
Neuropsychologia 76 (2015) 163–169
Contents lists available at ScienceDirect
Neuropsychologia
http://d
0028-39

n Corr
rologia
00179 R

E-m
journal homepage: www.elsevier.com/locate/neuropsychologia
Role of the anterior temporal lobes in semantic representations:
Paradoxical results of a cTBS study

Sonia Bonnì a,n, Giacomo Koch a,b, Carlo Miniussi c,d, Mario Stampanoni Bassi e,
Carlo Caltagirone a,b, Guido Gainotti a,f

a Non-invasive Brain Stimulation Unit, Santa Lucia Foundation IRCCS, Rome, Italy
b Department of Neuroscience, “Tor Vergata” University, Rome, Italy
c Cognitive Neuroscience Section, IRCCS Centro San Giovanni di Dio Fatebenefratelli, Brescia, Italy
d Neuroscience Section, Department of Clinical and Experimental Sciences, University of Brescia, Italy
e Department of Neurology, “Tor Vergata” University, Rome, Italy
f Center for Neuropsychological Research, Institute of Neurology, Catholic University of Rome, Rome, Italy
a r t i c l e i n f o

Article history:
Received 30 June 2014
Received in revised form
31 October 2014
Accepted 3 November 2014
Available online 8 November 2014

Keywords:
‘Semantic Hub’ model
Continuous theta burst stimulation
Virtual lesion account
Right and left anterior temporal lobes
Lexical-semantic and pictorial
representations.
x.doi.org/10.1016/j.neuropsychologia.2014.11.0
32/& 2014 Elsevier Ltd. All rights reserved.

espondence to: Non-invasive Brain Stimulati
Clinica e Comportamentale, IRCCS Fondazion
ome, Italy.
ail address: s.bonni@hsantalucia.it (S. Bonnì).
a b s t r a c t

According to the ‘Semantic Hub’ model, which was developed from data gathered in the moderate to
advanced stages of semantic dementia (SD), a unitary amodal mechanism, located in the anterior parts of
both temporal lobes (ATLs), should support the interactive activation of semantic representations in all
modalities and for all semantic categories. This model has been challenged by clinical findings, which
show that in the early stages of SD, when important asymmetries can be observed at the level of the right
and left ATLs, the semantic impairment can be modality-specific, mainly affecting lexical-semantic
knowledge when the left temporal lobe is more atrophic and pictorial representations when atrophy
prevails on the right side. On the other hand, findings of experiments conducted in normal subjects with
repetitive transcranial magnetic stimulations (rTMS), support the unitary model. In the most compelling
of these studies, rTMS was used to investigate the role of right and left ATLs directly, by comparing
semantic processing of the same concepts, presented as written words or pictures. The efficiency of
semantic processing for words and pictures was reduced to the same degree by rTMS applied to the left
and right ATLs. However, to consider more in depth some methodological inconsistencies of these studies
and with the aim of discussing the effects of rTMS on high-level cognitive functions, we decided to repeat
that experimental paradigm, using the continuous theta burst stimulation (cTBS) protocol over the right
ATL, left ATL and vertex (as control site). A significant interaction was found between side of cTBS ap-
plication and type of stimulus, but, contrary to our predictions, we observed significantly faster (rather
than slower) responses to pictures after application of cTBS to the right ATL and no difference between
responses to written words after application of cTBS to the left ATL in comparison with the vertex. These
unexpected results are discussed with respect to the nature of the semantic representations supported
by the right and left ATLs and to re-appraisal of the ‘virtual lesion’ account to explain results obtained
with rTMS experiments on high-level cognitive functions.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Patterson et al. (2007) and Lambon-Ralph and Patterson (2008)
proposed the existence of a mechanism (i.e., the ‘Semantic Hub’) in
the anterior parts of both temporal lobes (ATLs), which supports
the interactive activation of semantic representations in all mod-
alities and for all semantic categories. This model was suggested
02
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by the fact that the bilateral degeneration of the inferior and lat-
eral parts of the ATLs, usually observed in the moderate to ad-
vanced stages of semantic dementia (SD), leads to a selective,
cross-modal and widespread semantic impairment. This impair-
ment can be observed in a context of intact day-to-day memory,
perceptual and spatial abilities and (in the language domain)
syntactic and phonological processing. According to Patterson
et al. (2007) and Lambon-Ralph and Patterson (2008), the ‘Se-
mantic Hub’ should contain abstract and amodal semantic re-
presentations, because ‘the range of concepts over which a com-
ponent of knowledge should be generalized requires (amodal)
representations that abstract away from surface similarities’
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(Lambon-Ralph and Patterson, 2008). However, at variance with
this assumption, some data suggest that in the early stages of SD,
when important asymmetries can be observed at the level of the
right and left ATLs, the semantic impairment can be modality-
specific. In these cases, it mainly affects lexical-semantic knowl-
edge when the left temporal lobe is more atrophic and pictorial
representations when atrophy prevails on the right side. Indeed, it
is worth noting that the first case of SD reported by the Cambridge
group (Hodges et al., 1992) concerned a patient (FM), who showed
a purely verbal disorder, namely a severe anomia and a mild lex-
ical comprehension impairment in the absence of non-verbal se-
mantic disorders, which was associated with infero-lateral atrophy
of the left temporal lobe. Subsequently, this patient revealed a
pattern characterized by a progressive, selective defect in word
finding, without relevant verbal or non-verbal semantic disorders,
which was labelled ‘progressive pure anomia’ by Graham et al.
(1995). Some years later, Lambon Ralph et al. (2001) gathered
longitudinal data in 16 patients with SD, to determine whether the
enduring discrepancy between severity of anomia and semantic
disorders shown by patient FM was exceptional or could be ob-
served in other SD patients. Results of this study confirmed that
two different patterns of disease progression can be observed in
SD patients: the first is characterized by a parallel decline in
naming and semantic–lexical comprehension, whereas the second
is characterized by a progressive anomia, without a commensurate
decline in semantic-lexical comprehension. Furthermore, several
authors (e.g., Antonucci et al., 2008; Mesulam et al., 2013) con-
firmed that in patients with inferior temporal lobe lesions the
degree of disparity between severity of anomia and the semantic-
lexical comprehension impairment is associated with that of the
asymmetry in the laterality of lesions. The reverse pattern of im-
pairment, namely an association between a prevalent disruption of
non-verbal representations and a greater atrophy of the right ATL
has also been described by several authors. Thus, Gorno-Tempini
et al. (2004) reported a detailed assessment of a case (JT) of right
temporal lobe variant of fronto temporal dementia. In addition to
early and prominent behavioural changes, JT showed a dis-
proportionate impairment on the pictures (in comparison with the
words) version of the ‘Pyramids and Palm Trees’ (PPT) test (Ho-
ward and Patterson, 1992), which measures semantic association
and involves matching either words or pictures based on semantic
relatedness. Results consistent with the assumption that the se-
mantic impairment mainly affects lexical-semantic knowledge
when the left temporal lobe is more atrophic and pictorial re-
presentations when atrophy prevails on the right side have also
been reported in group studies by Snowden et al. (2004, 2012).
These authors administered tests of famous faces and names and
the verbal and pictorial versions of the PPT test to SD patients,
whose ATL atrophy was more severe on the left or on the right
side. They found that subjects with a predominance of left ATL
atrophy (a) identified famous people better from faces than from
names, and (b) obtained better results on the pictorial than on the
verbal version of the PPT test; by contrast, patients with more
severe right ATL atrophy showed the opposite pattern of results. In
addition to studies that assessed the neural correlates of verbal
and nonverbal semantic processing deficits in patients with right
and left ATL atrophy, the findings of some functional neuroimaging
investigations (reviewed by Gainotti, 2011, 2012) also provided
support for the hypothesis which assumes that conceptual re-
presentations can be stored in a partly different (mainly verbal and
mainly non-verbal) format in the left and right ATL. The me-
chanisms through which conceptual representations could be
preferentially stored in a verbal format in the left ATL and in a
sensori-motor (pictorial) format in the right ATL are only hy-
pothetical, It is possible, however, that each ATL constitutes the
top of a series of hierarchically organized ‘convergence zones’
(Damasio, 1989, 1990), where the various attributes of a concept
are linked. In this case, the prevalence of non-verbal representa-
tions at the level of the right ATL might reflect the greater role of
sensory-motor forms of knowledge in the right hemisphere, just as
the prevalence of verbally coded representations in the left ATL
might reflect the leading role of language in the left hemisphere.
In contrast with the above mentioned clinical and experimental
results, a series of experiments conducted in normal subjects by
Pobric et al. (2007, 2010a, 2010b, 2009) and Lambon-Ralph et al.
(2009) using repetitive transcranial magnetic stimulations (rTMS)
support the hypothesis which assumes that the same abstract and
amodal representations are equally subsumed by both the left and
the right ATLs. In the most compelling of these studies, Pobric et al.
(2010a) used rTMS to investigate the role of right and left ATLs
directly, by comparing semantic processing for the same concepts,
presented as written words or pictures, with the processing of
purely perceptual (scrambled) stimuli. The efficiency of semantic
processing for words and pictures was reduced to the same degree
by rTMS applied to the left and the right ATLs, but the purely
perceptual task was unaffected. Even if the authors considered
their results as contrasting with the idea of two differentially
specialised semantic hubs in the left and right ATL, they did not
conclude that there are no subtle, graded differences in processing
across the two hemispheres, but only that both hemispheres are
involved in both word and picture versions of the task. The au-
thors also commented that it was possible that stimulating the left
ATL could have induced inhibition or alternatively compensatory
excitation in the contralateral side (right ATL), but that, in any case,
by stimulating both sites they had confirmed that both the left and
the right ATL are part of the functional network which supports
semantic cognition. Turning to the methodological aspects of the
experiment, it is worth noting that a middle occipital stimulation
site (occipital pole) was also employed as a site of control for
possible non-specific visual effects. The occipital site (Oz) had al-
ready been used as a control site in previous TMS studies on se-
mantics by Knecht et al. (2002) and by Fuggetta et al. (2009) but,
in Pobric et al.'s (2010a) study, responses were faster after rTMS
application over the occipital pole, in contrast with the delayed
processing of pictures and words caused by stimulation of the
right and left ATLs. Therefore we decided not to use the occipital
pole to avoid any possible indirect influence on the task. The ob-
servation of faster responses after rTMS in a control site is not
surprising, because in a pilot study the authors had found that
rTMS was highly alerting for participants irrespective of site of
stimulation and might, therefore, produce a non-specific speeding
of reaction times (RT) on all tasks. What is surprising, however, is
the observation that a stimulation, which in the past was defined
as a ‘virtual lesion’ of the occipital pole, produced faster responses
to all sorts of visual stimuli. Thus, it seems logical to expect dis-
sociations between the impairment of all kinds of visual stimuli
after rTMS application over the primary visual areas and selective
impairment of written words and pictures after stimulation of the
right and left ATLs. It is less easy to explain why stimulation of the
primary visual areas speeds up the processing of all kinds of visual
stimuli, whereas similar stimulation of the right and left ATLs
delays the processing of written words and pictures. Although the
‘virtual lesion’ account of results obtained with rTMS experiments
has been useful to interpret the behavioural effects of non invasive
brain stimulation, several TMS studies have also shown improved
cognitive performance (for a review see Vallar and Bolognini,
2011) and have suggested new theoretical frameworks to better
understand the TMS effects on cognitive tasks (Miniussi et al.,
2010; Miniussi et al., 2013).

In light of these controversial issues, we investigated the spe-
cific involvement of the ATLs in semantic representation in a
sample of healthy subjects, by using continuous theta burst
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stimulation (cTBS). We employed a modified version of Pobric et
al.'s (2010a) experimental procedure, which consisted of using the
cTBS, known for its ‘inhibitory’ long-lasting effects, instead of low
frequency rTMS. Given that rTMS of the ATL can be annoying to
the subject, as it induces muscle activation, we decided to use a
protocol that lasted just 20 s and with stimulation intensity well
under the threshold, to avoid possible confounds not related to the
experimental variables. The cTBS protocol has been shown to re-
sult in a pronounced and prolonged significant effect that may
even last more than thirty minutes (e.g., Huang et al., 2005; Tar-
nutzer et al., 2013; Bruckner et al., 2013). Moreover the vertex,
instead of the occipital pole was used as control site as in many
previous studies (for review see Sandrini et al., 2011).

Since we adopted the vertex (and not the occipital pole) as the
control site it was unnecessary to predict a dissociation between
the impairment of all kinds of visual stimuli after cTBS of the
primary visual area and selective impairment of writtenwords and
pictures after cTBS of the right and left ATLs; indeed we could
simply compare the effects of the cTBS applied over the right and
left ATLs on the semantic processing of words and pictures re-
presenting the same concepts. We deemed that the use of a con-
trol site made it unnecessary to use a baseline measurement, also
because in a cognitive task the comparison between results ob-
tained at the baseline and after TMS is influenced by practice ef-
fects. To rule out the influence of this confounding factor, in the
rTMS studies conducted by Pobric et al. (2007, 2009, 2010a,
2010b), and by Lambon-Ralph et al. (2009), half of the participants
produced their “baseline”, before rTMS was applied, and the other
half after the end of rTMS. This procedure, however, can correct for
the influence of practice effects at the group level, but not at the
individual level; therefore, we did not use it in our experiment. We
predicted that, if the same abstract and amodal representations
are equally subsumed by both the left and the right ATLs, then the
efficiency of semantic processing for words and pictures should be
equally modulated by cTBS applied to these cortical areas, but not
to the vertex. If, on the other hand, the left ATL mainly subsumes
verbal representations and the right ATL non-verbal representa-
tions, then an interaction between side of cTBS application and the
verbal or non-verbal nature of the material to be processed should
be found. In particular, the semantic processing of words should be
preferentially modulated by cTBS applied over the left ATL and the
efficiency of semantic processing of pictures should be mainly al-
tered by cTBS applied over the right ATL.
2. Material and methods

2.1. Participants

Eighteen right-handed participants (10 females and 8 males;
mean age¼24.9 years, SD¼2.5) took part in the experiment. The
presence of major systemic and neurological illnesses was ex-
cluded in all of them. All had normal or corrected-to-normal vi-
sion. All subjects gave their informed consent to participate in the
study. The experimental procedures were approved by the Ethics
Committee of Santa Lucia Foundation (Rome, Italy).

2.2. Stimuli

Ninety line drawings were chosen by combining the PPT (Ho-
ward and Patterson, 1992) and an abridged version of the Camel
and Cactus Test (CCT) (Bozeat et al., 2000) stimuli. As Pobric et al.
(2010a) we modified the CCT reducing the number of choice items
to two (instead of four same category items). Both picture and
word versions of the tests were used. The selected pictures and
words were divided in three sets of thirty stimuli and were
presented outlined in black. Furthermore, in order to avoid that
perceptual, rather than properly semantic factors influenced re-
sults obtained on the pictorial task, we preferentially included
items related by contextual or thematic associations and excluded
items belonging to the same class. In every experimental condition
the stimuli presented in words were different from the stimuli
presented in pictures. The set of stimuli (words or pictures) and
the site of stimulation (rATL; lATL, vertex) were assigned to sub-
jects randomly.

2.3. TMS

A Magstim Super Rapid magnetic stimulator (Magstim Com-
pany) connected with a figure-of-eight coil with a 70-mm dia-
meter was used to deliver cTBS (Huang et al., 2005). Three-pulse
bursts at 50 Hz repeated every 200 ms were delivered at 80% of
the active motor threshold (AMT) for 20 s over right ATL, left ATL
or vertex (300 pulses) as reported in Fig. 1B. The effect of cTBS
with these stimulation frequency, intensity and duration last more
than 15 min (e.g., Huang et al., 2005). It should be reported that,
while all previous experiments that used cTBS found significant
inhibitory effects using as stimulation intensity 80% (e.g., Huang
et al., 2005; Nyffeler et al., 2006; Franca et al., 2006; Van Nuenen
et al., 2012; Tarnutzer et al., 2013) or 70% (Goldsworthy et al.,
2013) of AMT, Bruckner et al. (2013) found that reaction times
were not influenced by cTBS applied with 80% MT, but slowed only
with 90%. Accepted recommendations for the use and safety of
non-invasive brain stimulation were applied (Rossi et al., 2009).
AMT was tested over the motor cortex of the corresponding
hemisphere for right and left ATL sites, respectively. Electromyo-
graphic traces were recorded from the first dorsal interosseous
muscle of the contralateral hand using 9-mm diameter Ag–AgCl
surface cup electrodes. The active electrode was placed over the
muscle belly and the reference electrode over the metacarpo-
phalangeal joint of the index finger. Responses were amplified
with a Digitimer D360 amplifier (Digitimer Ltd) through filters set
at 20 Hz and 2 kHz with a sampling rate of 5 kHz and then were
recorded by a computer using SIGNAL software (Cambridge Elec-
tronic Devices). We adopted a neuronavigation system (SofTaxic;
EMS) to position the coil precisely over the stimulation sites, using
individual anatomical magnetic resonance images (MRI) at 3.0 T
(Siemens Magnetom Allegra; Siemens medical solution) as illus-
trate in Fig. 1A. Subjects were administered the semantic task in
three different experimental conditions after cTBS (i.e., off-line
protocol): over the left ATL (lATL) (MNI coordinates: x¼�53;
y¼þ4z¼�32); or over the right ATL (rATL) (MNI coordinates:
x¼þ53; y¼þ4z¼þ32) (Lambon-Ralph et al. 2009); or over the
vertex (corresponding to the Cz position of the international
electroencephalography 10–20 system) used as control site. Using
a site that is not involved in the task as control condition we made
sure to reproduce, in the control condition, all unspecific effects
that can be induced by the cTBS protocol used in this experimental
design. The coil was securely held against the left/right temple,
centred over the site to be stimulated. We manipulated coil or-
ientation (a major factor in the nature of the contraction of facial/
neck muscles) to find an orientation that minimized the dis-
comfort to a subjective equivalent to that of the stimulation over
other sites. After a training phase, in which subjects were in-
structed about the cTBS protocol and trained to perform the ex-
perimental procedure, they were administered cTBS over the tar-
get site and then performed the experimental task. The experi-
mental procedure took less than 15 min to be performed. The cTBS
conditions were performed in three different sessions, with an
intersession interval of at least three days. The order of the con-
ditions was randomized across subjects. The procedure was well
tolerated by all subjects.
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Fig. 1. Experimental design. (A) The positioning of the TMS coil on the head of each experimental subject was guided by MRI-based target area selection on an individual
basis. As an example, we show the head of one of the experimental subjects, reconstructed from the structural image, with sections through the skull (sagittal, coronal and
axial) in correspondence of the target regions (left or right anterior temporal lobe). (B) Schematic representation of the coil location (upper part) and the pattern for the
continuous theta burst stimulation (lower part). (C) Schematic representation of two trials of the semantic association task.
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2.4. Semantic association task

Participants were tested in a quiet room. They sat comfortably
on an armchair at a distance of about 80 cm from a computer
screen; the center was aligned with the subject's eyes. In the
training phase 10 pictures, not used in the experimental phase
were presented to instruct the subjects on the task. During the
experimental phase, participants were shown a picture or a writ-
ten word, with two choice pictures or words below. Stimuli (pic-
tures, or words) were presented until response, followed by a
500 ms period in which a fixation point was shown on the screen.
The sequence of the stimuli was randomly assigned for each
subject. The task was simply to indicate which of the two choice
stimuli was more closely related to the target item, shown at the
top of the screen (Fig. 1C). Subjects were asked to press as quickly
as possible one of two response buttons of the keyboard that
corresponded to the location of their selected item (left stimu-
lus� left button or right stimulus� right button). In a single ex-
perimental session, participants saw sets of 30 pictures triplets or
30 words triplets. Order sites stimulation and order list were
counterbalanced across experimental condition. RTs and accuracy
(percentage of correct response) measurements were recorded
using the Psyscope software on a PC (Fig. 1).
3. Results

3.1. Results obtained in the whole experimental sample

Subjects’ accuracy and RTs on the semantic association task,
were evaluated by means of two-way ANOVAs for repeated mea-
sures with Task (words semantic association vs. picture semantic
association) and Stimulation Site (lATL vs. rATL vs. vertex) as within
factors. When a statistically significant effect was observed, Bon-
ferroni's tests were used for post-hoc analyses. The threshold of
significance was set at po0.05.

There were not significant main effects of Task [F(1,17)¼0.76,
p¼0.39] or Stimulation Site [F(2,34)¼0.67, p¼0.5] and there was



Fig. 2. Behavioural results: The graph shows the reaction times for picture and
word after continuous theta burst stimulation delivered over left anterior temporal
lobe (lATL), vertex, or right anterior temporal lobe (rATL). Error bars indicate the
mean error standards. np o0.05.
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no significant interaction [F(2,34)¼0.58, p¼0.56] on the accuracy.
Accuracy score (%) were: lATL (86.778.7), vertex (87.475.3), rATL
(87.2 75.7) for the word task; lATL (87.977.2), vertex (85.775.9),
rATL (87.975.5) for the pictorial task.

There was a significant Task effect [F(1,17)¼7.7587, p¼0.01]
and a significant interaction Task x Stimulation Site [F(2,34)¼9.18,
p¼0.0006 ] on RTs but we did not observe a significant Stimulation
Site effect [F(2,34)¼1.06, p¼0.35]. Post hoc comparison revealed a
decrease of RT after stimulation of the rATL when compared to
stimulation of vertex specifically during semantic processing of
pictorial material (po0.05). Fig. 2 shows the effects of cTBS de-
livered over lATL, rATL, or vertex on RTs.

3.2. Results obtained on RTs by individual participants

To evaluate how consistent the patterns obtained with word
and pictures were in individual participants in the verbal and
pictorial task, we calculated the algebraic differences between RTs
obtained in the verbal and pictorial task after stimulation re-
spectively of the lATL and rATL vs. vertex for each subject. Data
reported in Fig. 3A show that the individual RTs for words after
lATL stimulation compared to Vertex stimulation were hetero-
geneous. The number of subjects who presented RTs for words
Fig. 3. The graphs show the individual RTs patterns respectively on the verbal task
comparison to Vertex stimulation. The individual RTs patterns on the verbal task are
homogeneous: 14/18 subjects present RTs for pictures shorter after rATL stimulation.
respectively faster or slower after rATL than vertex stimulation was
the same (N¼9/18). On the contrary, the data reported in Fig. 3B
show that the individual RTs for pictures after stimulation of the
rATL follow a consistent and homogenous pattern. In 14 out of 18
subjects RTs for pictures were faster after rATL than vertex sti-
mulation, whereas only one subject showed RTs for picture clearly
longer after rATL than vertex stimulation.
4. Discussion

The aim of the present research was to try to clarify some
discrepancies between: (a) results obtained by clinical and ex-
perimental investigations in patients in the early stages of SD and
by some functional neuroimaging studies that assessed the neural
correlates of verbal and nonverbal semantic processing and
(b) results of rTMS experiments conducted on the right and left
ATLs in normal subjects. The former results suggested that con-
ceptual representations might be stored in a different (verbal and
non-verbal) format in the left and right ATL, whereas the latter
supported the hypothesis that the same amodal representations
might be equally subsumed by both left and right ATLs. To clarify
this issue, we conducted a TMS experiment similar to that per-
formed by Pobric et al. (2010a) to directly investigate the role of
right and left ATLs, by comparing semantic processing for the same
concepts, presented in written words or pictures. However, we
used a different TMS protocol i.e., cTBS and as control site we
stimulated the vertex, instead of the occipital pole. Our predic-
tions, were the following: (a) if the same amodal representations
are subsumed equally by both the left and the right ATLs and the
‘virtual lesion’ account of the effect of cTBS stimulation is correct,
than the efficiency of semantic processing for words and pictures
should be reduced equally by cTBS applied to these cortical areas,
but not to the vertex; (b) if, on the contrary, conceptual re-
presentations are stored in a verbal format in the left ATL and in a
sensori-motor (pictorial) format in the right ATL, we should ob-
serve a greater impairment in the processing of words after a
‘virtual lesion’ of the left ATL and in the processing of pictures after
a ‘virtual lesion’ of the right ATL. Our results were at variance with
both predictions. But, in partial agreement with the second one, a
(A) after lATL stimulation and on the pictorial task (B) after rATL stimulation in
heterogeneous. On the contrary the individual RTs patterns on pictorial task are
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significant interaction was found between side of cTBS application
and type of stimulus. This interaction suggests that different re-
presentations are stored in the right and left ATLs and that only
some of these representations are influenced by cTBS application.
However, contrary to our predictions and to the construct of the
‘virtual lesion’ used by Pobric et al. (2010a), we observed sig-
nificantly faster (rather than slower) responses to pictures after
application of cTBS to the right ATL, in comparison with the vertex
and no difference between responses to written words after ap-
plication of cTBS to the left ATL in comparison with the vertex.
Both of these results were confirmed by an analysis of individual
subjects RTs to pictures and written words. We found faster re-
sponses to pictures after cTBS application to the right ATL, with
respect to the vertex in 14 out of 18 participants, whereas only in
one subject RTs for pictures were clearly longer after rATL than
vertex stimulation. On the other hand, RTs to written words were
not influenced by the site (left ATL or vertex) of the cTBS appli-
cation, because 9 subjects showed faster responses and 9 slower
responses to words after cTBS application to the left ATL, with
respect to the vertex. These unexpected results were, therefore,
obtained both at the group level and at the level of individual
subjects. It should be acknowledged that, since the scalp sensa-
tions at ATL are more intense than they are at vertex, the control
site alone did not amend all the possible consequences of the in-
ability to assess non-specific facilitation following ATL stimulation.
For example, global facilitation combined with some mild in-
hibitory TMS effect in left ATL might result in an apparently spe-
cific facilitation at right ATL. Nevertheless this is not the first time
that behavioural facilitation by “physiologically inhibitory proto-
cols” has been found in language-related tasks (for a review see
Vallar and Bolognini (2011)). These unexpected results can be
explained in a more complex theoretical framework that goes
beyond the ‘virtual lesion’ account and dissociates the language of
physiological effects from those of behavioural effects. The use of
an inhibitory TMS protocol as a virtual lesion tool has never pro-
duced a clear deficit in subject's performance, like that found in
patients. In high-level functions, the inhibitory TMS protocol does
not necessarily cause a disruption nor does the excitatory TMS
protocol facilitate performance. Types of effects are often related
to modified timing in task execution and, if a subject's perfor-
mance declines, it can be explained by the level of complexity of
the processing needed to solve the task. The results should be
explained by considering the state of this area (Siebner et al.,
2009; Silvanto and Pascual-Leone, 2008) after stimulation, and the
relation between signal and noise (Miniussi et al., 2013). Repetitive
stimulation is also characterized by a train of pulses whose length
is dictated by frequency; therefore, such stimulation might influ-
ence neural synchronization in the cortical area involved in the
execution of the task (Pasley et al., 2009; Thut and Miniussi, 2009).
It can also be presumed that TMS modifies (by means of inter-
connections), the inhibition of the stimulated site on another site
belonging to the cortical network of the investigated cognitive
function, resulting in behavioural improvement. This interpreta-
tion is consistent with Pobric et al. (2010a) observation that an
rTMS application to the occipital pole produced faster responses to
all sorts of visual stimuli.

These findings suggest that TMS-induced effects are sensitive
to subtle changes in the cortical state of the stimulated area
(Siebner et al., 2009) and to the level of task difficulty (Miniussi
et al., 2013). Indeed, changes in hyperpolarization alter the sen-
sitivity of the entire system, thus including its response threshold,
but these changes are ultimately expressed in subject's perfor-
mance. cTBS of ATL induce a reduction in cortical excitability,
which is critical for the final effects on task execution and can be
translated as a reduced firing of all stimulated neurons. Never-
theless during task execution neurons that are not specific to the
task execution (i.e. those that are not task related, and that pro-
duce noise during task execution) will be more affected because
they are less likely to be activated by the task demands. In short,
cells that fire less are more affected by cTBS, and therefore their
interference with task execution is reduced. This creates a contrast
in the neural signal that results in an increased signal-to-noise
ratio, leading to faster responses.

In our ANOVA we found a significant task effect on RTs with
shorter RTs to pictures and longer RTs to written words. Even if the
mechanisms involved in reading words are still controversial and
range from ‘word shape’ to ‘serial letter recognition’ or ‘parallel
letter recognition’ (see Larson (2004) for discussion), all authors
agree that that shorter words are recognized faster than longer
words. Thus, the presence of rather long words could explain why
picture recognition was faster than word recognition in our ex-
periment. Two interpretations, related to this difference, can be
advanced to explain the dissociation between the effects of cTBS
on pictorial and verbal representations. The first interpretation is
that, if the critical process which is affected by TMS occurs very
early after stimulus presentation, only the faster (pictorial) task
will reveal an effect, because the TMS protocol covers all of the
important processing stages, but fails to cover all processes in the
slower (written words) task. This interpretation is rather unlikely,
given that the effect of cTBS is the same over the two ATLs and that
this effect is an offline and not an online effect (that might have a
different duration within trials). It is, therefore, impossible that the
TMS protocol covers all of the important processing stages for
pictures, but not for the (slower) written words task. The second
interpretation is that a direct pictorial representation of the ex-
ternal world is more sensitive to these subtle modifications in-
duced by cTBS than an indirect verbal and arbitrary representation
of the same reality. This could be particularly true for context-re-
lated pictorial stimuli, such as those preferentially included in our
research, in which stimulus and target are immediately visually
related. Admittedly this interpretation is purely speculative and is
advanced only to explain the dissociation observed in our study
between the positive modifications induced in the processing of
pictures by the application of cTBS over the right ATL and the lack
of modifications in the processing of written words induced by
application of cTBS over the left ATL.

Perhaps, the use of a visual control task would have confirmed
whether the facilitation was specifically nsemanticn in nature. But
when the experiment was planned we did not suspect that results
of the theta burst TMS would affect only pictorial representations.
We were, therefore, worried that the (verbal or visual) nature of a
possible control task would influence the outcome of the TMS
experiment. Furthermore, in order to avoid that perceptual, rather
than properly semantic factors influenced results obtained on the
pictorial task, we had preferentially included in our study items
related by contextual or thematic associations, trying to exclude
items belonging to the same class and this reinforces the hy-
pothesis that the facilitation was specifically nsemanticn in nature.

Although our results are complex and partly inconsistent, they
provide partial support for the hypothesis that conceptual re-
presentations are stored in a different (verbal and non-verbal)
format in the left and right ATLs. Future research with on-line non-
invasive brain stimulation tools, such as transcranial direct current
stimulation, may allow for a more thorough investigation of the
role of ATLs in ongoing cognitive semantic process.
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