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REVIEWS I

The neural and computational bases
of semantic cognition

and Timothy T. Rogers®

dysfunction in brain disorders.

Semantic cognition refers to the collection of neurocog-
nitive mechanisms that support semantically imbued
behaviours. We deploy our semantic knowledge not
only to produce and understand language but also to
support many non-verbal behaviours. Indeed, seman-
tic knowledge transforms the sensory cacophony into
a symphony of meaning, allowing us to recognize and
make inferences about objects and events in the envi-
ronment, and it provides the foundation for everyday
behavioural acts. To spread jam on bread, for example,
one must recognize the jam jar, the bread and the knife,
infer their unobserved qualities (for example, bread is
soft, knives are rigid and jam is sticky) and deploy the
appropriate praxis (seizing the knife handle with a par-
ticular grip to allow the jam to be scooped out) — all
tasks that require knowledge about both the objects and
the actions. Accordingly, patients with semantic impair-
ment as a result of brain disease have marked language
and non-verbal disabilities that profoundly disrupt their
everyday lives.

This Review examines a decade of research sug-
gesting that semantic cognition relies on two principal
interacting neural systems. The first system is one of
representation, which encodes knowledge of concepts
through the learning of the higher-order relationships
among various sensory, motor, linguistic and affective
sources of information that are widely distributed in the
cortex. Conceptual representations are distilled within
this system from lifelong verbal and non-verbal experi-
ence'™, and serve to promote knowledge generalization
across items and contexts®”. The second system is one
of control, which manipulates activation within the rep-
resentational system to generate inferences and behav-
iours that are appropriate for each specific temporal or
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Abstract | Semantic cognition refers to our ability to use, manipulate and generalize knowledge
that is acquired over the lifespan to support innumerable verbal and non-verbal behaviours.
This Review summarizes key findings and issues arising from a decade of research into the
neurocognitive and neurocomputational underpinnings of this ability, leading to a new
framework that we term controlled semantic cognition (CSC). CSC offers solutions to
long-standing queries in philosophy and cognitive science, and yields a convergent framework
for understanding the neural and computational bases of healthy semantic cognition and its

task context®'%. We refer to this two-system view as the
controlled semantic cognition (CSC) framework. In
what follows, we review the converging evidence for
each part of the CSC framework and consider how it
reconciles long-standing puzzles from studies of both
healthy and disordered semantic cognition.

Semantic representation

The hub-and-spoke theory

Around a decade ago, we and others proposed the ‘hub-
and-spoke’ theory of semantic representation®’ (FIG. 1),
which explained how conceptual knowledge might arise
through learning about the statistical structure of our
multimodal experiences', and also proposed some neuro-
anatomical underpinnings for these abilities, accounting
for patterns of impairment that are observed in some
semantic disorders”". The hub-and-spoke theory assim-
ilated two important, existing ideas. First, in keeping with
Meynert and Wernicke’s classical proposal* and contem-
porary ‘embodied’ theories"'® (BOX 1), the hub-and-spoke
model assumed that multimodal verbal and non-verbal
experiences provide the core ‘ingredients’ for constructing
concepts and that these information sources are encoded
in modality-specific cortices, which are distributed across
the brain (the ‘spokes’)"'¢. Second, the model proposed
that cross-modal interactions for all modality-specific
sources of information are mediated, at least in part, by
a single transmodal hub that is situated bilaterally in the
anterior temporal lobes (ATLs). This second idea runs
counter to some classical hypotheses and to contempo-
rary distributed-only’ theories of semantic representation,
which have assumed that concepts arise through direct
connections among modality-specific regions without a
common transmodal region.
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Concepts

Conceptual knowledge or
semantic memory (typically
treated as being synonymous
terms in cognitive
neuroscience) refers to our
lifelong acquired, multimodal
knowledge of, for example,
objects, people, facts and
words.

Semantic dementia

(SD). This is the temporal lobe
variant of frontotemporal
dementia and is characterised
by progressive but relatively
selective degradation of
semantic knowledge and by
hypometabolism and atrophy
that are centred on the
anterior temporal lobe (this is
always bilateral, although often
asymmetrical early in the
disease).

a Computational framework

Spoke
Processing
unit
ATL (modality-
Speech invariant hub)

Valence

Function

b Neuroanatomical sketch

Figure 1| The original hub-and-spoke model. a| The schematic illustrates the computational architecture for the
original version of the hub-and-spoke model’. Modality-specific sources of information (spokes) are coded across a set of
processing units within separate processing layers in the model. Each ‘spoke’ layer is reciprocally connected to a single
transmodal ‘hub’. The modelis trained to take each of the spokes, in turn, as input and, through the hub, to reproduce
the correct information across the other spokes. For example, the model is provided with the visual form of each item as
input and is trained to reproduce the sounds, names, valence and other types of information that are associated with
each item. The emergent result of this training is that the model forms generalizable semantic representations. The
progressive, multimodal semantic impairment of patients with semantic dementia can be mimicked by gradually
removing the hub connections. b| A neuroanatomical sketch of the location of the hub and spokes is presented. The hub
is located within the anterior temporal lobe (ATL) region, whereas the modality-specific spokes are distributed across
different neocortical regions (the same colour coding is used as for the computational model). Each spoke
communicates bidirectionally with the ATL hub through short- and long-range white-matter connections (arrows).
For examples of the multimethod convergent evidence for the crucial contribution of the ATL region in verbal and
non-verbal semantic representation, as well as the representational division of labour across the hub and spokes, see

Supplementary information 51,53 and S5 (figures).

The ATL-hub view was motivated by both empir-
ical and computational observations. The empirical
motivation stemmed from cognitive neuropsychol-
ogy. It was already known that damage to higher-order
association cortices could produce striking transmodal
semantic impairments, leading some researchers to
propose the existence of multiple cross-modal ‘con-
vergence zones, possibly specialized to represent
different conceptual domains'. However, a detailed
study of the striking disorder called semantic demen-
tia (SD)' (Supplementary information S1 (figure))
suggested that the ATL transmodal region might be
important for all conceptual domains'>?, as indi-
viduals with SD show semantic impairments across
all modalities* and virtually all types of concept'**
(with the exception of simple numerical knowledge?).
Several additional characteristics of the impairment
in SD seem to be compatible only with disruption of
a central, transmodal hub in this disorder. Notably,
individuals with SD show markedly consistent patterns
of deficits across tasks, despite wide variation in the
modality of stimulus, response or type of knowledge
required. Indeed, the likelihood that patients with SD
correctly respond to a given item in a task requiring
semantic knowledge can be consistently predicted by
a combination of three factors: the familiarity of the
item (high familiarity leads to better performance;
Supplementary information S1 (figure)), the typi-
cality of the item within a domain (typical items are

associated with better performance; Supplementary
information S2 (figure)) and the specificity of the
knowledge that is required by the task (high specificity
leads to worse performance)*?. Unlike some forms of
dementia (such as Alzheimer disease) that are asso-
ciated with widespread pathology in the brain®, SD
is associated with atrophy and hypometabolism that
are centred on the anterior ventral and polar temporal
regions bilaterally?”?® (Supplementary information S1
(figure)), suggesting that these regions serve as the
transmodal domain-general conceptual hub.

Computationally, the hub-and-spoke hypothesis
provided a solution to the challenges of building coher-
ent, generalizable concepts that have been highlighted
in philosophy® and cognitive science®-*? (for a more
detailed discussion, see REFS 5,10,33). One challenge is
that the information relevant to a given concept is expe-
rienced across different verbal and sensory modalities,
contexts and time points. Another challenge is that con-
ceptual structure is not transparently reflected in the
sensory, motor or linguistic structure of the environment
— instead, the relationship between conceptual structure
and modality-specific features is complex, variable and
nonlinear>®. It is difficult to see how these challenges
could be met by a system that simply encodes direct
associations among the modality-specific information
sources, but they can be solved by neural network mod-
els that adopt an intermediating hub for all concepts and
modalities™.
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Box 1 | Relationship to the embodied and symbolic accounts of semantics

Over many years, multiple disciplines (for example, philosophy, behavioural
neurology, cognitive science and neuroscience) have grappled with the issue of
concept formation. Two recurring, contrasting theoretical positions can be found in
each of these disciplines. Embodied theories assume that concepts are a direct
reflection of our accumulated knowledge from language, non-verbal experiences,
or both. Such experiential knowledge is often referred to as ‘features’ and was called
‘engrams’ by the nineteenth century neurologists*. Whether these experiential
features are crucial only at the point of acquiring or updating a concept and
whether they have to be reactivated each time the concept is retrieved are
unresolved issues in contemporary embodied theories of semantic memory®. The
alternative symbolic theories are based on the observation that features alone are
insufficient for the formation of coherent, generalizable concepts, which might
require manipulable, experientially independent symbols'*. Although these
symbolic theories provide an account for sophisticated concept processing and
generalization, the solution fails to explain how concepts and their associated
experiential features are linked or the genesis of the concepts themselves. Partially
unifying theories have been proposed in philosophy? and cognitive science?"324
that embrace the importance and centrality of verbal and non-verbal experience to
concept formation but also posit additional representations that can map features

to concepts and generalize knowledge. Likewise, the proposition of cortical
convergence zones' also contains a related idea: modality-independent regions
provide ‘pointers’ to the correct modality-specific features for each concept. The
hub-and-spoke theory extends these unifying theories by providing

a neurocomputational account for how coherent, generalizable concepts are built
from experience, how the complex, nonlinear mappings between features and
concepts are learnt, and also the neural instantiation of the processes.

Electrocorticography
Implanted grid or depth
electrodes that are used to
record local field potentials.

18F-fluorodeoxyglucose
positron emission
tomography

An imaging technique that is
used to measure the rate of
glucose metabolism across the
brain.

Transcranial magnetic
stimulation

(TMS). Electromagnetic coils
are placed over the scalp to
stimulate the underlying
cortex. The frequency, intensity
and duration of pulses can be
varied to induce inhibition or
excitation.

New discoveries about the ATL hub

Various brain regions have long been a target of research
in semantics (BOX 2), but the ATL received little prior
attention. Indeed, although individuals with SD were
reported more than a century ago, the link between
semantic impairment and ATL damage only became
apparent with modern neuroimaging techniques®.
Classical language models were based on patients with
middle cerebral artery stroke, which is unlikely to
damage the middle to ventral ATL (and bilaterally)**.
Likewise, a bias has existed in functional MRI (fMRI)
studies that, owing to various methodological issues,
has led to consistent undersampling of activation in the
middle and inferior ATL*. Since the initial ATL-hub
proposal, the role of this region in semantic processing
has been extensively studied using various methodol-
ogies. Together, this work corroborates and extends
several predictions of the hub-and-spoke model and
clarifies the anatomical organization and functioning
of the ATL region.

The cross-modal hub is centred on the ventrolateral ATL.
Key postulates of the original hub-and-spoke model have
been validated using various methods (Supplementary
information S1 (figure) and Supplementary informa-
tion S3 (figure)). The ATLs are engaged in semantic
processing irrespective of input modality (for example,
words, objects, pictures or sounds) and conceptual cat-
egories® . Although the hub is more strongly engaged
for more-specific concepts***! (for example, Pekinese), it
also supports basic (for example, dog) and domain-level
(for example, animal) distinctions®*%. Both left and right
ATLs are implicated in verbal and non-verbal semantic
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processing*>* (BOX 3). ATL function is semantically selec-
tive insofar as these regions are not engaged in equally
demanding non-semantic tasks***>*.

These methods also provide important information
that cannot be extracted from SD studies alone. Indeed,
distortion-corrected fMRI in healthy individuals, cor-
tical grid-electrode stimulation and electrocorticography
in neurosurgical patients, and '®F-fluorodeoxyglucose
positron emission tomography in patients with SD (FIC. 2)
all indicate that the ventral-ventrolateral ATL is the
cross-modal centre-point of the hub for multimodal
naming*~* and comprehension’®*****. Moreover, as
predicted by the hub-and-spoke model, multivoxel
pattern analyses of fMRI* and electrocorticography®
data have shown semantic coding and representational
merging of modality-specific information sources® in
the same area (Supplementary information 54 (figure)).
Furthermore, in the ventral ATL, detailed semantic
information is activated from 250 ms post stimulus
onset (Supplementary information S4 (figure)), whereas
coarse, domain-level distinctions may be available ear-
lier (~120 ms post stimulus onset)***2-**. Inhibitory
transcranial magnetic stimulation (TMS) of the lateral ATL
produces domain-general semantic slowing, whereas
TMS of ‘spoke’ regions produces a category-sensitive
effect*? (Supplementary information S5 (figure)) —
confirming the importance of both hub and spokes in
semantic representation. In healthy participants, ATL
regions exhibit intrinsic connectivity (as detected by
resting-state fMRI) with modality-specific brain areas,
and, in SD patients, the level of comprehension accuracy
reflects both the degree of ATL atrophy and the extent of
reduction in hub-spoke functional connectivity®. This
body of work suggests that the cross-modal hub is cen-
tred on the ventrolateral ATL and also corroborates core
predictions of the hub-and-spoke view: namely, that this
region has an important, predicted role in coordinating
the communication among modality-specific ‘spokes’
and that, in so doing, it encodes semantic similarity
structure among items.

The broader ATL is graded in its function. The original
hub-and-spoke model said little about different ATL sub-
regions, partly because the distribution of atrophy in SD is
extremely consistent (being maximal in polar and ventral
ATL regions)® (FIC. 2C). Likewise, there is little variation
in patients’ multimodal semantic impairments, apart
from small effects that are linked to whether atrophy is
more severe in the left or right ATL early in the course
of the disease (BOX 3). New evidence indicates not only
that the ventrolateral ATL is the centre-point of the hub
(as reviewed above) but also that the function varies in a
graded manner across the ATL subregions (FIG. 2A,B).
The first clue for graded functional variation comes
from cytoarchitecture. Brodmann® divided the anterior
temporal region into several different areas, and mod-
ern neuroanatomical techniques have generated finer
differentiations®”. However, Brodmann also noted that
cytoarchitectonic changes in the temporal cortex were
graded: “to avoid erroneous interpretations it should again
be stated that not all these regions are demarcated from
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Box 2 | How does the angular gyrus contribute to semantic cognition?

Classical neurological models of language suggested that the multimodally connected
angular gyrus (AG) is the key neural location for semantic concepts!*. More recent
proposals have suggested that there might be a division of labour between the anterior
temporal lobe (ATL) and AG hubs, with the latter processing thematic or combinatorial
semantics'*’*¢. Accumulating evidence seems to render the role of the AG in semantic
processing less rather than more clear. Most functional MRI studies of semantic tasks
find little or no AG activation'*, although comparisons such as words versus non-words
or concrete versus abstract concepts reliably generate differences in the AG'14,

A recent large-scale meta-analysis'? revealed that several cognitive domains (episodic
tasks, sentence syntax and number fact recall) positively activate the AG, but,
consistent with its contribution to the default mode network**°, the AG demonstrates
task-related deactivation for multiple domains including semantics. In addition and
potentially importantly, the level of AG deactivation is correlated with task difficulty.
Although, as expected, the ATL semantic region exhibits deactivation for non-semantic
tasks and positive activation for semantic tasks, direct comparison of the default mode
and semantic networks* revealed that the AG shows task-difficulty-correlated
deactivation for both semantic and non-semantic tasks. These findings raise the
possibility that previous demonstrations of greater AG activation for words over
non-words, concrete over abstract concepts, meaningful over novel-word
combinations or any other contrast of easy over hard tasks might reflect generic
task-difficulty differential deactivation. This alternative hypothesis is consistent with
the observation that, when task instructions were changed to make decisions about
concrete items harder than decisions about abstract items, the typical AG-activation
difference was reversed®'. Future targeted studies need to explore the circumstances
in which the AG contributes to semantic tasks and whether its contribution can be
more properly characterised in terms of non-semantic aspects of processing.

each other by sharp borders but may undergo gradual
transitions as, for example, in the temporal and parietal
regions” (REF. 56). This observation is replicated in contem-
porary cytoarchitectonic investigations®’, which indicate
potentially graded patterns of functional differentiation

across the ATL region.

The second insight arises from structural and func-
tional connectivity. Consistent with the hub-and-spoke
model, major white-matter fasciculi in both human
and non-human primates converge in ATL regions®**’;
however, their points of termination are only partially
overlapping, leading to graded partial differentiations
in gross connectivity across ATL subregions®*. For
instance, the uncinate fasciculus connects the orbitof-
rontal cortex and pars orbitalis most strongly to the
temporopolar cortex; other prefrontal connections
through the extreme capsule complex preferentially
terminate in superior ATL regions, as does the middle
longitudinal fasciculus from the inferior parietal lobule;
and the inferior longitudinal fasciculus connects most
strongly to the ventral and ventromedial ATL. The
effects of these partially overlapping fasciculus ter-
minations are made more graded through the strong
local U-fibre connections in the ATL*. A similar pattern
of partially overlapping connectivity has also been
observed in resting-state and task-active fMRI stud-
ies®"%%: in addition to strong intra-ATL connectivity,
the temporopolar cortex shows greatest functional
connectivity to orbitofrontal areas; the inferolateral
ATL exhibits most connectivity to frontal and poste-
rior regions that are associated with controlled seman-
tic processing; and the superior ATL connects most

U-fibre connections
Short-range white-matter fibres
that connect two local,
neighbouring areas. The profile
of such fibres is often

a ‘U’ shape — hence the name.
Such fibres contrast with
white-matter fasciculi, which
comprise large bundles of
white-matter fibres that

connect distant regions. strongly to primary auditory and premotor regions.

Third, data from recent neuroimaging results (which
have addressed methodological issues related to suc-
cessful imaging of semantic tasks in the ATL region®°)
are highly consistent with a graded connectivity-driven
model of ATL function (FIG. 2A). As noted above, the ven-
trolateral ATL activates strongly in semantic tasks irre-
spective of input modality or stimulus category?®**#+,
Moving away from this centre-point, the cross-modal
semantic function of the ATL becomes weaker and is
more tied to a specific input modality (FIC. 2B). Thus,
more medial ATL regions show greater responsiveness
to picture-based materials and concrete concepts than
to other types of material***>%. The anterior superior
temporal sulcus (STS)-superior temporal gyrus (STG)
exhibits the opposite pattern, with greater activation
for auditory stimuli, spoken words and abstract con-
cepts**>%, and an overlapping region of the STG has
been implicated in combinatorial semantic processes®®.
Last, polar and dorsal ATL areas have shown preferential
activity for social over other kinds of concept™”".

One possible explanation for these graded functional
variations is that multiple mutually exclusive ATL sub-
regions are dedicated to different categories or rep-
resentational modalities'””>”. However, there are two
problems with this view. First, it is not consistent with the
cytoarchitectonic, connectivity and functional data, all of
which suggest that the ATL exhibits graded functional
specialization rather than discrete functional regions.
Second, such an account does not explain the role of the
hub, which seems to support knowledge across virtu-
ally all domains and modalities. An alternative view is
that the ATL hub exhibits graded functional specializa-
tion**%747 (FIC. 2), with the responsivity of different sub-
regions reflecting graded differences in their connectivity
to the rest of the network. On this view, the neuroimaging
findings that were noted above reflect the fact that neigh-
bouring ATL regions contribute somewhat more or less
to the representation of different kinds of information,
depending on the strength of their interactions with
various modality-specific representational systems.

Such graded functional specialization arises directly
from the influence of connectivity on function®*”®. In a
close variant of the hub-and-spoke model, Plaut” intro-
duced distance-dependent connection strengths to the
modality-specific spokes. The importance of each pro-
cessing unit in the model to a given function depended
on its connectivity strength to the spokes. Central hub
units furthest from all inputs contributed equally to all
semantic tasks; units that were anatomically closer to a
given modality-specific spoke took part in all types of
semantic processing but contributed somewhat more
to tasks involving the proximal modality. For instance,
hub units situated near to visual representations would
contribute more to tasks like picture naming but less to
non-visual tasks (for example, naming items in response
to their characteristic sound). The graded hub hypothesis
extends this proposal by assuming that ATL functionality
is shaped by the long-range cortical connectivity (FIG. 2A).
Thus, the medial ATL responds more to visual or con-
crete concepts by virtue of having greater connectivity to
visual than to auditory or linguistic systems; the anterior
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STS-STG contributes more to abstract concepts and verbal
semantic processing by virtue of its greater connectivity to
language than to visual systems; and the temporal pole
contributes somewhat more to social concepts by virtue
of its connectivity to networks that support social cogni-
tion and affect. The ventrolateral ATL remains important
for all domains because it connects equally to these dif-
ferent systems.

REVIEWS

We note here that this type of graded function is not
unique to the ATL-hub region or semantic processing.
Indeed, other cortical regions and types of process-
ing (for example, the visual and auditory processing
streams) also demonstrate graded functional profiles””,
which follow the underlying patterns of connectivity”.
Connectivity-induced graded functions may therefore be
a general principle, and information arriving at the ATL

Box 3 | The bilateral ATL hub: role of left versus right ATL in semantic representation

Individuals with semantic dementia always have bilateral anterior temporal lobe (ATL) atrophy (although, at least early in
the disease course, the atrophy is often strikingly asymmetric) (Supplementary information S1 (figure)), suggesting that
both left and right regions contribute to conceptualisation. Patients with unilateral ATL damage generally have much
better semantic abilities than patients with bilateral ATL damage, although, with more sensitive assessments, semantic
deficits following unilateral lesions can be observed™?*** which is consistent with findings from left versus right ATL
transcranial magnetic stimulation (TMS) studies®. Likewise, classical comparative neurological investigations revealed
chronic multimodal semantic impairment in non-human primates after bilateral but not unilateral ATL resection!*>*¢,

which was replicated in a rare human single-case neurosurgery study'®’. A bilateral version of the hub-and-spoke model
explored these differences across patient groups'?. The original model connected visual and verbal sources of
information through a single transmodal hub (see the figure, part a). The new, bilateral model split this into two demi-hubs
(to mimic left and right ATL regions) (see the figure, part b). This updated model demonstrated the same performance
difference as patient and primate data — namely, that bilateral damage is more disabling than unilateral lesions, even
when the volume of damage is equated'” (see the figure, part c). There are currently different hypotheses regarding the
contribution of each ATL to semantic representation’*!281%815_One possibility is that a single functional transmodal hub
might be supported by a bilateral, interconnected ATL neural network, making the resultant system robust to
damage'®'® and able to upregulate the contribution of and interaction with the contralateral ATL after unilateral
damage, as demonstrated in combined TMS—functional MRI (fMRI) studies"****. Neuropsychological studies also indicate
that there may be important variations across the hemispheres in terms of input or output modality and category of
information?****1%2 with the most robust, reliable findings being that left ATL damage leads to greater anomia, whereas
right ATL damage leads to greater prosopagnosia'**'®*%2 Furthermore, a recent large-scale fMRI meta-analysis indicated
that the ATL-hub system seems to be primarily bilateral but with left hemisphere predilection for speech production and
written word stimuli”®. Following the connectivity-constrained-hub hypothesis (see the main text), this combination of

a primarily bilateral system with graded asymmetries is captured by computational models that include a bilateral
transmodal hub with graded differences in the white-matter connectivity to input and output systems'?*!¢°. Parts b and
c are reprinted from REF. 129 by permission of the MIT Press.

a The original hub-and-spoke model b The bilateral hub-and-spoke model
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Computational framework and neuroanatomical sketch
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Figure 2| The graded ATL semantic hub. A | These panels show the
computational framework (part Aa) and a neuroanatomical sketch (part
Ab) of the graded hub-and-spoke model*****874 The eight-by-eight unit
grid of coloured circles represents a computational instantiation of the
anterior temporal lobe (ATL) hub with reciprocal connectivity to the
modality-specific spoke layers (each spoke layer is represented by a
differently coloured strip of eight units). In the original hub-and-spoke
model, all hub units made equal contributions to semantic representation
irrespective of the modality of input. By contrast, in this updated model,
the contribution of the hub units to semantic representation is gradedly
different, reflecting the varying pattern of connectivity to the spoke layers
(for example, the function of the hub units with stronger connection to
the visual input layer (dark blue) becomes weighted towards this
information source (denoted by the blue colour of these hub units). At the
centre-point, there is equally weighted connectivity to all inputs, and thus
the function of the units remains evenly transmodal (denoted by their
white colour). The neuroanatomical figure sketches how this graded hub
might map onto the human ATL. Three example input sources
(orbitofrontal ‘valence’ (yellow); primary auditory cortex (red); and visual
cortex (blue)) project (coloured arrows) into the ATL. The semantic
function varies across the ATL according to the strength of these inputs:
subregions closest to each input become tuned more to that information
source (denoted by the corresponding colour), whereas the ventrolateral
region (white) remains equally engaged by all input types. The dashed
boxes represent the cross-sections that are shown in part B. B | These
panels show empirical evidence for a graded ATL. The graded semantic

T
STG MTG ITG FG PhG

differences across the ATL are shown in the coronal cross-section (part
Ba): the superior temporal gyrus (STG) shows relatively greater semantic
activation for words than for pictures and for abstract than for concrete
words (parts Bb,Bc); the middle temporal gyrus (MTG) and inferior
temporal gyrus (ITG) exhibit the strongest (see part C), and equal,
involvement across modalities and categories of concept, whereas the
contribution of the frontal gyrus (FG) is somewhat greater for pictures
than words and for concrete than abstract words**** (parts Bb,Bc). The
asterisks denote an activation difference that is significantly greater from
zero. C| The paramount importance of the ventrolateral ATL transmodal
region to semantic function overall is shown. Hypometabolism in this
region correlates with semantic function in patients with semantic
dementia (SD)¥ (part Ca). Likewise, the greater contribution of
ventrolateral regions (MTG, ITG and FG) to semantic processing is
mirrored in the distribution of gyral atrophy in such individuals>* (part Cb)
and in the variation of semantic activation that is observed in distor-
tion-corrected functional MRI (dc-fMRI) in healthy participants® (part Cc).
PhG, parahippocampal gyrus; ROI, region of interest. Part Ca is adapted
from Mion, M. et al., What the left and right anterior fusiform gyri tell us
about semantic memory, Brain, 2010, 133, 11, 3256-3268, by permission of
Oxford University Press. Parts Cb and Cc are adapted from Binney, R. ],
Embleton, K.V, Jefferies, E., Parker, G. ). M. & Lambon Ralph, M. A., The
ventral and inferolateral aspects of the anterior temporal lobe are
crucial in semantic memory: evidence from a novel direct comparison of
distortion-corrected fMRI, rTMS, and semantic dementia, Cereb. Cortex,
2010, 20, 11, 2728-2738, by permission of Oxford University Press.
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Herpes simplex virus
encephalitis

(HSVE). An acute or subacute
infection in the brain that is
often transmitted via the
olfactory nerve and typically
causes damage to the anterior
temporal lobes.

hub has already been partially processed in these graded
non-ATL regions and through the interaction between
the ATL and modality-specific regions™*.

Category-specificity and the graded hub

Theories of semantic representation and its neural basis
have been strongly influenced by two sets of neuropsy-
chological and functional neuroimaging data, leading
to two different theoretical positions. One literature
has focused on the general semantic impairment that is
observed in some types of brain disease, demonstrating
largely equivalent disruption across types of knowledge.
Such data support proposals — including the hub-and-
spoke model — that the cortical semantic system is
widely distributed and interactive but needs a transmodal
component to capture coherent, generalizable concepts®’.
The second literature focuses on ‘category-specific’ var-
iations in performance in which different categories of
knowledge can be differentially disrupted in neurolog-
ical disorders or yield differential activation in specific
healthy brain regions. Perhaps the most commonly stud-
ied, although by no means the sole, contrast is between
living things versus man-made items®**2. Such evidence
has been used to argue that anatomically distinct and
functionally independent neural systems have evolved to
support knowledge about different conceptual domains
(for example, animals, tools, faces and scenes)®>.

Recent empirical and computational investigations
have enhanced the hub-and-spoke framework into a
unified theory that may account for both sets of data. In
the neuropsychological literature, several large case-series
investigations provide contrastive patterns of semantic
impairment and clear information about critical neural
regions. For example, patients with SD with bilateral
ATL atrophy have generalized semantic impairment and
largely similar performance levels across different cate-
gories of knowledge (once other important performance
factors, especially stimulus familiarity and typicality, are
controlled)®®. By contrast, patients with posterior ven-
tral occipito-temporal lesions can present with relatively
poor identification of natural kinds*, and patients with
anteromedially centred temporal-lobe damage following
an acute period of herpes simplex virus encephalitis (HSVE)
show strikingly poorer knowledge of natural kinds than
of man-made items'*¥. Last, patients with temporo-
parietal damage show greatest deficits for praxis-related
man-made items**. These contrastive behavioural-
anatomical associations for general versus category-
specific semantic impairments find counterparts in
convergent evidence from other techniques, includ-
ing functional neuroimaging and inhibitory TMS in
healthy participants and cortical electrode studies of
neurosurgical patients’®424682%,

All these findings can be captured by the connectivity-
constrained version of the hub-and-spoke model®’. The
first key notion, which was already expressed but is worth
reiterating, is that semantic representations are not just
hub based but reflect collaborations between hub and
spokes*? (Supplementary information S5 (figure)). The
second is that, consistent with embodied semantic mod-
els', modality-specific information (for example, praxis)
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will be differentially important for some categories (for
example, tools). It follows that the progressive degrada-
tion of the ATL transmodal hub in patients with SD will
generate a category-general pattern, whereas selective
damage to spokes can lead to category-specific deficits.
Thus, impaired praxis or functional knowledge is dele-
terious for manipulable man-made items®*®?, whereas
reduced high-acuity visual input is particularly chal-
lenging for differentiating between animals given their
shared visual contours®?*. The differential contributions
of the hub versus spokes in semantic representation have
been demonstrated using TMS in neurologically intact
individuals. Indeed, a study showed that such individu-
als exhibit a category-general effect following lateral ATL
stimulation but a category-specific pattern, with slower
naming of man-made objects, when the praxis-coding
parietal region was directly stimulated*’. The connectivi-
ty-constrained hub-and-spoke model also offers insights
into other empirical observations that were noted above.
For example, the medial ventral occipito-temporal region
exhibits greater activation for man-made items, in part
because it is directly connected to the parietal praxis-coding
regions®; and an explanation in these terms’" accounts
for the evidence that congenitally blind participants show
greater activation for man-made items than for animate
things in this ‘visual’ region™.

A remaining challenge is to explain the difference
between semantic impairment in HSVE and SD. Despite
highly overlapping areas of ATL damage in these con-
ditions (albeit damage is more medially focused in
HSVE)®, individuals with HSVE commonly show better
knowledge for man-made artefacts than for natural-kind
concepts*®; this finding is rarely observed in individu-
als with SD". However, a crucial factor in this particular
category effect has been acknowledged in one form or
another by virtually all researchers who have studied it.
Recall that concepts can be categorised at superordinate
(for example, animal or tool), basic (for example, dog or
knife) or specific (for example, poodle or bread knife) lev-
els. Most semantic research has focused on the basic level,
and, at this conceptually salient level, animate or natural-
kind concepts tend to be visually and conceptually more
similar to one another, and hence more confusable,
than man-made things'*¢*. It is therefore an extremely
important explanatory clue that the artefact versus ani-
mate performance difference in HSVE holds for the basic
level but is eliminated at the subordinate level, at which
cases with HSVE are equally and severely impaired for
both categories”. The obvious interpretation, although
this requires more empirical testing, is that the medial
temporal lobe region that is typically damaged by the
herpes virus is crucial not for distinguishing between
living things but for distinguishing between visually or
semantically confusable things***>”, which include dif-
ferent types of knife and different breeds of dog. This
possibility is compatible with the graded hub-and-spoke
hypothesis and the existing evidence of graded, connec-
tivity-driven differential contributions to representation
of abstract and concrete concepts across ATL sub-
regions® (FIC. 2B), with a preference for concrete items in
the medial ATL*.
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Semantic aphasia

(SA). A condition affecting
patients who, after acute brain
damage (usually from stroke),
show deficits in verbal but also
non-verbal semantic tasks, as
well as in other cognitive
domains that require
executively linked manipulation
of internally represented
knowledge.

One further factor meriting mention is the fact that
SD is a neurodegenerative disease, yielding steady deg-
radation of the ATL and, consequently, of conceptual
knowledge. Although patients with SD continue to be sur-
rounded by the multimodal experiences that continuously
reinforce and extend conceptual knowledge in a healthy
brain, the slow-but-constant deterioration of semantic
knowledge in SD is largely incompatible with relearning.
By contrast, successfully treated HSVE is an acute illness
that is followed by some degree of recovery and relearning.
These differences can be mimicked in the hub-and-spoke
computational model by comparing progressive degrada-
tion against en masse hub damage followed by a period of
retraining: the former generates a category-general effect,
whereas the latter results in better performance on man-
made than on animate concepts. The latter outcome arises
because, with reduced representational resources, the
model struggles to recapture sufficient ‘semantic acuity’
to differentiate between the conceptually tightly-packed
animate items and subordinate exemplars.

Semantic control

What is semantic control?

In everyday life, the activity within the network for seman-
tic representation must often be controlled to ensure that
the system generates representations and inferences that
are suited to the immediate task or context. Some tasks
may require one to accentuate subordinate meanings,
focus attention on non-dominant features or suppress
strong associates of a given concept. Furthermore, the cru-
cial aspects of meaning can change for the same concept
over time, both in language and in non-verbal behaviours.
Imagine, for example, the different uses of the same knife
when making a cheese and chutney sandwich: packet
opening, bread cutting, butter spreading, cheese slicing,
chutney scooping, and so on. Each use requires different,
specific aspects of the properties of the knife to be brought
to the fore, one by one, while the most commonly listed
property of cutting often has to be inhibited. In the case
of scooping, the canonical functions of the knife (such
as cutting open, slicing and spreading) have to be disre-
garded altogether and replaced by a function that is typi-
cally served by another object (a spoon). In addition, the
semantic representations that are evoked by objects and
words must be shaped to align with the immediate context
— for instance, to overcome the moments of ambiguity
or confusion®'"'? that follow when new inputs are hard to
integrate with the meaning of the established or evolving
context® (returning to the sandwich-making example that
was described above, imagine the semantically related
problem solving that is required if you discover that there
is no bread but a supply of rye crackers).

According to the CSC framework, control of seman-
tic cognition is implemented within a distributed neural
network that interacts with, but is largely separate from,
the network for semantic representation. Consistent with
extensive work on cognitive control generally®*°! and
its role in semantic retrieval specifically'*'?, the con-
trol network is thought to support working memory
and executive representations that encode information
about the temporal, situational and task context relevant

to the current behaviour. These executive mechanisms
constrain how activation propagates through the network
for semantic representation. In well-practised contexts in
which the relevant information is robustly encoded, the
representation network needs little input from semantic
control to produce the correct response. Contexts requir-
ing retrieval of weakly encoded information, suppression
of over-learned responses, emphasis of uncharacteristic
features, and so on, depend more strongly on input from
the control network. As with the hub-and-spoke model,
this perspective on controlled semantic processing has
both converging empirical evidence (see below) and
computational motivations (BOX 4).

Disorders of semantic control

Head' and, later, Luria'® investigated patients with
disordered semantic processing arising from penetra-
tive missile wounds to the temporoparietal region. They
noted that the patients had difficulties in manipulating
and using knowledge rather than loss of semantic knowl-
edge and that this deficit co-occurred with other types
of ‘symbolic’ processing deficits. Head coined the term
semantic aphasia (SA) to describe this pattern. A similar
profile was also reported by Goldstein'* for a subset of
patients with post-stroke aphasia. Later, Warrington and
colleagues'®>'% contrasted the consistent semantic ‘store’
deficits in SD with the inconsistent semantic ‘access’ defi-
cits that are found in some patients with global aphasia
after large middle cerebral artery stroke. Detailed case-
series comparisons of SD and SA** have recently
delineated several qualitative differences between the
two patient groups in both verbal and non-verbal
domains''%®, In contrast to individuals with SD, patients
with SA exhibit the following: poorest performance
on the most executively demanding tasks and stimuli

(Supplementary information S6 (figures)); inconsistent
performance across tests; insensitivity to the frequency

or familiarity of stimuli (Supplementary information S7
(figure)); a strong influence of the ambiguity or semantic
diversity of word meanings (with poorer performance on
words with multiple and varying meanings such as ‘bark]
‘pen’ and ‘chance’) (Supplementary information S7 (fig-
ure)); strong effects of cueing and miscuing on task per-
formance (Supplementary information S8 (figure)); poor
inhibition of strong competitors and associated items
(for example, falsely selecting a jar of marmalade when
intending to make cheese-on-toast); associative, as well as
coordinate and superordinate, semantic errors in naming
(associative errors, such as saying ‘milkK in response to a
picture of a cow, are essentially never observed in SD);
and a tendency in category and letter fluency to produce
strong associates of prior responses that fall outside of the
target category (for example, for the category of animals,
a patient with SA might give the examples of “cat, dog,
horse, saddle, whip ...”)3#107-110,

The cueing and miscueing effects are a striking
exemplar of the group differences between patients with
SD and those with SA'%''%. Given a picture of a tiger, for
example, both patient groups will probably fail to name
it. However, with presentation of the phonological cue
“t”, patients with SD still fail but patients with SA will
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often succeed. Moreover, given the same picture plus
the cue “T”, individuals with SD again may say nothing
but individuals with SA will often produce “lion”. All
these differences are consistent with the view that the
impairment in SD arises from degradation within the
network for semantic representation, whereas the impair-
ment in SA reflects disordered control of activation within
that network.

Semantic control network

Converging evidence for a distributed semantic control
network. Beginning in the late 1990s, results from a series
of seminal fMRI studies suggested that, although pre-
frontal regions do not encode semantic representations
per se, they have crucial roles in accessing, retrieving
and executively manipulating semantic knowledge®!"'2.
For instance, semantic tasks requiring participants to
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select a response from among many potentially correct
options or to retrieve infrequent semantic associations
elicit increased activation in parts of the prefrontal cor-
tex (PFC). Juxtaposed with earlier patient work, this
discovery generates a potential conundrum, given that
SA was classically associated with damage to the tempo-
roparietal cortex but not to the PFC. This discrepancy
has begun to be resolved as evidence has amassed across
methodologies (FIC. 3a). SA is now known to arise from
either prefrontal or temporoparietal lesions (or both),
with only small differences in the behavioural profile
between patient groups®'''. Likewise, recent meta-anal-
yses of fMRI studies (FIC. 3b) identified regions other
than the lateral PFC in which cortical responses corre-
late with semantic control demands, including the pos-
terior middle temporal gyrus (pMTG), the intraparietal
sulcus (IPS), the pre-supplementary motor area and the

Box 4 | Controlled semantic cognition

a

Control network

|

Taskinput (for example, Behavioural response

retrieve motion or colour)

b

Task-dependent structure in the integration layer
While retrieving colour

While retrieving motion

Computationally, separate but interacting networks for semantic control and representation resolve a long-standing
puzzle. On the one hand, concepts must generalize across contexts (for example, canaries, like other birds, lay eggs).
On the other hand, we are often required to retrieve diverse conceptual properties to complete different tasks (for
example, colour (yellow) versus motion (hops) when either spotting or catching a canary). Both challenges are solved
by implemented computational models that have separate but interacting networks for control and representation' (see
the figure, part a). As per the hub-and-spoke framework, modality-specific information interacts with a transmodal hub to
form generalizable concepts. As part of a separate executive control network, a region represents the current task context.
These two components interact through an integrative system, which dynamically and transiently reshapes the
multidimensional similarity structure arising in the context-independent hub to generate task-, time- and context-relevant
behavioural responses. Thus, if two contrastive tasks (for example, spotting versus catching a canary) require focus on
colour versus movement properties, then the integrative layer generates context-relevant internal representations that are
congruent with the target behaviour (see the figure, part b; left and middle panels). Because the hub is not directly
connected to task or context information, it learns representations that capture the structure that is independent of the
various and idiosyncratic contexts encountered, providing the core computational basis for cross-context conceptual
generalization (see the figure, part b; right panel). The same computational characteristic does not arise in models that
blend task or context and perceptual inputs, immediately, within a single intermediating hub®. Thus, although this
computational model was initially advanced solely to account for cognitive phenomena, it leads to the conclusion that
semantic cognition requires separate and interacting neural networks for representation and control.

Hub-and-spoke representational network

Internal task representation —> Integration layer <——— Transmodal hub Other modalities

1

Motion information Colour information

Task-independent structure in the
transmodal hub
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a Lesion overlap in anterior and
posterior SA
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demanding semantic processing
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triangularis
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semantic decisions

¢ TMS effect on executively demanding
semantic processing

250 [J Easy (strong association)
M Hard (weak association)

200+

150

100

TMS slowing (ms)

50

=50

Pars triangularis pMTG

Figure 3 | The neural basis of semantic control. Various studies have provided strongly convergent evidence for the
regions that are crucial for executively controlled semantic processing. a | Determination of lesion positions in cases of
semantic aphasia (SA)!*? highlighted the involvement of both prefrontal and temporoparietal areas. b | A meta-analysis

of functional MRI (fMRI) studies conducted in healthy participants

113 also revealed the involvement of the prefrontal

cortex, posterior middle temporal gyrus (pMTG) and intraparietal sulcus. ¢ | Last, in healthy participants, inhibitory
transcranial magnetic stimulation (TMS) to the left prefrontal cortex (pars triangularis) or pMTG (the same areas as the
peaks identified in the fMRI meta-analysis and lesion overlap in patients with SA) produced selective slowing of
executively demanding semantic decisions. For more information on the nature of the semantic impairment in patients
with SA and how this differs to semantic dementia, see Supplementary information $2,56-S8 (figures). Part b is reprinted

from REF. 113 by permission of the MIT Press.

anterior cingulate-ventromedial PFC''>'"*. Inhibitory
TMS applied to the left inferior frontal region, pMTG or
IPS transiently disrupts semantic functioning, particu-
larly in conditions that tax cognitive control'*'"” (FIC. 3¢),
suggesting that these regions jointly have a crucial role
in the successful completion of executively demanding
semantic tasks. Of course, the proposal that the PFC and
parietal regions function together to support cognitive
control is familiar from theories of executive function
and working memory more broadly (see below).

Graded functional specialization within the control net-
work. Is the distributed semantic control network func-
tionally homogeneous or are there important functional
subdivisions? With regard to the prefrontal versus tempo-
roparietal distinction that was noted above, only relatively
subtle differences are observed — for instance, anterior
lesions are more likely to produce refractory effects
(accumulated proactive interference from one trial to
the next) in both verbal and non-verbal tasks, as well as a
higher rate of perseverative errors. Both phenomena may
arise from an inability to inhibit previously generated
responses, which may be more seriously compromised
by prefrontal damage®!!"1812,

Other recent convergent evidence suggests a superior—
inferior functional specialization of the control network.
For instance, blood-oxygen-level-dependent (BOLD)
responses in more dorsal and posterior aspects of the infe-
rior frontal sulcus (IFS) correlate with executive demands
across multiple domains'?*'?!, whereas responses in more
ventral and anterior aspects of the IFS correlate more spe-
cifically with executive demands of controlled memory
retrieval — potentially supporting the promotion of rela-
tively weak representations in both semantic and episodic

memory systems®'**'?2, A similar superior-inferior gra-
dation has been observed for semantic retrieval when the
nature and demands of the tasks are carefully varied*'?>'?%:
the ventral PFC (vPFC) and pMTG show increased acti-
vation during the retrieval of weak semantic associations,
whereas the dorsolateral PFC and IPS areas show increased
responses when selection demands are high. Activation in
the intermediate middle-lateral PFC correlated with both
demands, suggesting that the PFC exhibits graded special-
ization. Studies of functional and anatomical connectivity
tell a similar story: both vPFC and pMTG robustly con-
nect to the ATL, whereas superior aspects of the control
network do not**¢>'%, Likewise, inhibitory TMS applied
to the vPFC and pMTG (inferior network components)
selectively slows semantic judgements'*''*, whereas appli-
cation to the IPS (superior component) slows both difficult
semantic and non-semantic decisions''. Together, these
results suggest a graded organization of the semantic con-
trol network in which more inferior regions, by virtue of
their connectivity to the network for semantic representa-
tion, boost retrieval of weakly encoded information and
more superior regions, alongside the pre-supplementary
motor area and anterior cingulate cortex, contribute to
more domain-general control'®.

The CSC and other theories

The CSC framework is, to our knowledge, unique in
providing a joint account of representation and control
within the human semantic system — an essential step
towards a fuller understanding of semantic cognition and
its disorders. Of course, there are already rich, separate
literatures on, and alternative theories of, these aspects of
semantic memory. Here, we briefly note the relationship
between these approaches and the CSC framework.
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Executive-semantic processing

The semantic control processes that we described are
intimately related to cognitive control frameworks that
seek to explain the interaction between goals (coded in
the dorsal PFC) and posterior perceptual or knowledge
systems (for example, Fuster’s perception—action cycle'*
and Braver’s dual control framework'?”). The top-down
application of a task set or goal is proposed to engage the
multiple-demand network, including the IFS and IPS,
irrespective of the type of representation (for example,
visual, motor or semantic) that has to be controlled. In
the CSC, additional regions such as the pMTG and vPFC
that are specifically implicated in semantic control may
allow the interaction of domain-general control processes
with semantic representations'?, for example, by allowing
current goals to influence the propagation of activation
within the hub-and-spoke representation network. In
turn, the CSC theory would also anticipate strong recruit-
ment of the pMTG and vPFC when activation within the
semantic system itself triggers the engagement of con-
trol, for example, when inputs or retrieved meanings are
ambiguous or unexpected®®''2,

We also note that studies of semantic representation
and semantic control have often advanced independently
of one another. The joint consideration of both aspects is
important for at least three reasons. First, there are mul-
tiple, distinct ways in which semantic knowledge can
be difficult to deploy (for example, in the case of weak,
impoverished representations or ambiguous meanings,
or if there is inconsistency between concepts and con-
texts). These situations may require different types of
executive support®®. Second, semantic representation
and control are probably highly interactive — very little
is known so far about, for instance, the circumstances and
neural systems that recruit semantic control. Third, the
nature of this interaction will change if one or more of
the CSC components is compromised by damage or neu-
ral stimulation; therefore, a full understanding of these
effects requires a framework addressing both control and
representation.

Semantic convergence zones
Other researchers have proposed that the transmission of
information across distributed modality-specific systems
of representation flows through multiple discrete, neural
regions that are known as ‘convergence zones’ (REFS 17,73).
By virtue of their connectivity to input and output sys-
tems, different zones are proposed for receptive versus
expressive semantic tasks and for different semantic cat-
egories. These ideas resonate with key proposals of the
CSC framework: first, the semantic network is organized
around a cross-modal hub, and second, network connec-
tivity shapes functional specialization in this network.
However, the two views differ in other key aspects.
Convergence zones are characterized as ‘pointers’
that bind together modality-specific sources of informa-
tion that are distributed throughout the cortex, although
the pointers do not represent semantic structure. By
contrast, the hub has a crucial role in discovering cross-
modal similarity structures that allow for generalization
across conceptually similar items®”. The proposal that
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multiple discrete zones exist for different tasks and cat-
egories makes it difficult to understand the now-widely
documented task- and domain-general contributions
of the ATL to semantic cognition. The graded hub pro-
posal of the CSC framework accounts for both domain-
and modality-general patterns of impairment and other
types of semantic disorder in which some modalities or
domains are more impaired than others’>”*>'*%, Finally,
whereas the idea of convergence zones proposes differen-
tiation of expressive functions across hemispheres’”*'%,
the CSC framework proposes a functionally integrated
bilateral hub. Computational explorations'?, combined
TMS-fMRI"*P! and patient fMRI'* studies all suggest
that bilateral interaction is crucial to preserving semantic
performance after brain damage or dysfunction (BOX 3).

Distributed domain-specific hypothesis

Like the CSC framework, the proposal by Mahon and
Caramazza® states that different parts of the semantic
neural network become tuned towards a domain as a
result of their differential patterns of functional connec-
tivity. Thus, both accounts emphasize that local function
is strongly influenced by connectivity, and this can explain
patterns of category-specific deficits or differential fMRI
activation. However, the distributed domain-specific
hypothesis is silent on the need for an additional trans-
modal hub to form coherent, generalizable concepts, an
explanation of the multimodal, pan-category semantic
impairment in SD and, relatedly, the important, general
role of ATL regions in semantic representation.

Fully distributed feature-based views

The CSC theory in common with both classical neu-
rological models' and other contemporary theories',
proposes that semantic representations involve the par-
allel reactivation of multiple modality-specific sources
of information that are distributed across the cortex.
Contemporary methods including large-scale semantic
feature data sets collected using crowd-sourcing'® and
state-of-the-art multivariate decoding of neural sig-
nals' have reinforced this view by probing the relative
weighting of different sources of information in seman-
tic representation and mapping their neural locations.
Although little consensus exists regarding exactly which
cortical regions encode which kinds of properties, most
investigators seem to endorse a distributed feature-based
view of semantic representation. The CSC theory sub-
stantially elaborates this general view in proposing a
specific architecture through which modality-specific
representations interact, how network connectivity
shapes graded functional specificity and a framework
for understanding how semantic control shapes the flow
of activation in the network to generate context-, task-
and time-appropriate behaviour.

Future directions and questions

The hub-and-spoke model assumes that concepts reflect
both hub and spoke representations and their interaction.
However, there is a long way to go before we understand
the relative contributions of the hub versus spokes to the
overall semantic representation and the nature and time
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course of their interactions in the process of settling on
a stable semantic representation; for example, are the
core components of a concept available when the hub is
first activated or do they require an ongoing interaction
between the hub and spokes?

As summarized in this Review, considerable advances
have been made in understanding normal and impaired
semantic representation and control. Although the core
computations of such representation and control can be
cognitively and neurally separated, all semantic behav-
iours require a synchronised interaction between these
two components (BOX 4). We still know little about the
nature of this interaction or, in patients, how this changes
after damage to one of the systems. Progress will require
elucidation of the computational mechanisms that
underpin semantic control, as well as their integration
into the graded hub-and-spoke model.

Future investigations are needed to improve our
understanding of how abstract, emotional and social
concepts are represented across the graded hub-and-
spoke neurocomputational framework and the chal-
lenges that they present to the control network. These
next steps will build on recent investigations that include
the demonstration that the abstract-concrete distinction
is multidimensional®** and the importance of context and
semantic control in processing abstract meanings®.

Feature-based approaches to semantic representation
struggle to account for knowledge about the relationship
between features and concepts. For instance, the relation-
ship between ‘car’ and ‘vehicle’ (class inclusion) is quali-
tatively different from the relationship between ‘car’ and
‘wheels’ Different relationships support very different
patterns of inductive generalization: the proposition ‘all
vehicles can move’ should generalize to ‘car’ by virtue of

the class-inclusion relationship, but the proposition ‘all
wheels are round’ does not generalize to ‘car’ (as cars are
not round) because this kind of induction is not supported
by a possessive relationship. Other relationships, such as
causal or predictive relationships among attributes, have
been a focus of study in cognitive science for decades'*>1*.
An early articulation of the CSC theory addressed such
influences at length'’, but cognitive neuroscience has
only started to explore the neural bases of different types
of semantic relationship (for example, taxonomic versus
thematic or associative)®*”1*. A comprehensive under-
standing of the neural systems that support relational
knowledge awaits future work.

What is the relationship between item-based con-
cepts (for example, animals, objects, abstract and words)
and item-independent concepts (such as numbers, space
or location, schema and syntax)? There is clear evidence
from neuropsychology and fMRI studies that these two
types of concept dissociate®*'**!*°, One set of computa-
tionally informed hypotheses!'2*4"#2 suggests that there
are two orthogonal statistical extraction processes in
the ventral (temporal) and dorsal (parietal) pathways.
The ventral pathway may take our ongoing verbal and
non-verbal experiences and integrate over time and
contexts to extract coherent, generalizable item-based
concepts. The dorsal pathway may, conversely, integrate
over items to extract generalizable information about syn-
tax, time, space and number, which are types of structure
that are largely invariant to the items. As well as exploring
this issue, future research also needs to investigate how
these fundamentally different types of concept interact
and collaborate to generate time-extended, sophisticated
verbal (for example, speech) and non-verbal (for example,
sequential object use) behaviours.
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Supplementary Figure 1: Convergent evidence for the critical role of the ATL in semantic function
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Footnote: Panels A-C summarise some of the converging evidence for the contribution of the ATL to semantic representation (as assessed by synonym
judgement) from distortion-corrected fMRI (Panel A)’, semantic dementia (Panel B)’ and TMS in healthy participants (Panel C)®. Part B, right images are
adapted from Acosta-Cabronero, J. et al., Atrophy, hypometabolism and white matter abnormalities in semantic dementia tell a coherent story, Brain, 2011,
134, Pt 7, 2025-2035, by permission of Oxford University Press.
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Supplementary Figure 2: Differential effect of typicality in SA vs. SD patients
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Footnote: SA and SD patient performance across three diverse verbal and nonverbal tasks in which the typicality and frequency of the target
response is varied. In keeping with their multimodal impairment (see Box 1 and Main Text), SD patients exhibit a strong typicality by frequency
interaction, with poor performance on the low frequency atypical items in all tasks”. In comparison, the SA patients show impaired accuracy on
these tests with minimal or no influence of typicality®.
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Supplementary Figure 3: Convergent evidence for the multimodal nature of the ATL semantic function

A. Distortion-corrected fMRI B. SD performance C. Effect of ATL rTMS
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Footnote: The multimodal nature of semantic processing the ATL (in this example, for semantic associations probed with words and pictures) is shown in A
(fMRI)’, B (SD patients — including the very strong correlation between the impairment level for word vs. picture versions of the same task across a case-
series of 20 patients)'’ and C (inhibitory rTMS)"". Part B is reprinted from REF. 44 (main text) by permission of the MIT Press.
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Supplementary Figure 4: Convergent evidence for the timing of semantic function in the ATL region
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Footnote: Panel A shows the results of a representational similarity analysis of grid electrode data collected from ten neurosurgical patients. This technique
identified the VATL subregion as a semantic representational ‘hotspot’. The time-windowed analysis showed that detailed semantic information is activated in
this area from 250ms post stimulus onset'’ whereas the same region’s activation pattern showed no correlation with the visual or phonological similarity
structure. A similar time-course for ATL semantic processing has also been observed in healthy participants using chronometric TMS'* (Panel B). TMS to the
lateral ATL after 250ms post stimulus onset slows semantic decision times, whereas no effects are found at any time point for a difficulty-matched control

task (number judgement). Part A is adapted, with permission, from REF. 50 (main text), Elsevier.
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Supplementary Figure 5: Evidence for the division of representational labour across the hub and spokes.
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Footnote: This Figure summaries the inhibitory TMS data'? for the division of representational labour across hub and spokes, with the spokes providing
specific sources of information (e.g., inferior parietal lobule (IPL) for praxis) and thus generating a transient impairment only for concepts for which this

source is relevant (e.g., manipulable, manmade items). In comparison, the transmodal ATL hub contributes to all categories and types of concept.
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Supplementary Figure 6: Parallel verbal and nonverbal semantic control deficits in semantic aphasia
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Footnote: A parallel effect of semantic-executive demand is observed in the SA patients not only on verbal’ but also nonverbal semantic tasks'® (showing that
the same executive-control mechanisms are engaged across modalities).
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Supplementary Figure 7: Qualitatively-different semantic impairment in SA vs. SD patients
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Footnote: These panels summarise some of the key behavioural differences between semantic dementia (degraded semantic
representations) and semantic aphasia (deregulated semantic processing)'. SD patients exhibit substantial effects of word frequency,
moderate influence of imageability and minimal impact of semantic diversity (how much a word’s meaning varies across contexts). SA
patients show the reverse profile*. In verbal production tasks, SD patients show little effect of executive demand whilst SA patients’
performance declines in line with the required level of executive control and working memory (naming>category fluency>letter

fluency)7.
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Supplementary Figure 8: The modulatory influence of

positive vs. negative cues on word ambiguity effects in SA patients.
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The SA patients also show strong effects of word ambiguity
(e.g., poorer comprehension of the subordinate vs. dominant
meaning of words such as “bark”). The effect of ambiguity is
strongly modulated by the provision of positive vs. negative
context or cues/miscues.
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DIEERBOHMAAR HRER S1K) TlE, ATL DO MY RE— REEN IR TOBMRIBRICEETH 2 UREENTRE I N (19,20), SD BERF IRNTOEI VT 1(21) &
EELFIRTODIA TOWE (13,22) ICE> TEREEZEZ RTINS TH D (BMAKFOMHERS) £R<). T5ICSD DEZEDR/FMELT, COBETIRHPDERDZI NT VY XE—
FIWBNTHEEINTVWDEUNEZSNIBRVWEDNH S, Hic, SD BHEIF RIFPREOKR, DELINIMBOBEICKEREVWDHZICEMIDLST, FEMT—ELL
BEED/NY—VERT, THHLE BEEOHLAYTS (BEENSWIEREREN M LT S; HEER S1R), BEATOIEE QMBI HERARIEE ILRERELN P LT S; @
BIER S2K), RRICHERMBOREYE IFEMI’BWFEFERENMET) THS (24,25), SD I, PILYNAI—REED LS ICHRDLERRBZ S RAEL IFERD
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(26), MEIORIERITES & BRAESRE RO E LERERIETE/ES (27,28) (HRIEE SIR) 2&h5, TNSOEREN N TV RE—F G RXA VI XFIFEZD/NTEL
THEELTWBR EEZ 5N,

FHESRIICE, NT &RR—T R, TH(29) PRAFIF(30-32) THASNTE e, BR—EU—RIETELHESZEBRI 2 L WS RBICN I 2EREERMH UL (L DEEL
FRICOWTIE, 3EXH 510,33 28R). 1 DOFER, HIBUACEET ZBEHY, REZEFCLPREOEY VT, Xk, BEMEZBI TRBRINDZETHZ, 5120
FRER, BEBENREORE, B, SEBECEBENICRKEINGV. ZORLDD, BISHELC TS U T FHEDEHORRIE, B TELL YT <, FRETHS (5,20, <h
SORBEE, BV T HFEOBRFEOEENABEEEZEMICI—NMETZ2VXTATREBRTERVD, IRTORZEES VT« OHNNTEZRATZ2=2—F IRy hT—
JETILTIREBRTZS(10),

EHECE 1 SRR D AR - REGRIIHAEE ORR

H2, TBHRZ, BARE, SRRHERE, SEIERPTCRECDLDFESEROBME IR EF5h TS, T2, TR, R4
B2 SRR 0BT Tk, BREBROMEICIRDBATERLDY, INSORHTIE 2 DOBRKR T IERIBHIESND, SFHE
T, BRE, S5E, SENRR, £LEZOmMAL SEBINMBEEERMLUICEDTH D, ZOLSRBERIMEIE "S8U
EFEND T EHE L, 19 HIEOBBEELEIE TV T L) EFATWEZ (14) IS ORERNEHIE, Bz BBFIEHIT D
R TOHREEROD, ThESBIEMD HT-CICEFEL LR NIERSBRVOL I, BROBKRERO SECERICE W TRER
DEETH S (15)e NICRDZREIEFR IS, FHL T TIIEE—B U —MRILARBEAHRZR T 2 ICIEFRT2TH D, BIERRETRER
I LY YRILDBRETH 20 LNBVWEWSERBRICEDVWTLS (143), N5 ORHIERIE, SELRESWLE & —iRb%x5tn
FTREHEDTIRHZN, B ZFNICBEET ZREBENZFIENEDLS ICHEVPDVWTWBDD, Fic, ISBAOREEHAT I LI TER
W, #F(29) PIRAEBIE (31, 32, 144) T, MRZRICH T 25BN - FEENRROZFERHLPLEEZZFAND—AT, FHEHRIC
NyEYTUTHHEE LT EIENTEZEBMNRRRERE UL, BOMICHE—ShicERmINMRREIh T\, BEfkic, REDIGR
EHEWSHE(7) I£H, BELLEZINEENTWVWD, DFD, BV Y T« IKKELLBRWEED, ZNZhoERicBULEEI YT«
BOREAD TRAV5, £1d, I\NT&AR—VEHIF, chS50H—ER%ElRL, —BMEDH 52— RETREREENEDLSICLT
BRI SBEINDD, FHEBSOBMOEM TR BRI YEYINEDLSICLTEBI NS D, £, TIN50 7O RDHRNRE
KLIEDWT, Za—AaAYEa—F 4 Y7 ZAWVWTHET %,

1.2. ATL /\7ICEAT 2§ R

ERBAE T, H<HS S EIERMBEIDIARTRE R > TEH (BAALE 2, ATLIZCNETIFEALETEINRTWGL oo, EBE 1 B LB RTIC SD BEIHRES
TWelcbhhb 5T, BHREE & ATL OES & OBEN I, BROMBREEREMICK > THH THESHICR-12(19), HHMEEFETTIVIE, PRBBRZEROBZICE IV TL
feh®, 2hid & - BBRID ATL (ULHE M) 21859 2 IEEEIREW (34), BRI, #4EEH MRI (IMRI) IRICHRO H'H D, AR BRFERBLOMBEN S, B - T ATL OFEEN—E
UL CGBINGHES N TE2(35)e ATL/\T MRRINTLUEE, EWRMBICH T 2D ZOEEOKRENL, SXITERAERZAVTCLIEICHRINTE oo SEIOHARI, /\T &ZAKR—0
ETFILOW OO DFRAEEMIT, IR L, ATL IR OB FZNER S BEEZHESHNCT 265D TH S,

B HELE 2: AEDOEMKRTEAMADEHB How does the angular gyrus contribute to semantic cognition?

HHENASEOHRENETILCE, VILFE—FILICERS AL (AG) A EREZOEELHRIMTH D EEZ SN T (145),
I 5 ICRETIE, RIAISEEE (ATL) & AG O/\T OB TREINENTON TVT, BENEEN X cFEASDEHNRERAZLELTWD
DTRBVWHNEEZSNTWS (137, 146)s LA L, EESIFHLIC & > T, BRALEICH T2 AG OREIFHREICARZI EZSZH, BLS
BFEO>TWDESTHD, BHRFEBICET DHEER MRIFAFRDZ < I, AG DFHEILZIFEA L, HDWEFLLFRBHTWRW (147) HY, B
BEIEEE BEANEBR S MRIBSREOLRIE, AG DEVWERERICEHET (148,149), REDKREARX ¥ 7 FY D X(112)TlE, L
KOO DEMEE (TEY — RRE, XOBXL, MOERDEIE) 1 AG % EISEMLT 2 EnBESHICHRo72h, TIAINE—RRY
KT —UADOEM (150) EFRRIC, AG FRHKZ SO EROEB CHREICEEL LIBERILETRT, 251, EEBRE LT, AG DIEEE
EDLARIVIGEBOHSELAB L TWRZ LN EF SN B, ATL OEKBEEIE, IEERGNLEECIEEELERL, BRBNREE
TIRIEDEELETRT ZENFEEIND, D, TIAINE—R & BRBRY NT—J 2 EEHEUIER (45), AG [FRHRIEE &
ERNEEEOMA T, FEOHZEICHBULIEEELERT ZENAShICR o TNSDERNS, BEEEIEEEE BN
CHRVER, BRKE SHRE OEASLERE, BEAFEBEEHL WEEZ WL UBAIC, AG OFHENIREL BRI EVS T &,
—BNAFEHZEDEVCKL BIEFELERBMLTVWS EWSHREENEZ 5N D, ORI, MRVAFEELD & EFNREEDH
PNELBRDLSICRBOIEREEET 3 &, HAENK AG OFMHE(LDOBVWHIEERT 2 & WSERBERE—HT S (151), SHOARTIE,
BERFREICE VT AGHEDL SBIRRTERT 20D, e, ZOEBMD BRI TR B WILEQRIED S & DBV DT 5B 0H
ZRDDELH B,

1.3. V7ORE—=YILELI\NTIXEER ATL (C&EF

AUIFILDONTKRAR—VEFTIOEBRER LI, HABTETRIESN TS (BREIEE SIR K L CHEREE S3X). ATL &, AHEF YT« BIZIE, SE 9, 18 7 PH
BHTIVICERGRL, BERLIEBICRET 3 (36-39)e ATL (&, & D EFMLRELE (40, 41) (BIZ (L, Pekinese) ICH L TLDE<ESLTWSA, BEAES BIZIE "R, ) PEEL
NILOWE BIZIE "8 ) ORBIBHR—BLTWS (39,42), EAD ATL (&, SENE L PIESBNLREHRLEICEAS L TWS (43,44) (FAHEE 3). ATL OHEEEIE, BKHR
FISRIRTH D, 2N 5 DERIL, AFICERI N2 IEEHRABAVEEREICIZEES LR (36, 40, 45),

FAHEE 3 MAIDATL /\T: BHRRRICKE T 2L EADATLORE]

BERAEDRE X, BICHAO/AIEE ATL) OFHEEELTED (22U, 6 < & RIRDIEARE TIE, EMREIE LI UIETEEIcI
) (R ER S1R), £ATA DOEEIMFERMEICERLUTWR I EERELTWS, HHl ATLBIEE2Z B35, MAATLESER T
BHEICHRT, —BWICEKREADIEZINCBRTVS, 2D, KDBREOEWVHEZTZIE, FRAIORKRE IS ERESHEEI NS
EHHB (152-154), ZNIFEAD ATL DRBEEHSRIH (TMS) IENSEShIMRBE—KT 3 (43). ERIC, HEMAR LLBHRPN
WETIE, e NEREICEWT, FAITIEAR TR ATL TIRRRICBENRTILFE—FILERBENELZ 2 ENASHICSI N
(155,156) Zhld, Fhick hOY YT ILT—ROMARAR TEBREINK(157)s NTKAR—VETILOWAIN—Y 3 > TlE, BH
TI—TEDINEDEVNERELK (129), UADETILTIE, BEBERRESEBREN 1 DOR TV RE—FILNTZNL THERS
hTWwk (®a) FULWARIETILTE, 2ONTE 220 FTI/N\T (EED ATLBEZE LS D) ICHEILE (M b), ZDEHETIL
TlF, BEEPEREDT—Y LRAUKEEE, T4b5, BEOGKENIRU TH>TH, MAIDEEOANFRAIDOEELDEEENKENI &
MNREN(129) (K c)o RE. BEMRERRICTHITZEATLOEREICDOWTIE, SEIFIRFHH 5(74,128,158,159) —DDAREMEE L
T, B—DMEEN N SV RE—FILIN\TH, TRIOHEEEE S i ATL 8RRy RT—JICd>THRISNTHD, HERELTYRTA
MBI L THERETH D (129, 160), TMS & functional MRI (fMRI) % A &b B IR TRENI & S I, HEIDESE ICKHEID ATL
DESEHEEERET7 Y 7L X2 L—hF32ENTES (130, 131), HROLEZMNARTE, A - HAOKAPEROHTIY —(cHE
LT, KB TEEREWAH S Z EMNRENTLS(159,161,162), RHRE T EEEOSVHRE UT, £ ATL DiEEIE LD AE
BREINZEHLSTDICRL, B ATL OEGR & D RELBRIRBZHLST I EHRBITFSNTNDS (153,161,162) & 5IC, RIEDKAR
B IMRI X ¥ 7+ U YR TE, ATLNT Y RFT A (FEICTHAIETSE 2D, BEER PEESEORKICH U TIE EEREML LI5S hT
W3 (75). IR N\ TR (AXBR) Ic&nid, LAY 2T A & BRENAIENTEDHEASLE IR, ANYATAEHAY R
T LANO B EEGE D ERENICERIAAMDO NSV RE—FILN\TEZEDHEETIICL > TIRZ 513 (129,160), Parts b and ¢ are
reprinted from REF. 129 by permission of the MIT Press.

file:///Users/asakawa/study/2021jpa_tws/2017Lambon_Ralph_ja.md 2/8



7/14/2021 2017Lambon_Ralph_ja.md

a The original hub-and-spoke model b The bilateral hub-and-spoke model
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e, INSOFEE, SDARLE I TRHAETERVWEEREREZRMET 2, R BEHCH I IEMBES NIz MR, NHEBRANBECRITZRES Y Y NERRIBEREE
B, SD BEICHRIFTB(18) F-7IAOFAFIIINI-ARY b OY - TIyyay - NEV T T 10— (K2) &, WIThb BRA-ER ATL AVIILFE—FILX—I V5 (46-48) LBfR
(36,39,44,46) DI\NT DI ORE—FILBFLETHZ I EEZRLTVS, E5IC, NTRAR—IEFILTFHSINILSIC, IMRI (49)P REEM (50) DT—FDIILFRI &
JVIRG — VBT, A—EETOERI—FT« Y PES I T B ORBRBEORRE LOME (51) NRINTWVWS (FRER S4R). & 5Ic, BB ATL T, FMARERERIE
FIHFIAE 250 ms HSEMEL SN ZH (HRER S4K), HUWEEL RILOXEEZ N LET (RESBIAEK 120 ms) ICFIATE 2 ATAEEN S S (46,52-54), F 1z, ATL SMAI (CHDH
HORBEEHIIB (TMS) £1Z % &, BEESMWLREROMENRESNZDICHL, "RR—2 ) H\BEIC TMS #MMZ % &, A7 TV —ICHRBHENE SN S (42) (HEIER S5
), 2F D, ERRBICEWVWT /T & RR—Y OWMANEETH 2 I EMERI N, i, BEE TIE, ATL $85I1E, 258 IMRI TREEI D &SI, EYY 7 1 55 ORNER
EARBEWREAEERLTED, SD BE T, BROFES DL AL, ATL OEHFEOREE /\T - AR—7 OBENEAEOETOREOMAZRKRLTWS (28), Zh SO
FHERIE, VORE—FILNT DN EBIATL ICEFULTWBZEERBULTED, \NT&RAKR—Y OEZADFKNLGFHERMGIFTZ2ELDTHZ, b, ZOEEIE, EFUT
HEO "AR—7, MOAZ 225 —vavERART 3 L CEELRREEZRLL, 25932 &7, ERHOBEKRNELEEEERFTSLTZE VWS FHTH 3,

1.4 [GEICE ATL ZZDEEIFMEINTND

WD NTKAR—TEFTILTHE, ATL BEFEOZEVCOVWTIRIFEAEERSNTWEN o Tce ZOEHED—DIE, SD OEMODHHIEH T—EL TWS (ATL OELRE RO
EHTRALRED) TETHS (55) (H2C), R, BEDOVILFE—FILBEKEZICS, FIOVBERBTELEE LS50 ATL DEBABVNICEEL /NS REEERITIE, F
EAEBWIRRW (FAAEE 3)o FHUWIHIC K 2 &, BEEI ATL A\ T OFDETH 2121 THL (RI), Z0HEEld ATL O TRIER CERENICELT 2RI TVS (B
2A, B)o
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Computational framework and neuroanatomical sketch
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B 2 BRRERY ATL BRI\ T

o ARG, BRBER I\NT & ZR—T ETIL (39, 44, 58, 74) D ERINEIEA (/N— b Aa) EHREEFNZ T v F (JS— K Ab)

BHED8x8 1=y hDJY v RiF, BIAISEE (ATL) \TOFELOREERLTHED, EYUT RO R—I B L DHEEEHGEEEZRD (BRAR—IBIE8 1
ZY RDERZEBOHFETERINTWVD), AUIFILD NTKRR—VETILTIE, AADEFS YT 1 IKhD 05T, TRTO/NT Iy RHABEKRKREICELL
BEU Wz, —H, BEFTIL T, AR—VBEDER/INY—VDEVWERMU T, BERERRICHTZ/\ 71y NOERENEBNICELLTVWS BIZIE
BERANE (HE) &R BW\T Iy hO#EER, COBRRICMES NS (ThS5D/N\TI1=Zy hOBFEBTREIND), FLETIE, TRTODAAIC
FHUTELU L BT SNIERED B S0, 1=y NOBEIITZEIC RSV RE—FIBELETH S (AHBTREIND), HRBIZNRRIE, Z DEREN
BINTHBERDATLICEDELSIENYEY T ENZhZERLTWS, 3 DOANR (REEED " (FHE), —REREDT (), "EE (F) 1 ATL ICEE
nTwn3 (BFEXH), BHREEEF CNSOANDEBIICHEUTATL 2ETERT D, FAAICRELEVWINESEIF, ZOBERRICEDRABTZDELSICHRD
BT BETRIND), —7H, REAEER (B) (&, SRTOBEOANIKELLEST 3, WRORY U RiE, B OIATRULMEZERL TV,

« BINSD/SRILIE, graded ATLOETFMNATHIEZRL TV, ZD&SIC ATL DEKINAEWNE, BIRBER (/$— k B) RSN TWS, LEIEE (STG)
(&, IR&EDHEE, EFNASEL D BHRNLSEICH L T, BN KEBBWEME({LZRT (/S— b Bb, B, FHIEEE (MTG) & THISEE (1TG) &, €Y
FAPERONTIV—ICEL ST, RHHEL (\—KC BE), hOREDESERT, HiEE (FG) OF5IF, SELD HiE, MRNRSELD L EENL
SEICHUT, PPAE L (44,65) (/S—k Bb,Bc)e Z7RFY YRV, EONSHERICKEWEEILDEETRT,

o C BHRSHERARICH T ZEAID ATL h S Y R E— REBOREEHEZRT, I OERONRIMET I, RRMESRAE (SD) (47) DEEDOEMKEEELHRELTVWS
(/N—hk Ca)o [EHRIC, EBRAEIC K 2 EEHEITEEL (MTG, ITG, FG) DEMENT W & (F, ZD LS RADEIDEMHED /% (55)(CbEl) °, 2% E D IEHEE
# MRI (dc-fMRI) TERES h3EWREEDZELL (36) (Ccf) ICbRIREN TS,

PhG, parahippocampal gyrus; ROI, region of interest.

Part Ca is adapted from Mion, M. et al., What the left and right anterior fusiform gyri tell us about semantic memory, (Brain, 2010, 133, 11, 3256-3268), by permission
of Oxford University Press.

Parts Cb and Cc are adapted from Binney, R. J., Embleton, K. V., Jefferies, E., Parker, G. J. M. & Lambon Ralph, M. A., The ventral and inferolateral aspects of the
anterior temporal lobe are crucial in semantic memory: evidence from a novel direct comparison of distortion-corrected fMRI, rTMS, and semantic dementia, Cereb.
Cortex, 2010, 20, 11, 2728-2738, by permission of Oxford University Press.

ERREMIEENE L ORI OF D D (&, MFEEICH¥RT S, Brodmann (56) &, RIITEEEZ LW DHDERZERICH T co RROBBREHNZNFETIE, LOHEMWRRIH
REINTWS (57)0 LH L Brodmann (&, HISBRE DB EDELIFERENTH DI EHEBELTWS, ME-ERERITS2DIC, ThSDTRTOEEHNHRVMEFIRIC K
STHEWCAHMENTWS b Tldia<, FIX IFRBEEEEEEDOERD & S IC, R ICEMBNICEL U TWI AN S 2 Z E2BERRTHE K BENH D1 (T 56), D
BRI, BROMAEEZNAR (57) TOBRINTED, ATL BESETHEEMED/INY — U HBRBEMNICEL L TWSATREEZRLTWS,

2 DEDARIE, BEN - BENKEREISBONLEDTH D, NTKAR—VETFTILERKIC, £ bEFE NERBOIELAEMIRIL ATL SEIBICINERT 5 (58,59), TN 5
DRREZAMICUHER > TH ST, ATL IVBERE O RER RS IC S ERENABINERNSH S (58-60), #HIZIE, uncinate fasciculus (3 IRERIERE L IRBEHZREHR <A
SRR E IR U, fthDRIEERTR B DERIE, extreme capsule complex Z 41U T, TEEIE/NE H 5 D middle longitudinal fasciculus & E#kIc, £l ATL $EI% TEAMICIRIEL,
inferior longitudinal fasciculus (&, BEAI&E &K CIEARIO ATL ICRHBIFERT 5. INSDFANICER - IcHEIDRERDOEEIF ATL DEBWEATNG U FERREDERICEL - T,
L DERBENAREDERD (58), ATL HOBRWESICINZ T RISERAEE G IREREEN & R B VSNBSS Z R, THME ATL ([FEROIZDSIEICEEY 2 H1MEE £ LETER
ERBBVMESERL, LA ATL B—XEER L OREEEESERHRIBET 0

£ 3IC, RIEDWBRA X —Y VT DR ATL $EB TORRRBIEREED A X —I VI BINS € 2 D ERNRIREICE D A TE12(35,63)) &, ATL HEEEDERRSMIE S IERENE
FILEFBILILK—HULTWVWS (K2A), HRDE SIS, ANEY YT PRBATIVICHHDST, BRFIEETIEIRE ATL 3@ <GEMLEI NS (36,39,44,64), ZDHILVR
Mho@N2 &, ATLO Y ORE—F ILRERABIEEEIEE A0, BEDANEI VT 1 IFEU DO ELSIEHRD (B2B)e ZD &SI, ATL D& D RRISERIL, thd 51 TDFRM LD
b, RER—RIC UTcRMPEHENAERICH U TL D RKERRIGERT (44,65,66), B/ LMAISEE (STS)-BiAMIEER (STG) (EHD/CY —Y&ERL, BERE, EUSE, MRWE
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RITK T ZIEMALDKE L (39,65,67)e Fic, STG DERDESHEEIL, MHMAEHOENRERLEBICERLTVWS EINTWS (68,69), Ffc, STG L EAZBEEIL, HAEDLEN
RERLBICBRL TS EINTWVS (68,69)

D& SRR (L EHIBT 52— DDA E U T, EHROE W CHHAR ATL TAIEED, 22 N7 T —FRRBREERCEELTVWRZELEFEND
(17,72,73)s LML, TORBRICIF2DDEENH %,

FE—Ic, TORMEE, ATL HMERIOBEERIR T34 <, BRENASRNSRILERT Z L2 RBT 3, MIaEE, BEt, HENT—5 E—BURRL,

FEIIC, ZOESBHATIE, ERLIRTOFEREEI VT Icble> THHBEXZTVWEEBDNB/N\TDRENEZHETER L,

55—DDEZAHF, ATL /\ T IE BREHIIRHEREDEZ R U (33,58,74,75)(K12), B4 2 TRIBBO RIS, XY M T—U DED O & DEHFIEDRBENAZVERBRLTWS &
WS3EDTHD. ZDELIILEZDE, ERLEZ1—OCX—I VI DHRIE, BHET 3 ATL $8E8N, BLAREI U T FEORBY AT LAEDHEEEROBRSICHUT, B2k
BEOBRORRICZVHRD EHFTELTVIEVWSERERMLTVWEEEI SN,

T D &SRB UIE, BRI BEEICRIFTHEN SEELE LS (58,76). Plaut (76) &, /\ T & AR—7 EFILISEVWET, EFY T 158D AR— I  DIERICIKEL
FERSEEZEA L, HIWEICHTIZNEI=Y NOBEKER, AR—7 EOEREREICKTFL T W —FA, BEHZNICREDES VT DRAR—JICEVWI=Y M, T
RTCOBEOEWRLEICSMT 5, 720, BEHEDOEY Y T« 2EVREANOERELIPYEL BB, A2 RERRICGEWMIBICHZ/\T1=y M, KEHEARERLEICEE
T %, N, IHEENREE BIZIE, FHNLREICRIGLTEREMATIRE) IKEHEODEMUGL, BREN/N\TREE, CORGERBIELHDT, ATL OBEEIERED
RIBBEEEGIEICK > TSN B EIREL TV (RI2A), BIAD STS-STG (3 RERL D HEER & DERIENB WO, MRNBEZ P S ENRERLIE ICER U, AISERIE, 1t
SHRAPREEZZ 2R Y NT—J LOERENB WS, HENRBRICOPEMI ZEEZ5ND, BAIATLIE, ThSDEBRDZVRATAICELCERLTWS S, IRT
DEBICEVWTEETH 5,

D& SIRERFERIRHEEE I ATL N\ TP EWRLUBICHFEOODOTRAVWI L EZ I THRALTEELW., B tOREFEHCAEOEE (FI2(F, RELERE P EELER
) Tb, EHEMORB LR/ — YV ICR > EBBENBEEETO7 7 ILERLTWS (77,78), ULich > T, ERlEIC & > TER I N 2 BREERNGHEE IE—RNRRETSH D, ATL
NTICRIE U BRIE, ThS OERREINAIE ATL SEIE®, ATL BV Y T RHEOBBEOEEER%ZEL T, I TICIBAMICLEINTVWS EEZX 51D (52,80),

1.5 A7) —RHRECERENNT

BHREE ZOMBERICEY Z2ERIE, 2 DOMROEZFNE JCEEN -1 — O/ XYV I T—IDSRVFELZITED, 2 DOERAZERNILIBEE>TWS, 120,

Bk 2T LB AL, HEERLTVWSY, —BHEDH 32— RICTELSHSEZRAZLDICE NIV RE—YILBERIDETH D EWVWS, NTRAR—IETILZEOREE
ZFITZHDTHS (5,7). 2 2HOXEIE, REICHEITE THTFTU—KEN BECKERZLTHOT HRRBTRMBONT IV - LILRRIEENELLD, R
BROBFEDRRTRLGZEMRMAEC D, BE—EWSDHITREBVWA, BZE5HZEELIMRTNTVZDE, EMEATYDOMNETH S S (81,82)s D& SHFEHLIE, BEIZ
MIC R 2, BEERICHIZ U Tc iR Y 27 L0, REZEESRE BIZE, 8%, B, &, BR) CRIDMBEXZ B DITEILL TE L EERT BcHICABVSNTE (83,84).

RIEORERE - SHEIOARICEL D, N\TRAR—V OB E, MADT— Y ZRATEDM—ER/NERBE LI, HROBZODETE, W OPORBRBT —Z 2 ) — TR
L& > T, BHREZEONRBHR/INY —> &, EEREHRERICET 2BELBRNIFOSNTVS, HIXIE @A ATL AEMHL TWS SD BE I, —BRNBREHREEZHE LTV,
MHDOHABAT Y —EBVWTIRBEAKROBEL NILERLTWS (OEZRREZR, HICRIRORBE PREMZ R UIB8) (25 85), NRMIC, BEREREERZOR
FiF, BAOEEDOHANENDLBAMEN T EH'3 D (86), NILRZT AL ZARMA (HSVE) D2 MHREOFTEAEEREDEEE, BROBEEICEIZ2MHEN ATYICET 2MHEL
DHEL BV (13,87) Ffe, MIREERICEBEZRITLEER, REEEOAIYMICOVWTROARELREEZRY (88,89), INSDITEERHZNLEERER, BEEICHEITS
HBEER = 2 — O X — IV PG TMS, H#RARBEOREBBIARLE, ORKMH 585 NIRRT E —3 L TW3 (36,42,46,82,90),

INSOHERIETRT, \NTKAR—VEFIOEGHEFINIRTIRZAZ I LN TES (91), 1 DEHOEELMRIE, EHRRRGEIC/NTICEDICHD TR, N T &RAR—I D
DHABERERBLTVWSD EWVWS T ETH S (42) (HREIFHR S5K).

2 DB, BRI NAEBERETIL (1) EARRIC, BV T RHEOER BIXIE, REN TSIV R) &, W<OhDA7FI)— BIZE EE) IRU TR EEHEZFOEWS
ZETHB, ZDIENS,SDEEDATL S VRE—FILINT ODHIEIETTZE, hT7TY—2BHR/NI—VDED, AR—7 ORBRNZEGEIHT TV —BFENGESIC
DENDEEZISND, ZDLIIC, 77TV R PEENTMBOETIE, BETRERAIYMICH U TEZEEZRIFT (89,92) —A T, SREDHEEANDETIE, B DOREMEHEE
EHBELTWRZ DS, FICEHMBOXAEERHEICT S (86, 93), BEMRIRRICHIFZ/NTEAR—IDEFSDEWNIE, HREFNICEEOAER[RICTMSERW TSRS TWS,
KR, HIMRTIE, COLSBAFATL ONMUZRIET 2 AT T —LBWBRMREZRIN, 750V X2 0—T« VI I 2BEEBZEENRT 2L, h7T)—RHENG/N
F—2%ERL, ALMOREHINEL 03 I EHREINT (42), EHEMEICHRINILNT KRAR—IETILIE, EBRUZMOBBRHIGBREBHRICOVWTHRRESE2 T3, X
1, BRI ERISEERIE, ATYICH U T D RELFEIZRTD, ChiE—3, BERO TSV Y RAA—T 1 VI BERICEEDRNA > TWBIHTH S (94), %z, EREDS
m&ED, 20 THRE) FER ICEVWT EMEDEAIMICH U TEDARERWERMEZRT E WSS, 2O & SHBERLSOFHATO1) HATE 3(84).

7% %3R8 |F, HSVE & SD LR T 2 EHBHEZEDRVWEHBET I ETH D, INSDEBTIFATL DEEHMUNERICERDE> TWBIcbh M 5T (HSVE TIHEEHI &
DRBENCESR UL TWBICEI DD S T)(95), HSVE BEIT—RNICEAYOBES L D HE ATYORENMBN T WS (4,95)H, SD BETIRIDLSBARIKIZEA ERSNRL(13),
ULHWUL, COREDHT I —HROEELRERE, ZNEMBULIFETRTOMEREICEL > TASHOETREINTWS, BRIE, ERELANIL BIZE BIPYLEER), BEALA
I BIZE, RPOFA7), FELRIL BIZIE, T— RPN F A7) THETZIENTEZZLIRBRLEV,. EWRARDIFEALEBEERLANIICEREYTTRED, 20
BSHICEBLRLANILTE, EPPEARROESFIAIY LD HRENICHEBENICEEWCIE>TED, U > TLDERULY T WMEEDH S (13,66, 96) LIch’> T,
HSVE I 813 2 AT EYMOHEREEN, BEELANILTREEFEINZ D, TRLARILTRFEESI N, HSVE 225 —XAhADAHT I —CRENODEEDESEFOEVS
sl BMOTEERHBEOFLND £4B(13)0 & DEIMNBIRIENVRETH 20, BEBERIE, NLRZTAILRICE > THERICIESEZZ 1 2 RAIRIEESSENIE, EOXE
TlE<, BRZEEO T 7VPELRZBEHEORZSY, BENFLEERNICERULPTVWEDDORFNICEETH D E WS I ETH S (86,95,97), Z DAREMEIE, BRBEHI/NT &R
R—JRE® ATL O THBEE THRNAIES & EENABRORRICH T 2 RENGIERETEOEHNT 52 R T BEDIHR (65) (K2B) E—HU TED, ATLAAITIEERAR
B7A T LDMBEREIND (58,59) T &hbh ol

E5IC, SD FHBEEMERBTH D, ATLABRICET L, ZORR, ISHBAHBETIBEVWSEROET SN S, SD BEZ, EREGM TIRIBLRMRMHZ MR IR - 1k
RIBVLFE-YIBRRICETN TV ICOM DD 5T, SD ORGP > < D&, LA UIBXREAHIEL TV cdh, BEBRREAERTRETH S, WRIIC, AER
ICARIN L 7o HSVE BRMRETHD, 20k, H2BREOEEEBFEFENESN S, COLSHBEBVE, NT&AR—T HEETIL ILEWT, &iTEDHLE, —1ELTNT =S
LI ICBIEZ T > ItiBR L ZHBI 2 L TEMTZ N TE S, FIERNDTIV——RURZHLSTDICHL, BEREVEORSLDOAIYICET ZRENELY
%, BREOHERIEZ, REVYY—IANBD LI ET, ETAD, BEHNICEICHER >IEYOT A TLETUOREF ZXFT 20+ "THRRNRHEES, ERORZSET
BDHIcELZEDTH S,

2. ELkIE Semantic control
2.1 ELkFl{E & (XD ? What is semantic control?

BELETE, BRRRRY N7 —VADFEHZHEL T, BRORELXRICE U KRB PHRE Y AT LANERT B LS I LRITRERS BV ENEV, REILL>TE, T
UOBKRZBRFLLD, BUEORWVSHICIRZRITLD, 5B S0RVEEREZMZ DT IBENHZINb LKL, T5IC. BROEELAEIFZ. SELFSENTH
DOEAILEVWT, AU TERBE EEICETDRARENGDET, P F-REFYVYRODY YRS Y FEEZEEIC, AUTA72E>T, Ty 2T, /v E
0%, N5 —%282, F—RERATMIRT S, FrYRETLSRE, SEITEBEVWAZTZIEEBRLTHTIELWL. ZThZNORETIR, 71 708FEEZ 1 21 2EMLTW
<REHHZD, RE—MNICEFSND D1 EWSEFEEZMHILARThERSBWI EAZWN, 1951 OBEIEF, 0 7 OHBNAEE DA<, R51X93, B
21E) MR ERIN, OYE (R 7—Y) MARNICRATHEBICBESRISNBITNERSAV, IS5, PYVPEEICL > TRESNZERRER, BEOXRICEHLE T
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BENBRITNEBR5RW, BIZE, FBANDERFOXIRPELT B3R (98) DEKERET 2DOHIRERISSICEL B, BERS VRELOBR (9,11,12) ZRRI 2cHTH S
FPRDY Y K1y FEDDORITIR, NDBLTIAERIFYA—DH B EZRBUIEE, BRNICEBEUCBERRIDEICRDEEEZL).

CSC O#HAIIC L B &, BHRBAMOKIEE, BEHRERROR Y hT7—2 EHEERT D, 2he ERIFREOIBBEMERR Y NT—INTRITEN D, —RIARMSFEICET 2
[REERIE (9,99-101) ¥, FHCEWRFKICH T BKRE] (11,12) EEK, HlfHIR Y hT7—7 1, RECTHICEEY 2REH, KRN, BLOFREOXRICET 2ERETI—RI 3
T—FVUAEYERTRBETR—PTEEEZIONTVWS, ZOLSBETHEBR, BRRROLHDRY NT— N LISEELOGREZFINT 2, BEETZBERNL-D
DETYA-REINTVBTRICHBENLEXR TR, RERY NT—JRBEVVWRINEEHHI D ICEHRHIENSDANZFEAEBEE LBV, LML, BEBICLATVI]
—RERTVWARWERDRRE, BFE SN RGO, HEOBVWVEHOBRLEZVBEETDIXRTE, HEHRY hT—ID50ANZLDEBBEET S, NTKAKR—IE
FILERK, IY MO—LENcBERGEICET 2 < DRARE, BRI (FL2R) EHE LB (BEHLE 4 OEATIERL TW2,

A 4: BRRESAEIE

BHAE & BRRROIHORL D, HEERI B3Ry hT—J i, 5 EHL REOREBAT 5, —A TR, BRREXMEBI T—RIESNBFNEBBSBW BIZIE, BT
U7 3MEDREFRICIHEED). AT, RAFUIRLIE BEZRBEEZRT I HICERBFIFEOBEEERIND BIZE AFVFERDFLOBEID T B
I, & (EE) CBE (hy ) 2B T %), EE50FED, BRICE T2 FliHE KRR ODICHLD, UMUEEERTZRY NT—J2H oS EET I EZRKIT I E TR

REINB(10) (R a)e /\TKRAKR—IERDOBHEHTIE, BV T rBEDOBEHRI NSV RE—FILANT EHEERL, —RIEATRESESEZFRT 5. BIOETHIERY kT —
JO—EELT, BEHRREEDY RV AV THFRARNERT, CO220BHRERFIHAEIYATLAZN U THEIERA L. XRITKEF LBRWN\T TEC L2 RTOELIERBIEZ BN
MO—RICEFR L T, 58, K, XIRICBIE L IcTBIRIBZEERT %o LIich' > T, 2 DORBHLRTRE BIZIE, WP UFERDIFZTEEHEZZTE) D, & & BEDR

TWRWeY, BBY /A TREGXIRICKEF L RWBEZRIZRRZFE U, XMZBX IBESHSE D/ DFRIBETEERZ1RMtT % (Mb H/(RIL). BU&LSBE
HiR L ORI, FECPXREMNBEANE, E—OMN/NTOHRTHECTLY RIBZETILTRECRWI0), ZDLSIC, COFHEETILIELY, BMRKEHBAT 2/cHEF
ICRIBES N DD, BWRBAHICIE, REEHEDOLDICHIZ OREERT 2HBERY NT—IDBBETH B EWSHERICES o

Control network Hub-and-spoke representational network
Internal task representation —> Integration layer <——— Transmodal hub Other modalities
Task. Input (f(?r Sl Behavioural response Motion information Colour information
retrieve motion or colour)
b
Task-dependent structure in the integration layer Task-independent structure in the
While retrieving motion While retrieving colour transmodal hub

2.2 EKHIEOEE

Head (102), #Ic Luria (103) I&, AISEEEEBAOEBER I YA ILOEHI SEVLEHRUEBEOBREEFOEBZEEAB L. HSIE, COBENERMBOITRETIF AL, MBOIRE
YHEBICR#EZIEZITWS I L, ZUTZORENMEOBED RSN WERELHRELTWS I LB L, Head 3, TD/\Y — 2 ZEKKEE (semantic aphasia: SA)
E &I fco Goldstein (104) 6, MZEHEDOEABEBRZEO—MICOVWTRAKDOZTOT7 7 ILEHREL TWD, ZFDH, Warrington 5 (105,106) &, SD D—E LBk MR, BE
&, ARERPARBREDPROSELATERED—HIcRSNZ3—BEROLBVEK "7/ tER, BELETLE B, SD & SA DFMAESILLE (8, 25) Itk b, BE, 2D 2 DD
BEBOREIICIE, EBHLVIEEBELICE VT, WS OHDENREWVWLH D Z ENESMCIR o (107, 108), SD BHE & IFHBMIC, SA BEEIIUTOL S BN G S &D
ETEFOBVEBELRMICN T ZEEMNMEL (FHRERSE); T X B THEN—BELTWAERL, SD BEHE, ETEFOSVEEPIBCRLEENMET T 32 & (HERSSE), T2
rNETHEN—B LRV & (FREN s7), RIBDEEVLENICHBTH 2 2 & (HRNST7), BEDEKRDEKR I PEHRUEDZEEMFIFSZ & ( Tbarks , pens , Tchance)
REDEROEREF DHBETHENMET I 22 &) (#HERS?), BEFRBEICHT S Fa— & I RAF1— OBVEE (HRER S8); BHLHERFLEEF 1 FLADMEINS F<
WhHEW BIZIE, F—AAY =R M 2EZDEDNTY—IL—ROMER > TCEBRLUTULE D), &, 7TV —PXEOFRBEICEVT, WRERZ ATV —hS5ANIE
T93REEBGEERULTLESBEANS D BIZE, BMATIU—IcEWT, SA EHIE cat, dog, horse, saddle, whip ... EWSHI%EZEFSZZENTES) (8,25,107-110),

F1—HR E IRF21—PHRIF, SD BEE SA BEBOV I —TEERITEELHITHS (108,110)s FIZIE, BROBIEZSNIIBR, EE50BEHLEZSROANES
STENTERWV, LML, BENFAIDDTHD T ZRET S, SD BERBERLKKT 515, SABERB LI ULIERINTZ, 51, AURKRI 1) EWSFADDZEMR

58, SD DEEFIBUELELBVDLE LRV, A, SADEFRLIELIE TS4A>) £ES5. Th5DEW\WE SD DEENEBERKRREDOR Y T —JROHLICERT 5D
IEX L, SA DEZFZEDRY hT—I7ROFER{COHEEZEZRMRLTVS E WS REBE—HT 2,

2.3 B R Yy N7—% Semantic control network

231 EEIEER Y h7—2 DU LD D% B Converging evidence for a distributed semantic control network.

1990 ERBFICTONIL—EDEER IMRI FIRDFERHL S, FIENFIRZNEFTRERRREZFSLELL TOWRVWS DD, BIRABEADT 7 X, 8K, RITRIFICERLRKRE
ZERELTWBZENRERES N (9, 11,12 FIZIE, ELWERBDNZEE  DBRBROFASHEERRLD, BEEOTHRIEERZRFE LD T 2L SBEKRFETIE, 7l
FERTEF (PFC) O—&ANEMR LS hD, ORI, UAIOBEDOHRELET S &, SA FREEEREDIEG EFEEL TWeh', PFC DBREEBEEL TWRN >kl EEZX S
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&, BENBEBTH D, ZOFREE, MABRTEROIUNER I NDICON, BRINBEHTWS (K3a), IR SA (&, AISERIZF X /2 FAISEEERO WS hh (X @A) OF
ZEILE>TEHELZZEPMENTED, BEHBOTEH7O7 71 ILICIEDTNREVLHERW (8,111), RIS, BIED IMRIFFFERDO X ¥ 7F Y ¥ X (K3b) T, 4Mil PFC LISk
5, BKAHOERICHEET 2RERGZRI B E U T, #PRIER (pMTG), SEIBERGE (IPS), FifiEEEF, siF k-l PFC A RE S Nz (112, 118), L THIEE,
pMTG, IPS ([CiE TMS ZENINT % &, FFICRAGFIEI D ELRRT T, EWRERELN—RNICEEI NS (114-117) (R3c)e DI &I, EITETOEWVWEKREZRINS E 56
12, ZNSO\|EANHBE TEERREEZRCLTVWRIEETREBLTWS, H53A PFC LHEEEREANA—EICHEEL TRAGEE Y R— T2 VWS REIF, BITHELT—F
VIOXEYOERISELLHASNTVS (LUTEH),

a Lesion overlap in anterior and b fMRI meta-analysis of executively ¢ TMS effect on executively demanding
posterior SA demanding semantic processing semantic processing

Pars
triangularis

250 [ Easy (strong association)
I Hard (weak association)

200 -

150

100

TMS slowing (ms)

501

0 3 6 9 12 ‘ B Area sensitive to high-demand
Lesion overlap (number of patients) semantic decisions

=50

Pars triangularis pMTG

[I3: ERICR I D feh R B A

STEIEBMRICKLD, EITHNICHIES N BFRLBICRAIRRERICOWT, MR T 2RISR/ SN TN S,

a. BIRKEESE (SA) DERIICH (T ZREMBDRE(119) (&, FITERE & AISEHEEROMA OEEABESLTVWSZEZ2BALTWS,

b. BEEETRE UEEENMRI  (IMRI) ff52 D X 7 24 (113) TH, BISERIE, HESHAISER] (PMTG), SEIEBDOBES I BESHICKR> TWD,

c. BIC, BEEICHWT, LHENSE (SAS) £/iE pMTG (IMRI X Y BITTRE S NIcE—2 & SA BEDREOEAR D & U4EE) N OIEIEREER
SR (TMS) (&, EITEFTORVWEKHIMOBIRNGHIEZEC I, SABEICEIT2EEKBHUEZTOME L, ERBAEE OEWIOVWTIE #HREER
S2, S6-S8K] MM Z &, Part b is reprinted from (REF. 113) by permission of the MIT Press.

2.3.2 EXRERIRIEIR v b7 — 7 R OERFERIRAEISE

PRBEBREER Y M7 -7, BENICIHELROD), ZThESEERBENBMEDH 200 ? BR U ATHEATEF & AISEETERROX IR U T, LBHHY AW ULIRD 5N
BV, BIZIE, FIBEEDEEG TR, SERLVHSEREOMAICEWT, RISFR (% 2HTH 5 ROBITNOBBH LR T EOER) BNELPT L, Fie, RET S —DEGELR
%, INSORKF, URNICEUIRIGEMHITZZ ENTEANWC EICEBRALTVWS EEZ 5N, AEEOEEICL > T, 20oRM &L DRAICBADN D AIEEELH S
(8,111,118,119)

BIEDWMETIE, HIER Y 7 —0 OBEERIFENRBRINTWS, FIZIE THEEE (IFS) Ol & %A|0 mTEREERKT (BOLD) kitid, BHEOBEHORTEREMBEL TV
3h% (120,121), IFS DERAIERIRIO KRG, SIE SN RRBRORRORTERE LD HENICHEL TH D, BEREEEIEY — RREOWEAD Y AT LA THRNHVRENMEES
N3REMENH S (9,108,122), BEHEBRRICEWVWTSH, FEOMEPLERZEEICELIBLBEIC, AKRO LA-TM AENMREINTWS  (9,123,124), F&fil PFC (VPFC) &
PMTG &, BOWEKROBEZREL TWD & ESEMEEAEML, EHMA PFC & IPS f8EE, BIRERIF WV E EICRIGHEMT 5, PREISOPRAIBEEROFECEEAOEKRE
L TED, PFC A ERBEMRISIRIL ZERT T EMNTRB I Nfco VPFC & pMTG [ ATLICL > DD EEREL TWE A, FIfEIR Y k7 —0 OBNRHS EERL TLARN
(58,62,125), [IERIC, MM TMS Z VPFC & pMTG (TRIOXR Y T — U BRER) ICEAY 2 &, BERHBIARIRNICE 2D (114,115), IPS (LAIOBRER) BRI &, #
U WEBRHIBT & SERBREIBTOMANEL 125 (116)0 TS DHERIE, BHRFIHR Y NT7T—INBREBHNICERINTWSZEERBLTWS, Tihabs, KD THOBEEIE, BkER
ROHOERY NT—T L DEFHICELD, BLRASEINBROBRREREL, & LAUOBEEIE, HRINESHCAIFREEE £bIC, &K DEHSEOREICERLTWS
(1200

3. ELRERAFIE & B EfIESR The CSC and other theories

CSC O#HEM I, A DHIZRD, ABMDBRRICHIFTZ2RREFHEHRESNICHATZ2I2—I7R5DTHD, ERRMEZOEEE L DR BRI ZHICRARBRATYTT
H%. bE2A, REEROINSOAEICOVTIE, I TICEERANDOXEY, HOBHNEFET S, TR, INS5OF7TO—FE CSC 7L—LT—7 &t DRKREBEICH
BHY %o

3.2 EfT=EKIE Executive-semantic processing

BA DAL BEHEBRE, HR PFC ICRSIEEncBIRE, #BOMBEPAH Y X T L OEOBEERAZHBLLS ET2RAFET L—LT7—7 (BIZIF, Fuster DFE-
T8+ V)L (126) ¥ Braver D_BHI#H T L —LT—7 (127)) L EEICEAELTWS, RELY MPEEZ Ny 7YV TERAT S L, fElTRERROBE BIZIE, 7E, &
B, BIK) ICBD 5T, IFS P IPS ZEVEEERRXY hT—IDEC T EMREINTWVWS, CSC TIF, BWREIEICHENICEAS Y % pMTG ¥ VPFC R EDBEIHZBMT 52 &
T, BIZE, REDQBEN/NT ZRAR—IRKEXY NT—IHAOFRCDEGBICKEEZS5 X2 & T, BRLAOHEBE S BHRRR EOHEFRZRREICT S I ENTES (123),
Kz, CSC EHRTIF, ANPRRSNIBERDPERTH S0, FHLBVWEDTH > DI BHARE, BRRADEHLOIFIHOS| £ (R BBEIC, pMTG & VPFC A< U S
I—hEhaZebFHEIND (98, 112)

e, INFTEHRFR L BRABHOARIIRL ICESSNTELILIKEFALTWS, LU, AB<ED 3 DDEHNS, CD 2 DDAEZ—REICEZXZ I LRBEETH S,
B 1 I, BHRABORRNSEE 2RI BHH 2 BIZIE, RENDE L, ERIERSBE Y, @R EXMOBICFELHZHRBLE), INSORRTIE, BBRZ51TDOR
TXEVREICEZHE UNELN,98), £ 2IC, BHRRELHEIEZEZ5<BEBEERNTSHD, AIZE, BRAEZRIRELPHBERICOVTE, ThETEEAEMSNT
Wiz, 832, COEEFROMEER, BEPHERIRICK > T CSC DBHERD 1 DXBEBMERDONIBERICELT B, Lih>T, INSOMRETRICERT BIC
&, HfH e RBOMA RS BEADBDETH B,

3.3 B — > Semantic convergence zones

tDHEE L, FHUILES U T HFEORKFBOBRIZER, IRV —r) EHENZBHOEROHEERZRAL TITONZ LRIBLTWS (X 17,73) ABR &
AR EOEREICLD, SANLGEREE & RENCEKSRE ZUTRABZEKATIVICHLT, BBV —VYHREINTWS, Ih5DEZHIF, CSC OREADE
ERRTVE—HBUL TV, THDE F1i, BRRY NT—7 B JORE—FYIL B NTZHLICBREINTWSZE, B2, XY NT—JDERENTOR Y b T—0 OHEE
HEHREZR T 52 & THSD, ULHL. 2D20DEXAR. HOEELBRTELZ>TVET,
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IRV —ld, KINRESEICAHETIES T HEOBRERERZETDTZ TRAvy—1 EUTEEOISNZD, K1 vy —EERBEERI AL, FEBHIC, \TIE, #=
MICELUEERTO—REETEEICTS JOXRE—YI) LBEUEEBEZERRIDILHICEELREZH >TVWS (57, FEYPATIV - LIKEBHROYV—VNEET
ZEVWSEREF, BELLASN TV ATLOFE v 88 CEORKRBINOERZEMRI I EERBEICLTWD, CSC OHHEA OEREEN/N\TERE, BEESLTE
VT 4 LROBE/INY—> &, WS DHDEF VT 1 FIBEEMELDBEBEESN TV TOEKRBEDWAZHET 3 (72,73,128), BREIC, IRY—Y &WS5Z
ZHD, KBEREER TRREEZMEIEZ I EERELTVBDICK U (72,73,128), CSC DHHM &, HEEMICHA S IcHAEIDO/N\TZRBEL TV, FE#ICK 2R
129, TMS-fMRIDHFF(130,131). L VBEDMRI(132)DIAFIF TN T, MOBEBOHERERICEKR/T A —Y YR Z#ET 3 ICd. MAOHEEERANEETH DI 2B
L TW3(BOX 3)o

34 PBBIR A VISEMIREE Distributed domain-specific hypothesis

CSC & [R#kIC, Mahon & Caramazza (92) DIRE T, BRHREIFEDOERZIHAD, BENRESHDERDZ /NI —VORBRE LT, HRIBEBICAIT THREINDIZELTWS, &
DESIC, EESOHEBFMEENEAEICEBCEEINDICEEZBALTRED, Thick>THTIY —HENGEEY IMRIEELOED/IY -V EFHT SN TES, U
MU, DEEEIBISRRE S, —EM0H 32— AEERERE R T 2O DBMIGR N5V RE—FILINTOREMEN, SD BT ZTILFE—FIL TRATII —HLREKk
ROEEDOHA, FEEL T, BRRRICHIT 2 ATL BEOBEE T—HRHIREIICOVWTRERL TWERL,

3.5 T2 EBNSHAN— XM A Fully distributed feature-based views

CSC Eifild, HEMNRHREFEETIV (14) P ZOMORARER (1) LRI, BERRRICIE, KINEBICOBULEROESY Y T HEOBHRELLITL THEE LI h 3 Z & %125
LTW3, 759KV —y0 7 ZFBEL TRESNKBERERSHT -2y b (16) ¥, REKOBREEDZEET I—T 1« V7 (1B)REDRFOFXIE, BERERRICH
1323 EFIERBRROETWBREAMIFERD, ZNSOBRUBEEYYEY YV TZIET, CORBEFHERLTWS, EOREESENEDL S REEOFEEZI—RN LTS
IEDWTIE, FEAEERIEBONTUVERL, FEALOHARER, BRRKEFHICE DV THEMICIRZ 2L EXFLTVWSE LS5 THD, CSC B, TO—MNGEZH
ERBICHR U, EY Y T HEOREIEEICERT2HEDT—FTIVF v, XY NT—U DEGHENED & 5 ICEBISEENSEEZEMT 20, £, ERFENED LS
lcxy 7= ADFEHILDOTNZR L, AR, 3378, BE ICBLTBZEAEIH ZEBRT 2O OREHLZIRELTWS,

4. SEOA MM & B Future directions and questions

NT&AR=TETIVG, BEHNT ERR—V DEADKRRZRRL, ZnSOEEEAZREL TVWD, LKL, BRRKEMFICHT H/\7 & AIR—J OENHBEREY, B
EUBHRRRICESEBETOREFRAOREPREEEZERT 3 ICIE, KLERWVEDDNH S, HIZIE, BEOFKERZIERR, \THRDITTEELS & EICFER
RO, ZThESH/NT ERR—Y OB TRENBEEERPBHDELRDON ?

FRFICEEHESNTVSLSIC, ERBEERRR G, 8L VBEEOH 2EHRRREGHOBREINBDEATND, COLSBRREGEOPRERDEHER, BAMICHH
BENICONMT B ENTES, 1ED, INTOBKITEICIE, D 2 DOBHEROEIHLHEREIDETH S BEHTE 4. COHEERAOKEY, BEDES, E550
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