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The middle temporal gyrus (MTG) has been shown to be recruited during the processing of words, but also during the observation of
actions. Here we investigated how information related to words and gestures is organized along the MTG. To this aim, we measured the
BOLD response in the MTG to video clips of gestures and spoken words in 17 healthy human adults (male and female). Gestures consisted
of videos of an actress performing object-use pantomimes (iconic representations of object-directed actions; e.g., playing guitar), em-
blems (conventional gestures, e.g., thumb up), and meaningless gestures. Word stimuli (verbs, nouns) consisted of video clips of the same
actress pronouncing words. We found a stronger response to meaningful compared with meaningless gestures along the whole left and
large portions of the right MTG. Importantly, we observed a gradient, with posterior regions responding more strongly to gestures
(pantomimes and emblems) than words and anterior regions showing a stronger response to words than gestures. In an intermediate
region in the left hemisphere, the response was significantly higher to words and emblems (i.e., items with a greater arbitrariness of the
sign-to-meaning mapping) than to pantomimes. These results show that the large-scale organization of information in the MTG is driven
by the input modality and may also reflect the arbitrariness of the relationship between sign and meaning.
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Introduction
Communication entails the mapping of signs, expressed through
words or gestures, onto meanings. For more than a century, the
temporal lobe has been considered as a central structure in the
representation of meanings (Wernicke, 1874; Geschwind, 1970;

Price, 2012). Most available studies (for review, see Özyürek,
2014) have addressed either words (Kable et al., 2005; Peelen et
al., 2012; Papeo and Lingnau, 2015) or gestures (Villarreal et al.,
2008; Kubiak and Króliczak, 2016), and have consistently re-
ported activity in the middle temporal gyrus (MTG) during un-
derstanding of both. A subset of studies has included both types
of stimuli with the primary objective to identify the shared neural
substrates (Xu et al., 2009; Andric et al., 2013). Once again, this
research has highlighted activity in a brain network encompass-
ing the MTG. The involvement in processing both words and
gestures is consistent with the proposal that the entire MTG func-
tions as a multimodal interface, interposed between the inferior
temporal and the superior temporal gyri, specialized to process-
ing of pictorial and verbal material, respectively (Binder et al.,
2009; Visser et al., 2012; Wurm and Caramazza, 2019). While
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Significance Statement

Here we investigated the organizing principle of information in the middle temporal gyrus, taking into consideration the input-
modality and the arbitrariness of the relationship between a sign and its meaning. We compared the middle temporal gyrus
response during the processing of pantomimes, emblems, and spoken words. We found that posterior regions responded more
strongly to pantomimes and emblems than to words, whereas anterior regions responded more strongly to words than to panto-
mimes and emblems. In an intermediate region, only in the left hemisphere, words and emblems evoked a stronger response than
pantomimes. Our results identify two organizing principles of neural representation: the modality of communication (gestural or
verbal) and the (arbitrariness of the) relationship between sign and meanings.
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previous studies suggest that the MTG is implicated in represent-
ing the meaning of communicative signs, it is unclear how neural
information is organized; in particular, whether neural represen-
tation of meanings in the MTG is abstracted away from the input
modality, or rather reflects, in some way, whether meanings are
conveyed through words or gestures.

While the input modality draws a sharp line between gestures
and words, another property of communicative signs, the arbi-
trariness of the sign-meaning relationship, may entail another
organization, where emblems are closer to words than panto-
mimes (McNeill, 2000). Pantomimes are iconic in that the sign
reproduces or approximates the action, as it is performed in the
real world (e.g., drinking from a glass, playing the guitar). Em-
blems, similarly to words, are characterized by a more arbitrary
relationship between the sign (e.g., thumbs up, waving your
hand) and its meaning (agreeing, greeting).

Here we asked to which degree the meaningfulness of a sign,
its modality (gestural or verbal), and the relationship between
sign and meaning contribute to the organization of information
in the MTG. To this aim, we examined the BOLD response dur-
ing the processing of meaningful and meaningless pantomimes
and emblems and of spoken words, along the whole MTG strip.
Overall, we found a stronger response to meaningful versus
meaningless items along the whole strip. Moreover, the response
to meaningful items showed a posterior-to-anterior gradient,
with posterior regions responding more strongly to gestures than
words and anterior regions responding more strongly to words
than gestures. Moreover, an intermediate region along the strip
in the left hemisphere showed stronger responses to words and
emblems compared with pantomimes.

Materials and Methods
Participants
Seventeen native Italian-speaking participants (10 females; 7 males;
mean age 24 years; age range 19 –30 years) volunteered in the experiment.
All participants were right-handed with normal or corrected-to-normal
vision and no history of neurological or psychiatric diseases. The study
was approved by the ethics committee of the University of Trento. Par-
ticipants gave written informed consent before participation.

Stimuli
The stimulus set consisted of 2.5-s-long video clips showing an actress
who performed gestures silently, or spoken words (Fig. 1A–D). Gestures
included the following: 60 pantomimes (iconic representations of object-
directed actions, e.g., playing violin; Fig. 1A), 60 emblems (symbolic
gestures, e.g., listening, thumb up; Fig. 1B), and 60 meaningless gestures
(Fig. 1C). Emblems included two subsets: 30 emblems that referred to an
action (emblems-event, e.g., to listen, to clap, to yawn) and 30 emblems
that referred to a state (emblems-state, e.g., thumb up, no, victory). In all
subsequent analyses (for details, see fMRI data analysis), we did not
consider the distinction between emblems-event and emblems-state and
collapsed the two subsets in one general stimulus group.

All gestures were selected from a publicly available database (https://
figshare.com/s/f6d27f6c213e38070842) (Agostini et al., 2018), where a
sample of 50 native Italians and 50 American raters judged the meaning
of �200 gestures. For each stimulus (gesture), the database provides a
measure of meaningfulness relative to a 1–7 point scale (in addition to
the lexical entry most frequently associated with the gesture and the most
frequent verbal description). For the current study, gestures with a me-
dian value of �5 in the meaningfulness score were included in the stim-
ulus groups of meaningful gestures (pantomimes and emblems);
gestures with a median value of �3 were included as meaningless ges-
tures. Word stimuli spoken by the same actress who performed the ges-
tures (Fig. 1D) were recorded using the same setting and apparatus of

Figure 1. Stimulus material and design. A–D, Still frames from video clips showing pantomimes (A; playing violin), emblems (B; thumb up), meaningless gestures (C), and spoken words (D). E,
Experimental design and example trial. The experiment consisted of two parts (1: Gestures experiment; 2: Words experiment), using a block design. In the Gestures experiment, the conditions
pantomimes, emblems (event and state), and meaningless gestures were presented. In the Words experiment, the conditions verbs (concrete and abstract) and nouns (concrete and abstract) were
presented.
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gestures. Across all video-clips, the actress stood in front of the camera
and pronounced each word aloud or produced a gesture. Words in-
cluded 60 verbs and 60 nouns. Half of the verbs were concrete (e.g.,
correre — to run) and half were abstract (e.g., pensare — to think);
likewise, half of the nouns were concrete (e.g., casa — house) and half
were abstract (e.g., talento — talent). Verbs were presented in the singu-
lar first-person present tense (the first-person pronoun was always spo-
ken; e.g., io dipingo — I paint), and nouns were presented in the singular
form, preceded by the appropriate article (la collina — the hill). Concrete
and abstract nouns and verbs were matched for length (number of graph-
emes) and frequency (Dizionario di frequenza della lingua italiana, Con-
siglio Nazionale delle Ricerche) (all p values � 0.05; pairwise t tests). In
the subsequent analyses, we collapsed all concrete and abstract verbs and
nouns in one general stimulus group for words, unless specified other-
wise (for details, see fMRI data analysis).

Inside the scanner, visual stimuli were back-projected onto a screen
(frame rate: 60 Hz; screen resolution: 1024 � 768 pixels) via a liquid
crystal projector (OC EMP 7900; Epson) and viewed through a mirror
mounted on the head coil. Sounds were presented via MR-compatible
headphones (SereneSound Digital audio system). Stimulus presentation,
response collection, and synchronization with the scanner were con-
trolled with ASF (Schwarzbach, 2011) and the MATLAB Psychtoolbox-3
for Windows (Brainard, 1997).

Design
The experiment consisted of two parts, using a block design (Fig. 1E). In
the first part (Gestures experiment), consisting of six runs, participants
were presented with blocks of pantomimes, emblems, and meaningless
gestures. Half of the blocks for the emblems condition were emblems-
state and half of the blocks were emblems-event, but these were modeled
as one single condition (emblems). In the second part (Words experi-
ment), consisting of two runs, participants were presented with blocks of
verbs and nouns. Half of the blocks of verbs and nouns were concrete and
half of the blocks were abstract; but in the main analysis, we collapsed
across all concrete and abstract nouns and verbs (see Results).

Each block included five videos of the same experimental condition,
separated by 1 s of fixation (Fig. 1E). Each run consisted of 12 blocks,
separated by 16.5 s of fixation, and lasted �6.9 min. Each run included
the same number of blocks per condition. The Gestures experiment in-
cluded 4 blocks for each condition (pantomimes, emblems, and mean-
ingless gestures). The Words experiment included six blocks for each
condition (nouns, verbs). Each video was presented only once per run,
except for one video per run that was repeated twice, to allow a one-back
task (see Task). The order of blocks within each run was randomized.
Each fMRI session ended with a movement localizer run, using a block
design (15 blocks; 16 s duration; 16.5 s fixation period between blocks),
in which participants moved the right hand, the right foot, or the tongue
(5 blocks per conditions), following written instructions presented on
the screen. The movement localizer was collected as part of another study
and therefore will not be discussed further.

Task
Participants were instructed to watch each video clip, and to press the
response button with the left index finger whenever a stimulus was re-
peated twice in a row (one-back task). To avoid a systematic association
between the button press and one of the experimental conditions (and
thus the corresponding BOLD response), there was only one repetition
per run, randomly assigned to one of the conditions.

Data acquisition
Functional and structural data were acquired using a 4T Bruker MedSpec
Biospin MR scanner and an 8 channel birdcage head coil. Functional
images were acquired with a T2*-weighted gradient EPI sequence. Ac-
quisition parameters were as follows: TR of 2000 ms; TE of 33 ms; voxel
resolution of 3 � 3 � 3; flip angle of 73°; FOV of 192 � 192 mm; gap size
of 0.45 mm. We used 28 slices, acquired in ascending interleaved order.
In each functional run, 207 images were acquired. Before each functional
run, we performed an additional scan to measure the point-spread func-
tion (PSF) of the acquired sequence to correct the distortion expected
with high-field imaging (Zaitsev et al., 2004). Structural T1-weighted

anatomical scans were acquired with an MPRAGE sequence (176 sagittal
slices; TR 2700 ms; TE 4.18 ms; voxel resolution 1 � 1 � 1 mm; flip angle
7°; FOV 256 � 224 mm; inversion time 1020 ms) to coregister low-
resolution functional images with a high-resolution anatomical scan.

fMRI data analysis
Preprocessing. Data were preprocessed and analyzed using BrainVoyager
QX 2.8 (Brain Innovation) in combination with the BVQXtools/Neuro-
Elf toolbox (by Jochen Weber; http://neuroelf.net/) and MATLAB (The
MathWorks). Distortion in geometry and intensity in the EPI images was
corrected on the basis of the PSF data acquired before each functional run
(Zeng and Constable, 2002). The first 4 volumes were discarded to avoid
T1 saturation. The first volume of the first functional run was aligned to
the high-resolution anatomy using 6 rigid-body transformation param-
eters. 3D motion correction (trilinear interpolation) was performed us-
ing the first volume of the first run of each participant as reference,
followed by slice time correction and high-pass filtering (3 cycles per
run). Spatial smoothing was applied with a Gaussian kernel of 5 mm
FWHM. For group analyses, both functional and anatomical data were
transformed into Talairach space, using trilinear interpolation.

Univariate analysis. We used a random-effects (RFX) GLM analysis,
including regressors for the conditions pantomimes, emblems, meaning-
less gestures, and spoken words. To assess the sensitivity of the MTG to
meaningful stimuli, we included the RFX GLM contrast meaningful �
meaningless gestures. To assess the sensitivity of the MTG to gestures and
words, we computed RFX GLM contrasts for gestures (pantomimes,
emblems) and words against the implicit baseline. Statistical maps were
corrected using Threshold Free Cluster Enhancement (TFCE) for
cluster-level correction (corrected cluster threshold: � � 0.05, using
Monte Carlo simulations with 10,000 permutations) as implemented in
CoSMoMVPA (Oosterhof et al., 2016). Specific differences across cate-
gories of meaningful stimuli were addressed in the subsequent ROI anal-
ysis with greater statistical power.

Posterior-to-anterior organization. To investigate the organization of
information in the MTG, we assessed whether the amplitude of the
BOLD response to our main experimental conditions (pantomimes, em-
blems, words) varied as a function of the y coordinate along the MTG. To
this end, we identified the left and right MTG on the segmented and
inflated reconstructions of the Talairach-transformed version of the
MNI-Colin 27 template based on the following anatomical landmarks:
the superior and inferior borders corresponded to the superior temporal
sulcus and the inferior temporal sulcus, respectively (Fig. 2, top); the
posterior end was delineated by the preoccipital notch and extended
anteriorly along the sagittal plane for the entire length of the temporal
lobe. The entire ROI encompassed 17,523 voxels.

For each voxel in the MTG ROI, we extracted � estimates of every
experimental condition, separately for each participant. The design ma-
trix and predictors were the same used for computing the RFX GLM for
the univariate analysis (see fMRI data analysis: Univariate analysis). Beta
estimates were averaged across the x and z dimensions to obtain one
value for each y coordinate (Fig. 2, bottom).

To identify the spatial positions along the y axis in which any of the
contrasts of interest showed a significant difference, we computed paired
t tests at each y coordinate, correcting for the number of voxels using
TFCE (Smith and Nichols, 2009) as implemented in CoSMoMVPA
(Oosterhof et al., 2016). In brief, this involved the following steps, per-
formed separately for each of the contrasts of interest. (1) For each voxel,
a cluster was defined based on its proximal neighboring voxels (i.e., the
previous and the following one); (2) a univariate group-level analysis
(ANOVA) was computed across all the conditions for the contrast of
interest (see Results), and an uncorrected F map was obtained; (3) the F
map was converted into a z map; (4) a TFCE map was computed from the
z map obtained before, using the recommended values of h0 � 0, E � 0.5,
H � 2, and dh � 0.1 (for details, see Smith and Nichols, 2009); (5) a
null-distribution was generated performing a group-level analysis for
10,000 iterations (using Monte Carlo simulations); (6) at each iteration,
a TFCE map was computed from the obtained z map, and the maximum
value was saved for later; and (7) the corrected TFCE map was obtained
by counting how often, for each voxel, the observed TFCE value was
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smaller than the maximum (see Step 5) TFCE value for all the null TFCE
maps. The resulting number was then divided by the number of itera-
tions to obtain a corrected z map that allowed determining which clusters
survived the correction for multiple comparisons.

Results
Univariate analysis
To identify the brain network sensitive to the distinction between
meaningful versus meaningless stimuli, we computed the whole-
brain RFX GLM contrast Meaningful � Meaningless Gestures
(Fig. 3A). As can be seen, most of the left MTG and the most
anterior portion of the right MTG are sensitive to this difference.

To get a first hint at the areas recruited during the processing
of gestures and words, we first computed the whole-brain RFX
GLM contrasts Gestures � Baseline (Fig. 4A) and Words � Base-
line (Fig. 4B). Both contrasts revealed a bilateral recruitment of
the temporal cortex. Moreover, the contrast Gestures � Baseline
recruited the posterior part of the MTG, as well as several parietal
(BA7/BA40) and inferior and middle frontal (BA44/45/46/47)
areas. The contrast Words � Baseline revealed clusters in the
middle and anterior portion of the MTG, the superior temporal
gyrus, as well as in the inferior and middle frontal gyrus.

Posterior-to-anterior organization of the MTG
To examine the posterior-to-anterior organization of the MTG,
we plotted the � estimates for each condition as a function of the
y coordinate within this ROI (for details, see Materials and Meth-
ods; Fig. 2).

Meaningful versus meaningless gestures
First, we focused on gestures to test the sensitivity of the MTG to
the broad distinction between meaningful and meaningless
items. In line with the results of the corresponding whole-brain
RFX GLM contrast (Fig. 3A), we obtained a higher amplitude of
the BOLD signal for meaningful compared with meaningless
items, both in the left and right hemisphere, although the effect
was stronger in the left hemisphere (Fig. 3B–D).

In the left hemisphere, meaningful items led to a higher BOLD
amplitude than meaningless items along the entire MTG (Fig. 3B,
left). This effect was replicated with the contrasts pantomimes
versus meaningless gestures (Fig. 3C, left) and emblems versus
meaningless gestures (Fig. 3D, left).

In the right hemisphere, the comparison between meaningful
and meaningless gestures was significant at anterior and posterior
positions, but not at an intermediate y position ��20 (Fig. 3B,
right). Identical results were found with the contrast pantomimes
versus meaningless gestures (Fig. 3C, right), whereas the contrast
emblems versus meaningless gestures showed a difference only in
the middle (y � ��30) and anterior ( y � �0) part of the right
ROI (Fig. 3D, right).

In sum, using the case of gestures, the above analyses revealed
that the left and right MTG show a consistently higher amplitude
of the BOLD signal to meaningful than meaningless items.

Meaningful gestures versus words
In the following analysis, we included the neural responses to
words to study the organization of meaningful information in the
MTG according to input modality and/or arbitrariness of the
sign-meaning relation. To this aim, we plotted the � estimates for
each meaningful condition (pantomimes, emblems, and words)
as a function of the y position within the MTG ROI (Fig. 4C). We
observed a structured organization of information along the
posterior-to-anterior axis, whereby posterior regions responded
more strongly to gestures than words, and anterior regions re-
sponded more strongly to words than gestures. This pattern held
both in the left (Fig. 4C, left) and the right (Fig. 4C, right) hemi-
sphere. In an intermediate region in the left hemisphere ( y �
��30), emblems and words showed comparable activity, which
was stronger than the activity for pantomimes (Fig. 4A, left).

Statistical analyses supported this description (Fig. 4C, gray bars
illustrating positions along the y axis at which statistical comparisons
survived TFCE correction). Pantomimes and emblems compared
with words yielded a significantly higher BOLD response in the pos-

Figure 2. Top, The MTG ROI was defined as the cortical region inferior to the superior temporal sulcus (STS) and superior to the inferior temporal sulcus (ITS). Bottom, Procedure used for the MTG
ROI analysis.
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terior MTG, both in the left and right hemisphere. By contrast,
words compared with pantomimes and emblems yielded a stronger
BOLD response in the anterior MTG bilaterally.

The gradients for words, with higher activity in anterior
than in posterior regions, and for gestures (i.e., pantomimes
and emblems), with higher activity in posterior than in ante-
rior regions, were obtained not only in relation to the other
stimulus group. Compared against baseline, word-related ac-

tivity was significantly higher at more anterior sites (between y
�16 and �46), whereas gesture-related activity was signifi-
cantly above baseline at the more posterior sites (between y
�36 and �70), in line with the results of the corresponding
whole-brain RFX GLM contrasts (Fig. 4 A, B). Finally, we note
that activity for each stimulus group (pantomimes, emblems,
and words) at each ROI along the y axis did not differ statisti-
cally between the left and right hemisphere.

Figure 3. Sensitivity to meaningful compared with meaningless gestures. A, Results of the whole-brain RFX GLM contrast meaningful versus meaningless gestures. B, BOLD amplitude (expressed
as � estimates) to meaningful (black) and meaningless (blue) gestures as a function of the y position along the left (left column) and right (right column) MTG. C, BOLD amplitude for pantomimes
and meaningless gestures. D, BOLD amplitude for emblems and meaningless gestures. Gray bars represent clusters that survived correction for multiple comparisons using TFCE (for details, see
Materials and Methods).

5970 • J. Neurosci., July 24, 2019 • 39(30):5966 –5974 Papeo, Agostini et al. • Gestures and Words in the Middle Temporal Gyrus



Pantomimes versus emblems
Considering emblems and pantomimes separately, we found
stronger activity to the former in an intermediate region along the
left MTG ( y � ��30) (Fig. 4C, left). Pantomimes compared
with emblems yielded stronger activity in the right posterior
MTG (Fig. 4C, right). In the same intermediate region that
showed a significantly stronger BOLD signal for emblems than
for pantomimes ( y � ��30; Fig. 4C, left), emblems and words
elicited comparable responses.

In addressing the difference between pantomimes and em-
blems, we considered that the former stimulus group only de-
noted concrete object-directed actions, whereas the latter implied
both concrete actions and more abstract contents (and so did
words). Thus, regions where pantomimes and emblems differed
could capture the distinction between abstract and concrete
meanings. To evaluate this possibility, we compared the activity
in the left and right MTG, for length- and frequency-matched
abstract and concrete verbs, and abstract and concrete nouns. We
obtained no significant difference between abstract and concrete

verbs (Fig. 5A), whereas we found a higher amplitude of the
BOLD signal for abstract versus concrete nouns in a cluster y �
��26 in the right MTG (Fig. 5B, right), outside the region where
emblems differ from pantomimes. Weak effects of abstractness/
concreteness are compatible with current results showing com-
parable activity in the lateral temporal cortex for abstract and
concrete words (Bedny et al., 2008; Hernández et al., 2014; Papeo
and Lingnau, 2015), and abstractness/concreteness effects in re-
gions outside this territory (Binder et al., 2009; Straube et al.,
2013). In summary, although emblems and pantomimes elicited
comparable activity in the largest part of left and right MTG, they
differed in two clusters. We have ruled out the possibility that this
difference is accounted for by a difference in the abstractness/
concreteness of meanings implied by the two categories of
gestures.

Discussion
The MTG is consistently recruited during both action observa-
tion and the processing of words. Posterior regions of the MTG

Figure 4. Effects of different categories of meaningful stimuli. A, B, Results of the whole-brain contrasts Gestures versus Baseline (A) and Words versus Baseline (B). C, Beta estimates for
pantomimes (red), emblems (green), and words (yellow) as a function of the y coordinate along the left (left) and right (right) MTG. Gray bars represent clusters that survived corrections for multiple
comparisons using TFCE (for details, see Materials and Methods) for each of the pairwise comparisons; light gray represents pantomimes versus emblems; medium gray represents emblems versus
words; dark gray represents pantomimes versus words.
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have been shown to be preferentially recruited during the pro-
cessing of meaningful visual actions (Caspers et al., 2010; Wurm
and Lingnau, 2015; Wurm et al., 2016, 2017), whereas anterior
regions are specially recruited during language processing (Kable
et al., 2005; Chatterjee, 2008; Watson et al., 2013; Weiner and
Grill-Spector, 2013; Lingnau and Downing, 2015; Tarhan et al.,
2015). However, anatomical and functional relations between
action and language/speech processing are harder to draw be-
cause extant studies have addressed either one or the other.
Moreover, among visual actions, object-use actions (e.g., slicing
bread) have been investigated more extensively than communi-
cative acts (Kable et al., 2005; Chatterjee, 2008; Watson et al.,
2013; Weiner and Grill-Spector, 2013; Tarhan et al., 2015). In
previous studies that included language/speech and communica-
tive gestures in the same design, the analyses addressed the com-
monalities (Xu et al., 2009; Andric et al., 2013) as opposed to
defining the large-scale organization of categories of meaningful
signs. Here we performed a systematic analysis of the organiza-
tion of meanings in the MTG. We considered both the role of the
modality of the sign through which a meaning is conveyed (ver-
bal vs gestural), and the arbitrariness of the sign-meaning rela-
tionship, which, on a virtual continuum, places emblems closer
to words than pantomimes (McNeill, 2000). Our results showed
a structured organization along the posterior-to-anterior axis,
where posterior regions responded more strongly to meaningful
gestures (pantomimes, emblems) than words, and anterior re-
gions showed a stronger response to words than meaningful ges-

tures. In an intermediate region in the left hemisphere ( y
coordinate � ��30, BA21), we found a significantly higher
BOLD amplitude for words and emblems (i.e., stimuli with an
arbitrary sign-to-meaning mapping) compared with panto-
mimes. In the following, we will discuss these results in depth.

Meaningful and meaningless gestures
We found that the whole MTG responded more strongly to
meaningful than meaningless gestures, in keeping with a century
of research on the role of the temporal lobe in representation of
meanings (Wernicke, 1874; Geschwind, 1970; see also Kable et
al., 2002, 2005; Noppeney, 2008; Villarreal et al., 2008; Kalénine
et al., 2010; Whitney et al., 2011; Peelen et al., 2012; Visser et al.,
2012; Papeo and Lingnau, 2015; Papeo et al., 2015).

An intermediate region of the left MTG showed a significantly
stronger BOLD signal in response to emblems compared with
pantomimes. Relative to emblems, pantomimes evoked a stron-
ger BOLD signal in the right posterior MTG. Since pantomimes
implied only concrete meanings (object-use actions) while em-
blems included both concrete and more abstract meanings, we
asked whether the difference between the two was driven by a
difference in semantic abstractness/concreteness. An additional
analysis, in which we compared abstract and concrete words
along the MTG, ruled out this possibility: the effect of abstract-
ness/concreteness was only found in a small cluster outside the
regions that distinguished between pantomimes and emblems.
Another source of difference between pantomimes and emblems

Figure 5. Comparison of abstract and concrete words. A, Comparison of the BOLD amplitude for concrete and abstract verbs in the left (left) and right (right) hemisphere. B, Comparison of the
BOLD amplitude for concrete and abstract nouns in the left (left) and right (right) hemisphere. Gray bars represent clusters that survived corrections for multiple comparisons using TFCE (for details,
see Materials and Methods).
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is transitivity (i.e., the object-directedness of an action), a prop-
erty linked to posterior occipitotemporal activity (Wurm et al.,
2017). While transitivity could account for the higher response to
pantomimes than emblems in the right posterior MTG, it is less
likely to account for the higher response to emblems than panto-
mimes in the middle portion of the left MTG.

Both pantomimes and emblems are communicative gestures,
but, differently from pantomimes and similarly to words, em-
blems are characterized by an arbitrary relation between sign and
meaning. By virtue of such arbitrariness, it has been suggested
that emblems incorporate linguistic properties and are repre-
sented in a mental lexicon (McNeill, 2005). The abovementioned
left-lateralized difference between emblems and pantomimes
could reflect differences in the sign-to-meaning mapping, linked
to the arbitrariness of the relationship between the two. This
possibility is encouraged by the fact that, in the same MTG site,
neural activity was comparable for emblems and words (see
below).

Meaningful stimuli: pantomimes, emblems, and words
Moving along the posterior-to-anterior axis, the neural response
to pantomimes and emblems decreased, whereas the response to
words increased, with a slight decrease in the most anterior por-
tions, both in the left and right hemisphere (Fig. 4C). At an inter-
mediate location in the left MTG ( y � ��30), the activity for
words was stronger than for pantomimes, and comparable with
emblems. More anteriorly, words induced stronger activity rela-
tive to both emblems and pantomimes.

One might wonder whether, being in a territory that cares
about semantic content, the current anteroposterior organiza-
tion is driven by the meanings of stimuli, somehow confounded
with the modality (gestures or words). Pantomimes only implied
concrete object-use actions, whereas words and emblems carried
both concrete and abstract contents. If semantic distinctions,
coarsely captured by the concrete/abstract distinction, were the
only responsible of this organization, pantomimes should have
differed the most from the other stimulus groups. Instead, in the
largest part of the left MTG, activity for pantomimes and em-
blems was comparable, and different from activity for words.
Moreover, the effect of abstractedness/concreteness, tested
through the comparison between abstract versus concrete words,
was found in a circumscribed right anterior region. This may
account for the difference between pantomimes and emblems in
the right MTG (found posterior to this region), but not for the
relation between words and gestures in the whole bilateral MTG.
Semantic distinctions beyond the abstract-concrete one may
contribute to the organization of information in the MTG. A
growing corpus of studies is unraveling neural representational
spaces nestled in various sectors of the MTG, organized accord-
ing to various semantic or perceptual dimensions and/or types of
processes (Lingnau and Downing, 2015; Wurm et al., 2017).
These spaces could form a meso-organization within the large-
scale, macro-organization found here, symmetrically in both
hemispheres.

As argued for the organization of object representations in the
inferior temporal cortex (Mahon and Caramazza, 2011), the
functional organization of cortical areas might be driven by sys-
tematic differences in the underlying connectivity patterns.
Could a similar principle underlie the large-scale organization of
meaningful information that we obtained in the MTG? On this
hypothesis, more anterior portions of the MTG could show con-
nectivity profiles that are specific to the processing of communi-
cation via speech (e.g., auditory stimulation, phonemic and

phonological analysis), whereas more posterior portions might
show connectivity with areas involved in communication via ges-
tures (e.g., processing of kinematics). Support for this idea comes
from Turken and Dronkers (2011) who examined structural and
functional connectivity in healthy participants, in a number of
regions that had been shown to be critical for language compre-
hension in previous patient studies. Moving from posterior to
anterior sections of the MTG, both resting-state functional con-
nectivity analysis and diffusion tensor imaging-based connectiv-
ity revealed an increase in connectivity with frontal regions
(particularly with the perisyilvian territory encompassing the in-
ferior frontal gyrus) and a decrease in connectivity with superior
temporal and parietal regions. In summary, sections 1 and 4 of
the Turken and Dronkers (2011) dataset, corresponding to the
regions preferring words and gestures, respectively, in the current
study, were most dissimilar in terms of connectivity profile,
whereas sections 2 and 3, where we obtained similar responses to
emblems and words, showed intermediate connectivity profiles
incorporating those seen in segments 1 and 4.

Our results are also in line with an activation likelihood esti-
mation meta-analysis on the processing of action concepts (Wat-
son et al., 2013). This analysis revealed a consistent recruitment,
across studies, of the lateral occipital cortex for object-use actions
relative to words, and a consistent recruitment for action words
relatively to object-use actions in the middle portion of MTG.
The conjunction of object-use actions and action words revealed
the posterior MTG (anterior to the lateral occipital cortex and
posterior to the middle portion of the MTG). We emphasize that
modality effects in the MTG reflect fine-grained distinctions un-
derneath the general meaningful versus meaningless distinction.
Primarily, the MTG responds more strongly to meaningful com-
pared with meaningless stimuli; as such, it is a multimodal area
(Binder et al., 2009; Visser et al., 2012; Wurm and Caramazza,
2019).

In conclusion, our results contribute to clarify an architecture
with pantomimes, emblems, and words organized along a con-
tinuum of communicative signs that differ in terms of input mo-
dality (visual for pantomimes and emblems vs verbal-auditory
for words) and arbitrariness of the relationship between input
and meaning (lower for pantomimes, greater for emblems and
words). This architecture emerges from the organization of in-
formation in the MTG, where posterior regions represent ges-
tural signs (pantomimes, emblems), and anterior regions
represent verbal signs (words). An intermediate site along this
structure responds differently to words and emblems versus pan-
tomimes. This site might capture the difference in the sign-to-
meaning mapping, reflecting the arbitrariness of the relationship
between the two. In conclusion, our study shows that the MTG is
sensitive to the difference between meaningful and meaningless
stimuli and is characterized by an internal organization, where
pantomimes, emblems, and words are represented along a
posterior-to-anterior gradient. This gradient may reflect the sign-
to-meaning relationship of stimuli that is characterized by a grad-
ual decrease of concrete sensorimotor properties and an increase
of abstract linguistic properties.
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