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Semantic knowledge plays a crucial role
in guiding our everyday actions and lies
at the heart of human communication.
The availability of modern neuroimag-
ing techniques has resulted in a vast
number of studies that have advanced
our understanding of different aspects
of semantic processing. Whereas there is
a general consensus that semantic cog-
nition is supported by a distributed neu-
ral network, the specific contributions
of various brain regions and circuits
remain controversial (Hoffman et al.,
2015). Among the brain regions thought
to engage in semantic processing, vari-
ous parts of the left anterior temporal
lobe (ATL), posterior middle temporal
gyrus (pMTG), and angular gyrus (AG)
have emerged as candidates for higher-
order convergence zones or network
hubs (Patterson et al., 2007; Binder and
Desai, 2011). Attempts to characterize
the role(s) of these regions have sparked
lively debates and led to different mod-
els of the semantic network.

Although there is general agreement
that the ATL is engaged in the representa-
tion of taxonomic associations (relation-
ships based on features and hierarchically

organized: eg, bulldog, boxer, and corgi
are members of the superordinate cate-
gory “dogs”), the role of temporoparietal
areas, such as the AG and pMTG, is still
under debate. According to one view, the
AG (and potentially the pMTG) is
complementing the ATL by capturing
thematic associations between concepts
(relationships based on a given theme: eg,
wolf, sheep, and shepherd are part of a
sheep farm; Schwartz et al., 2011; de Zu-
bicaray et al., 2013). This view is moti-
vated by lesion studies which demonstrate
that patients with ATL lesions make more
taxonomic errors, whereas patients with
temporoparietal lesions make more the-
matic errors (Schwartz et al., 2011). An
alternative view argues for distinct roles of
AG and pMTG in automatic and con-
trolled semantic retrieval processes, re-
spectively (Whitney et al., 2011a,b, 2012;
Humphreys and Lambon Ralph, 2015).
This alternative view is motivated by the
finding that the two regions show distinct
functional connectivity profiles at rest and
respond differently during difficult se-
mantic tasks. The left AG is considered
part of the default mode network, and
shows a stronger decrease in neural activ-
ity between rest and difficult semantic
tasks than between rest and easy tasks. In
contrast, the pMTG is functionally con-
nected to regions of the frontoparietal
control system and shows increased neu-
ral activity during semantically demand-
ing tasks.

Davey et al. (2015) applied inhibitory re-
petitive transcranial stimulation (rTMS) to
the left ATL, pMTG and mid-AG to eluci-
date the role of these regions in: (1) rep-
resentation versus retrieval of semantic
knowledge, (2) processing of taxonomic
versus thematic associations, and (3) con-
trolled versus automatic retrieval of infor-
mation. One of the key findings was a
dissociation of mid-AG and pMTG that
suggests these regions make distinct contri-
butions to automatic and controlled seman-
tic retrieval. No significant TMS-induced
changes in behavior were found for the
ATL.

Davey et al. (2015) examined how
rTMS affected performance on two tasks
in which participants were asked to match
a picture to one of three printed words. In
the thematic task, participants were asked
to select the word that was thematically
associated with the probe picture. The
correct picture–word matches were either
strongly associated (eg, a picture of a
trombone and the word “orchestra”) or
weakly associated (eg, a picture of a pair of
slippers and the word “hospital”). In the
taxonomic task, participants selected the
word that described the picture at either a
specific or a superordinate level. For the
specific level, the three words were com-
peting members of the same semantic cat-
egory (eg, bulldog, boxer, corgi), whereas
for the superordinate level the words were
from different semantic categories (eg,
animal, tool, plant).
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In line with their hypothesis that
pMTG and mid-AG are involved in differ-
ent types of retrieval, the authors pre-
dicted that rTMS of pMTG, but not AG,
would impair performance on the the-
matic task, and this impairment would
be more pronounced for weak than for
strong thematic associations given that
the former requires more semantic con-
trol than the latter. In addition, they pre-
dicted that stimulation of pMTG, but not
mid-AG, would affect processing of both
superordinate and specific taxonomic
associations, arguing that both require
some degree of semantic control. More-
over, they reasoned that if mid-AG and/or
pMTG are involved solely in the represen-
tation of thematic knowledge, then rTMS
to these regions should not affect perfor-
mance on the taxonomic task.

Overall, rTMS led to longer reaction
times, whereas response accuracy was not
significantly affected. The authors examined
the disruptive effect of rTMS in three sepa-
rate analyses using linear mixed effect mod-
els. A first global analysis investigated the
effect of rTMS across all tasks and stimula-
tion sites. Pairwise comparisons of least
square means derived from the model indi-
cate that, contrary to the authors’ predic-
tions, rTMS to mid-AG led to significantly
longer reaction times on both levels of the
thematic task and on the specific level of
the taxonomic task. rTMS to pMTG in-
creased reaction times for superordinate
and specific taxonomic matching, only.
Two follow-up analyses examined the ef-
fects separately for each matching task. For
the thematic task, a more fine-grained mea-
sure of association strength, as well as addi-
tional covariates accounting for the lexical
frequency, polysemy, and familiarity of the
correct target word were included in the
model. The results of this analysis con-
firmed the authors’ hypothesized dissocia-
tion: whereas rTMS to pMTG disrupted the
matching of weakly associated pairs, stimu-
lation of mid-AG disrupted strongly associ-
ated pairs. Finally, the follow-up analysis on
the taxonomic task included covariates ac-
counting for concept typicality and famil-
iarity of the picture stimulus and found
results comparable to those of the first anal-
ysis. The authors concluded that the ob-
served patterns provide strong evidence for
the hypothesis that pMTG contributes to
controlled retrieval, whereas mid-AG is in-
volved in automatic retrieval of semantic
information.

The observed dissociation of mid-AG
and pMTG based on the disruptive effect
of rTMS on the thematic-matching task is
a potentially important result, but the

striking differences in the results of
the global analysis and the follow-up
thematic-task analysis are difficult to rec-
oncile. Both analyses appear to indicate a
dissociation of mid-AG and pMTG for a
task that involved identifying the thematic
link between two concepts; however, they
revealed different dissociations: according
to the global analysis, rTMS on mid-AG
but not pMTG affected performance in
the thematic task, whereas according to
the follow-up analysis rTMS on pMTG
did affect performance, specifically for the
most difficult, weak thematic associa-
tions. Given the level of description, it is
difficult to discern what is driving these
differences. The analyses differ in how as-
sociation strength scores were obtained
and modeled, as well as in the set of in-
cluded covariates and random effects. A
more thorough report of the model fit-
ting, comparison procedure, and statisti-
cal results might have made the findings
easier to interpret.

Although TMS studies allow controlled
stimulation of multiple brain sites within
the same healthy subject and enable re-
searchers to discern the functions of distinct
regions, TMS, and especially rTMS, does
come with certain limitations. First, ob-
served dissociations provide only limited in-
sight into the underlying mental processes
and their neural implementation. Conclu-
sions about the neural underpinnings of
specific tasks critically hinge on the set of
mental processes one assumes necessary for
task execution, and on how such processes
can be linked to the brain mechanisms and
circuits involved in the task. We feel that in
the current study, the mapping between the
tasks and the underlying processes they
are supposed to tap was not always clear
enough. For example, successful retrieval of
a picture–word association is impossible
without the activation of the respective se-
mantic representations. It is therefore un-
clear how changes in behavior following
rTMS could have differentiated between
representation and retrieval accounts. The
use of an additional passive priming task,
not requiring explicit semantic judgments
and consequently no controlled retrieval,
could have helped to tease apart the compet-
ing accounts. Moreover, any conclusions
about the involvement of mid-AG and
pMTG in semantic control are obscured by
the fact that the tasks did not only call for
varying degrees of semantic control but
might have relied on qualitatively different
control processes. For example, for the spe-
cific level of the taxonomic task, participants
had to select among highly similar members
of the same semantic category. A correct

match therefore required the suppression of
competing alternatives. The identification
of semantic associations in the thematic
task, especially for weakly associated pairs,
did not involve a selection among compet-
ing concepts and may have required a differ-
ent kind of semantic control. Matching the
tasks on both the degree and the type of se-
mantic control would have allowed for
stronger conclusions.

A second caveat regarding interpreta-
tion of rTMS studies is that low-frequency
off-line rTMS leads to a reduction in ex-
citability in not only the targeted cortical
area but also in interconnected cortical
and even subcortical areas (Siebner and
Rothwell, 2003; Blankenburg et al., 2008).
For the current study, this limits the con-
clusions that can be drawn about the dis-
sociable contribution of single, discrete
brain regions, such as the mid-AG or
pMTG. Both areas are located in complex
zones of association cortex characterized
by its various connections to several major
white matter pathways and a confluence
of distinct neural systems. Sections of the
middle temporal lobe directly anterior to
the pMTG share functional connections
with the mid-AG, and parts of the inferior
parietal lobule adjacent to the mid-AG are
included in the same inferior parietal net-
work as the pMTG (Yeo et al., 2011). It is
therefore questionable whether rTMS can
cause a virtual lesion to one without influ-
encing the other, either directly or indi-
rectly (in terms of information flow).

A final caveat relates to the impact of
inhibitory rTMS on regions with different
activation profiles. Areas of the default
network, such as the mid-AG, tend to
show a decrease in neural activity for ac-
tive tasks compared with rest, whereas the
pMTG exhibits the opposite pattern. In
light of these known physiological differ-
ences, one may question the assumption
that TMS to these regions would lead to
qualitatively comparable disruptive ef-
fects. In fact, judging from the follow-up
analysis of the thematic task, it appears
that at least in some of the weakly corre-
lated pairs, rTMS to the AG resulted in
shorter reaction times compared with the
no-TMS baseline session. In the absence
of supplemental neuroimaging data, the
nature of the impact of rTMS on the
two areas under investigation remains
speculative.

The fact that the effects of rTMS are
not restricted to the primary site of stim-
ulation is a limitation that is difficult to
overcome. This feature however makes it
an excellent tool for investigating chan-
ges in functional connectivity within a
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distributed neural network. Its apparent
weakness can be turned into a strength by
combining rTMS with fMRI and by focus-
ing on the link between behavioral and
functional-connectivity changes (Allen et
al., 2007; Siebner et al., 2009; Watanabe et
al., 2015). This would shift the emphasis
from the role of discrete areas in the en-
coding or retrieval of semantic knowledge
to questions about the mechanistic prin-
ciples and the neural implementation of
semantic cognition.
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