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1. Introduction

Semantic cognition permits us to bring meaning to
our verbal and nonverbal experiences and to generate
context-and time-appropriatebehaviour [1,2]. It is core
to language and nonverbal skilled behaviours (e.g., us-
ing objects), and when impaired after brain damage,
it generates significant disability [3]. A fundamen-
tal neuroscience question, therefore, is how does the
brain code and generate semantic cognition? Historical
and some contemporary theories emphasise that con-
ceptualisation stems from the joint-action of modality-
specific association cortices (the “distributed” theo-
ry) [4,5] reflecting our accumulated verbal, motor and
sensory experiences. Parallel studies of semantic de-
mentia, rTMS in normal participants and neuroimag-
ing indicate that the anterior temporal lobe (ATL) plays
a crucial and necessary role in conceptualisation by
merging experience into an amodal semantic represen-
tation [1,2,6–8].

To date, studies have focussed on the contribution of
either modality-specific association regions or the ATL
to semantic memory. In this rTMS investigation, we
tested the differential contribution of both regions for
the first time. Like neuropsychological studies, rTMS
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can be used to test the necessity of regions for cognitive
function. It has the additional, unique benefit that the
functional contribution of multiple regions can be suc-
cessively compared within the same participants. We
used this approach to delineate between three different
hypotheses: (a)distributed-only– concepts reflect the
conjoint action of modality-specific areas alone without
the ATL; (b) hub-only– in which concepts are formed
within the ATL and modality-specific regions only pro-
vide sensorimotor input/output gateways rather than
making a necessary contribution to conceptualisation;
(c)hub-and-spoke– in which modality-specific regions
provide the basic sensory, motor and verbal ingredi-
ents whilst the ATL hub supports an additional amodal
representation which codes the pan-modal, deep statis-
tical structure and thus generates a high-dimensional,
modality-independent similarity matrix [1,8]. Under
this latter account, both the ATL “hub” and modality-
specific “spokes” provide necessary and important con-
tributions to conceptualisation.

We adjudicated between these competing theories by
investigating category-specific impairments. To date,
these have only ever been observed clinically; some
patients present with relatively greater problems for
one domain than another (e.g., poorer performance for
animals than manmade items) [9,10]. The feature-
weighting hypothesis [9] proposes that categories are
reliant on different sources of information, coded by
modality-specific regions. This provides a method
for testing the different theories of conceptualisation.
Specifically, we compared the effect of stimulating the
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Fig. 1. The effect of rTMS stimulation on naming.

ATL and IPL in normal participants (by applying rTMS
off-line for 10 min at 1-Hz (600 s at 120% motor thresh-
old level) over left ATL (−53, 4,−32), left IPL (−49,
−44, 48) and occipital pole (Oz) prior to naming pic-
tures and number. If the ATL is involved in seman-
tic memory, as proposed, then rTMS should generate
a category-general effect. If the IPL spoke is impli-
cated then stimulation should impact on semantic per-
formance but only for concepts that rely on praxis in-
formation – i.e., manipulable manmade objects. Thus
stimulation at this site should induce a category-specific
impairment which, as far as we are aware, has never
been demonstrated before in neurologically-intact par-
ticipants.

ATL stimulation generated a selective slowing of ba-
sic level naming [t(8)= −3.3, p < 0.05] but had no
impact on number naming, adding to previous evidence
for the involvement of the ATL in semantic process-
ing [6]. Stimulation of the occipital control site had no
impact on either task, indicating no generalised, non-
specific effect of rTMS (see Fig. 1a).

To examine emerging category effects from original
200 items we created two lists of living and non-living
items matched for familiarity, frequency and visual
complexity. Each stimulation site produced significant-

ly different effects on the two categories. There was
a category-general effect for ATL stimulation [naming
times slowed for living t(8)= 2.391,p < 0.05] and
nonliving items [t(8)= 2.394,p < 0.05]. In contrast,
left IPL stimulation only slowed responses for nonliv-
ing items [t(8)= 3.1, p < 0.05]. Again there was
no effect after rTMS to the occipital control site (see
Fig. 1b).

To confirm that the IPL category effect reflected
the coding of praxis information, we compared the ef-
fect of rTMS to two matched sets of manipulable vs.
non-manipulable manmade items. The same pattern
emerged across the three sites: ATL stimulation slowed
both sets of manmade items [low manipulable (t(8)
= 2.34, p < 0.05) and high manipulable items (t(8)
= 2.31, p < 0.05)]. Crucially, left IPL stimulation
slowed responses for high manipulable items only [t(8)
= −4.21,p < 0.05]. In addition, TMS delivered to
the occipital control site had no significant effects on
naming times (see Fig. 1c).

In summary, through the use of rTMS in normal
participants, we have been able to demonstrate two
contrasting effects. Stimulation of the ATL leads to
a generalised slowing of semantic processing across
all types of concept (living, manipulable objects and
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non-manipulable items). This is in keeping with the
category-general effects observed in semantic demen-
tia [1–3]. In contrast, stimulation to the IPL generates
a category-specific pattern reflective of the praxis in-
formation coded in this neural region. As far as we
are aware, this is the first time that a category-specific
deficit has been generated in normal participants.

In conclusion, the findings of this study fit squarely
with thehub-and-spokemodel of semantic memoryand
rule out the other models. Both the ATL amodal hub
and the modality-specific association “spokes” con-
tribute to semantic representations. Because the ATL
hub is involved in the translation and deeper encoding
of pan-modal information sources, the representations
become modality-invariant [1,2,9] and thus they are in-
volved in conceptualisation for all types of category.
In contrast, modality-specific sources of information
only contribute to the subset of concepts that are expe-
rienced in that modality. Unlike of modality-specific
areas, IPL is an ideal test-bed for this given that there is
an almost binary division of praxis experience between
manipulable objects and other concepts.
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