbal and motor com-
ponents. Brain Res. 1328, 89–103.
doi: 10.1016/j.brainres.2010.02.082

Pobric, G., Jefferies, E., and Ralph,
M. A. (2007). Anterior temporal
lobes mediate semantic repre-
sentation: mimicking semantic
dementia by using rTMS in normal
participants. Proc. Natl. Acad. Sci.
U.S.A. 104, 20137–20141. doi:
10.1073/pnas.0707383104

Postle, N., McMahon, K. L., Ashton,
R., Meredith, M., and de Zubicaray,
G. I. (2008). Action word meaning
representations in cytoarchitec-
tonically defined primary and
premotor cortices. Neuroimage 43,
634–644. doi: 10.1016/
j.neuroimage.2008.08.006

Price, C. J. (2000). The anatomy of
language: contributions from func-
tional neuroimaging. J. Anat. 197,
335–359. doi: 10.1046/j.1469-7580.
2000.19730335.x

Pulvermuller, F. (2005). Brain mecha-
nisms linking language and action.
Nat. Rev. Neurosci. 6, 576–582. doi:
10.1038/nrn1706

Pulvermuller, F., Hauk, O., Nikulin, V.
V., and Ilmoniemi, R. J. (2005a).
Functional links between motor and
language systems. Eur. J. Neurosci.

Frontiers in Human Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 249 | 18

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Maieron et al. Connectivity between language and M1

21, 793–797. doi: 10.1111/j.1460-
9568.2005.03900.x

Pulvermuller, F., Shtyrov, Y., and
Ilmoniemi, R. (2005b). Brain
signatures of meaning access
in action word recognition. J.
Cogn. Neurosci. 17, 884–892. doi:
10.1162/0898929054021111

Raposo, A., Moss, H. E., Stamatakis,
E. A., and Tyler, L. K. (2009).
Modulation of motor and pre-
motor cortices by actions, action
words and action sentences.
Neuropsychologia 47, 388–396. doi:
10.1016/j.neuropsychologia.2008.
09.017

Rogers, T. T., Lambon Ralph, M.
A., Garrard, P., Bozeat, S.,
McClelland, J. L., Hodges, J.
R., et al. (2004). Structure and
deterioration of semantic mem-
ory: a neuropsychological and
computational investigation.
Psychol. Rev. 111, 205–235. doi:
10.1037/0033-295X.111.1.205

Saygin, A. P., Wilson, S. M., Dronkers,
N. F., and Bates, E. (2004).
Action comprehension in apha-
sia: linguistic and non-linguistic
defictis and their lesion correlates.
Neuropsychologia 42, 1788–1804.
doi: 10.1016/j.neuropsychologia.
2004.04.016

Smith, S. M. (2002). Fast robust
automated brain extraction. Hum.
Brain Mapp. 17, 143–155. doi:
10.1002/hbm.10062

Snodgrass, J. G., and Vanderwart,
M. (1980). A standardized set
of 260 pictures: norms for name
agreement, image agreement,
familiarity, and visual complexity.
J. Exp. Psychol. Hum. Learn. Mem.
6, 174–215.

Spinnler, M., and Tognoni, G. (1987).
Standardizzazione e taratura ital-
iana di test neuropsicologici. Ital. J.
Neurol. Sci. Suppl. 8, 1–120.

Tettamanti, M., Buccino, G., Saccuman,
M. C., Gallese, V., Danna, M.,
Scifo, P., et al. (2005). Listening
to action-related sentences acti-
vates fronto-parietal motor circuits.
J. Cogn. Neurosci. 17, 273–281. doi:
10.1162/0898929053124965

Tettamanti, M., Manenti, R., la Rosa,
P. A., Falini, A., Perani, D., Cappa,
S. F., et al. (2008). Negation in the
brain: modulating action represen-
tations. Neuroimage 43, 358–367.
doi: 10.1016/j.neuroimage.2008.
08.004

Thiel, A., Habedank, B., Winhuisen,
L., Herholz, K., Kessler, J., Haupt,
W. F., et al. (2005). Essential
language function of the right

hemisphere in brain tumor patients.
Ann. Neurol. 57, 128–131. doi:
10.1002/ana.20342

Thiel, A., Herholz, K., Koyuncu,
A., Ghaemi, M., Kracht, L. W.,
Habedank, B., et al. (2001).
Plasticity of language networks
in patients with brain tumors: a
positron emission tomography
activation study. Ann. Neurol. 50,
620–629.

Thompson-Schill, S. L., Kan, I. P., and
Oliver, R. T. (2006). “Functional
neuroimaging of semantic mem-
ory,” in Handbook of Functional
Neuroimaging of Cognition. 2nd
Edn., eds R. Cabeza and A.
Kingstone (Cambridge, MA:
MITPress), 149–190.

Tomasino, B., Ceschia, M., Fabbro,
F., and Skrap, M. (2012). Motor
simulation during action word
processing in neurosurgical
patients. J. Cogn. Neurosci. 24,
736–748. doi: 10.1162/jocn_a_
00168

Tomasino, B., Fink, G. R., Sparing,
R., Dafotakis, M., and Weiss, P.
H. (2008). Action verbs and the
primary motor cortex: a com-
parative TMS study of silent
reading, frequency judgments, and
motor imagery. Neuropsychologia
46, 1915–1926. doi: 10.1016/j.
neuropsychologia.2008.01.015

Tomasino, B., Marin, D., Maieron,
M., Ius, T., Budai, R., Fabbro,
F., et al. (2013). Foreign accent
syndrome: a multimodal map-
ping study. Cortex 49, 18–39. doi:
10.1016/j.cortex.2011.10.007

Tomasino, B., and Rumiati, R. I.
(2013). At the mercy of strate-
gies: the role of motor represen-
tations in language understand-
ing. Front. Psychol. 4, 1–13. doi:
10.3389/fpsyg.2013.00027

Tomasino, B., Weiss, P. H., and Fink,
G. R. (2010). To move or not to
move: imperatives modulate action-
related verb processing in the motor
system. Neuroscience 169, 246–258.
doi: 10.1016/j.neuroscience.2010.
04.039

Tomasino, B., Weiss, P. H., and Fink, G.
R. (2012). Imagined tool-use in near
and far space modulates the extra-
striate body area. Neuropsychologia
50, 2467–2476. doi: 10.1016/j.
neuropsychologia.2012.06.018

Tomasino, B., Werner, C. J., Weiss,
P. H., and Fink, G. R. (2007).
Stimulus properties matter more
than perspective: an fMRI study of
mental imagery and silent reading
of action phrases. Neuroimage,

36(Suppl.2), T128–T141. doi: 10.
1016/j.neuroimage.2007.03.035

Tyler, L., and Moss, H. (2001). Towards
a distributed account of concep-
tual knowledge. Trends Cogn. Sci. 5,
244–252. doi: 10.1016/S1364-6613
(00)01651-X

Valyear, K. F., and Culham, J. C.
(2010). Observing learned object-
specific functional grasps preferen-
tially activates the ventral stream.
J. Cogn. Neurosci. 22, 970–984. doi:
10.1162/jocn.2009.21256

van Dam, W. O., Rueschemeyer, S.
A., Lindemann, O., and Bekkering,
H. (2010). Context effects in
embodied lexical-semantic pro-
cessing. Front. Psychol. 1:150. doi:
10.3389/fpsyg.2010.00150

van Dam, W. O., van Dongen, E. V.,
Bekkering, H., and Rueschemeyer,
S. A. (2012a). Context-dependent
changes in functional connectiv-
ity of auditory cortices during
the perception of object words.
J. Cogn. Neurosci. 24, 2108–2119.
doi: 10.1162/jocn_a_00264

van Dam, W. O., van, D. M., Bekkering,
H., and Rueschemeyer, S. A.
(2012b). Flexibility in embodied
lexical-semantic representations.
Hum. Brain Mapp. 33, 2322–2333.
doi: 10.1002/hbm.21365

Vandenberghe, R., Price, C. J., Wise, R.,
Josephs, O., and Frackowiak, R. S.
J. (1996). Functional anatomy of a
common semantic system for words
and pictures. Nature 383, 254–256.
doi: 10.1038/383254a0

Visser, M., and Lambon Ralph, M. A.
(2011). Differential contributions of
bilateral ventral anterior temporal
lobe and left anterior superior tem-
poral gyrus to semantic processes.
J. Cogn. Neurosci. 23, 3121–3131.
doi: 10.1162/jocn_a_00007

Vitali, P., Abutalebi, J., Tettamanti, M.,
Rowe, J., Scifo, P., Fazio, F., et al.
(2005). Generating animal and tool
names: an fMRI study of effective
connectivity. Brain Lang. 93, 32–45.
doi: 10.1016/j.bandl.2004.08.005

Wakana, S., Caprihan, A.,
Panzenboeck, M. M., Fallon, J.
H., Perry, M., Gollub, R. L., et al.
(2007). Reproducibility of quan-
titative tractography methods
applied to cerebral white matter.
Neuroimage 36, 630–644. doi:
10.1016/j.neuroimage.2007.02.049

Weiner, K. S., and Grill-Spector, K.
(2011). Not one extrastriate body
area: using anatomical landmarks,
hMT+, and visual field maps to
parcellate limb-selective activations
in human lateral occipitotemporal

cortex. Neuroimage 56, 2183–2199.
doi: 10.1016/j.neuroimage.2011.
03.041

Willems, R. M., and Hagoort, P.
(2007). Neural evidence for
the interplay between language,
gesture, and action: a review.
Brain Lang. 101, 278–289. doi:
10.1016/j.bandl.2007.03.004

Willems, R. M., Toni, I., Hagoort,
P., and Casasanto, D. (2010).
Neural dissociations between action
verb understanding and motor
imagery. J. Cogn. Neurosci. 22,
2387–2400. doi: 10.1162/jocn.2009.
21386

Witwer, B. P., Moftakhar, R., Hasan, K.
M., Deshmukh, P., Haughton, V.,
Field, A., et al. (2002). Diffusion-
tensor imaging of white matter
tracts in patients with cere-
bral neoplasm. J. Neurosurg. 97,
568–575. doi: 10.3171/jns.2002.97.
3.0568

Woolrich, M. W., Ripley, B. D., Brady,
M., and Smith, S. M. (2001).
Temporal autocorrelation in uni-
variate linear modeling of FMRI
data. Neuroimage 14, 1370–1386.
doi: 10.1006/nimg.2001.0931

Worsley, K. J. (2001). “Statistical analy-
sis of activation images Chapter 14,”
in Functional MRI: an Introduction
to Methods, eds P. Jezzard, P. M.
Matthews, and S. M. Smith (OUP).

Worsley, K. J., and Friston, K.
J. (1995). Analysis of fMRI
time-series revisited–again.
Neuroimage. 2, 173–181. doi:
10.1006/nimg.1995.1023

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 10 December 2012; accepted:
20 May 2013; published online: 07 June
2013.
Citation: Maieron M, Marin D, Fabbro
F and Skrap M (2013) Seeking a bridge
between language and motor cortices: a
PPI study. Front. Hum. Neurosci. 7:249.
doi: 10.3389/fnhum.2013.00249
Copyright © 2013 Maieron, Marin,
Fabbro and Skrap. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License, which permits use, distribution
and reproduction in other forums, pro-
vided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.

Frontiers in Human Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 249 | 19

http://dx.doi.org/10.3389/fnhum.2013.00249
http://dx.doi.org/10.3389/fnhum.2013.00249
http://dx.doi.org/10.3389/fnhum.2013.00249
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Maieron et al. Connectivity between language and M1

APPENDIX
List of items included in the verb generation fMRI task and in
the neuropsychological battery (verb naming). In bold type the
verbs of the fMRI experiment matched with verbs used in the
neuropsycological experiment.

Verb generation fMRI task BADA stimuli

Bicchiere (glass) Versare (to pour)
Chitarra (guitar) Suonare (to sing)
Fucile (rifle) Sparare (to shoot)
Fiasco (flask) Versare (to pour) rep
Violino (violin) Suonare (to sing) rep
Telefono (telephon) Telefonare (to call)
Fisarmonica (accordion) Suonare (to sing) rep
Forbici (scissors) Tagliare (to cut)
Gelato (ice cream) Leccare (to lick)
Martello (hammer) Scolpire (to sculpt)
Pala (shovel) Scavare (to dig)
Sega (saw) Segare (to saw)

Automobile (car) Fischiare (to whistle)
Annaffiatoio (watering can) Annegare (to drown)
Scala (stairway) Bussare (to knock)
Chiave (key) Correre (to run)
Ago (needle) Accendere (to light)
Pattini (skate) Scavalcare (to climb over)
Penna (pen) Cancellare (to delete)
Pettine (comb) Baciare (to kiss)
Righello (ruler) Indicare (to indicate)
Scopa (broom) Giurare (to take an oath)
Corda ( rope) Seminare (to sow)
Bicicletta (bicycle) Stirare (to iron)

Spingere (to push)
Applaudire (to clap)
Costruire (to build)
Dormire (to sleep)
Azzannare (to snap at)
Sudare (to sweat)
Nuotare (to swim)
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