Neuropsychologia 41 (2003) 280–292

Neuroimaging studies of semantic memory:
inferring “how” from “where”
Sharon L. Thompson-Schill∗
Department of Psychology, University of Pennsylvania, 3815 Walnut Street, Philadelphia, PA 19104-6196, USA

Abstract
For nearly two decades, functional neuroimaging studies have attempted to shed light on questions about the representation, organization,
and retrieval of semantic knowledge. This review examines some of the major findings in this area. For example, functional neuroimaging
studies have examined the extent to which there is a unitary semantic system or a series of multiple semantic subsystems organized by input
modality, knowledge attribute, and/or taxonomic category. Additionally, functional neuroimaging studies have investigated the contributions
of frontal cortex to semantic retrieval and selection. Collectively, these studies demonstrate that functional neuroimaging can offer more than
neuroanatomical localization information; in addition, these studies offer new insights into longstanding questions about semantic memory.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Tulving first made the distinction between our general
knowledge of concepts and facts, called semantic memory,
and our specific memory for personal experiences, called
episodic memory [105]. The information that one ate eggs
and toast for breakfast is an example of episodic memory,
whereas knowledge that eggs, toast, cereal, and pancakes are
typical breakfast foods is an example of semantic memory.
Some investigators (e.g. [24,58]) also include encyclopedic
knowledge under the term semantic memory, such as the fact
that Eggs Benedict are named for a regular patron of a Manhattan restaurant and not for Benedictine monks or Benedict
Arnold. For the purpose of this review, however, the term
semantic memory will be used synonymously with conceptual knowledge (i.e. excluding encyclopedic memory).
Investigations of the formation, representation, and organization of concepts have been central to the field of cognitive psychology over the past several decades (for a more
thorough review, see [14]). In this review, several of the key
questions to emerge from these investigations will be addressed. For example, one area of intense scrutiny in cognitive psychology has been the relation between conceptual
knowledge and visual perception, and the extent to which
these two processes share common mechanisms (e.g. [5]).
Another active area of research has been the organization
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and structure of semantic networks (e.g. [19]). For many
years, investigations of these and related topics were largely
conducted using classic behavioral methods, such as the examination of measurements of speed and accuracy in normal
subjects, occasionally augmented by quantitative models of
these phenomena and observations in patients with neurological impairments. However, the past 15 years has seen
a resurgence of interest in the area of semantic memory,
driven in part by the development of functional neuroimaging methods such as positron emission tomography (PET)
and functional magnetic resonance imaging (fMRI), which
have been deployed to address some of these central questions about conceptual knowledge. In this review, I examine
some of the contributions that functional neuroimaging has
made to our understanding of semantic memory.

2. Organization of conceptual knowledge
2.1. Modality-specificity
Several of the early attempts to use functional neuroimaging to study semantic memory focused on the question of whether words and pictures are interpreted by a
common semantic system. This question has its roots in
the seminal work of Allan Paivio (e.g. [74]) describing a
dual-code theory of mental representations, and it has been
a central question in the study of semantic memory (e.g.
[96]) ever since. In neuropsychological investigations of
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semantic memory impairments, striking dissociations have
been noted between visual and verbal input modalities. For
example, patients with optic aphasia are unable to name
visually-presented objects; one hypothesis of this deficit is
a disconnection between a visual-modality semantic store
and a verbal-modality semantic store (e.g. [7]).
In one of the first PET cognitive activation studies,
Petersen and colleagues examined differences between semantic retrieval with visual or auditory input [78]. Subjects
either heard or saw concrete nouns (e.g. apple) and were
instructed to generate an action word (e.g. eat) that was associated with each noun. Compared to a baseline word repetition task, semantic retrieval was associated with increased
blood flow in the left inferior frontal gyrus (LIFG) for both
visual and auditory presentations. Based on the similarity
of activation across modalities, the authors concluded that
prefrontal cortex activity reflects amodal semantic processing. Subsequent studies reached similar conclusions when
comparing visual and verbal semantic processing [76,107].
For example, Vandenberghe and colleagues [107] reported
that both words and pictures activated a common semantic
system that was distributed throughout inferior temporal
and frontal cortex. Few areas were uniquely activated by
only pictures (left posterior inferior temporal sulcus) or only
words (left anterior middle temporal gyrus and left inferior
frontal sulcus). These studies provide evidence for a distributed semantic system that is shared by visual and verbal
modalities.
2.2. Attribute-specificity
Evidence for a common semantic system for words (both
auditory and visual) and pictures does not imply that there is
a single semantic system. Many cognitive models have described conceptual knowledge representations that are composed of distinct parts. For example, Allport [1] described
semantic memory (i.e. word meaning) as a distributed pattern across distinct attribute domains (e.g. visual elements,
action-oriented elements, tactile elements, etc.). One must
be clear to distinguish these attributes, which may be tied to
a specific modality, from the input and output modalities that
are used to access semantic memory (as described above).
Throughout this review, the term “attribute” is used to describe the type of knowledge (e.g. knowledge about what
an object looks like versus knowledge about what an object
does) whereas the term “modality” is used to describe the
form in which it is accessed (e.g. picture versus word).
The distinction between visual and functional attributes
is the most common and perhaps also the most coarse division of semantic memory in the literature. Research in several diverse areas, from language acquisition (e.g. [37,70])
to object categorization (e.g. [87]) to language dysfunction
(e.g. [111]), indicates that semantic knowledge may be usefully divided into visual attributes and functional attributes.
Given that precedent, it was somewhat surprising when an
early PET study failed to find evidence for a dissociation
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between visual and functional semantic knowledge [107]:
similarity judgments either based on “meaning” (i.e. functional knowledge; e.g. coat goes with glove, not sock) or
based on real-life size (i.e. visual knowledge; e.g. chisel
goes with banana, not kite) activated temporal and frontal
cortex. Apart from this study, neuroimaging studies have
largely supported the visual/functional distinction. For example, Martin and colleagues [63] asked subjects to view
line drawings of common objects and to report either an associated color or an action word. Analysis of the PET data
collected during each task revealed common regions of activation in prefrontal cortex but distinct areas of activation in
posterior areas. Specifically, color generation was associated
with activity in ventral temporal cortex bilaterally, while action generation was associated with activity in the left middle
temporal gyrus and Broca’s area. Since this seminal study,
a number of other investigators have reported neuroanatomical dissociations between visual and functional attributes
[10,68,100], or between abstract and concrete words, which,
by definition, differ with regard to visual knowledge [6,22]
(but see [56]). The next two sections describe some of the
principle neuroimaging findings relating to visual and functional semantic knowledge.
2.2.1. Visual semantic knowledge
One interpretation of the studies reviewed above is that
our knowledge about the visual attributes of an object is
represented differently from our knowledge of nonvisual attributes. This conjecture is related to a central debate in cognitive science about the extent to which any type of conceptual knowledge relies on perceptual representations, as
opposed to propositional, amodal representations (for a review, see [5]). In recent years, cognitive neuroscientists have
weighed in on this debate using functional neuroimaging
to examine the relation between visual semantic knowledge
and visual representations. One line of inquiry has focused
on the task of explicit mental imagery, and the relationship
between processes and neural systems supporting imagery
and those supporting perception. Numerous neuroimaging
studies have found activation in visual cortex during mental imagery (e.g. [17–40,86]), in extrastriate and occasionally primary visual areas (for a more in depth review, see
[59]). We have taken a slightly different approach recently
[53], in which we examined activation in visual association cortex during a property verification task (e.g. does a
camel have a hump?). With no explicit imagery instructions,
we observed activation in visual association cortex (i.e. left
fusiform gyrus) only under conditions in which conceptual
knowledge was required (i.e. not when the nature of the foils
allowed for word association strength to be sufficient to make
a correct response); this pattern indicates a specific reliance
of conceptual knowledge on perceptual representations.
If one believes that knowledge of visual attributes depends on visual representations, then one might logically
ask whether divisions that have been observed in visual
perception exist in our representations of visual knowledge.
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For example, it is well known that regions of cortex
are specialized for form perception, color perception,
and motion perception. Recently, investigators have used
functional neuroimaging to probe for similar distinctions
within semantic knowledge. In the remainder of this section, evidence for distinctions between visual attributes is
reviewed.
2.2.1.1. Color. When Martin and colleagues [63] reported
activation of ventral temporal regions during retrieval of
color knowledge, they noted the proximity of this region
to areas involved in color perception. A subsequent study
in which color knowledge and color perception were examined in the same group of subjects confirmed that color
knowledge retrieval activated regions of ventral temporal
cortex 2-3 cm anterior to regions active during color perception [16]. Unlike other regions activated during semantic
retrieval tasks (e.g. inferior frontal gyrus), activation of left
or bilateral ventral temporal cortex may be relatively specific to retrieval of color knowledge (e.g. in contrast to size
knowledge, as discussed below [55]).
2.2.1.2. Size. An early neuroimaging study that addressed
retrieval of size knowledge found no differences between
size judgments and function judgments [107]. This result
is particularly interesting because several other studies have
revealed strong evidence for dissociations between visual
attributes and functional attributes, as reviewed above. An
intriguing hypothesis to emerge from this finding is that
knowledge of size is distinct from knowledge of other visual attributes, such as color, which is routinely dissociated
from functional knowledge (e.g. [63]). The notion that size
is distinct from other visual attributes has been suggested
by some investigators, based in consideration of dissociations observed in patients with selective semantic memory
deficits [20,92,94]. This hypothesis was explicitly tested in
a recent PET study which found that size judgments, relative to color or sound judgments, activated medial parietal
structures [55]. A speculative interpretation of these data is
that knowledge of size depends, in part, on brain regions
that subserve spatial processing, because determinations of
size require determinations of location.
2.2.1.3. Form. The evidence about the neural basis for
knowledge of object form is somewhat indirect. Martin
and colleagues [64] recently argued that regions of ventral
temporal cortex, including the fusiform gyrus, are tuned to
specific features of object form, based in part on evidence
from fMRI studies that this region of cortex is organized
by object category (e.g. [50,51]). However, these studies
are quite different from other studies of attribute-specific
knowledge because subjects were not required to retrieve
information about form from memory. Consistent with their
claims, Thompson-Schill and colleagues [100] found increased activity in the left fusiform gyrus when subjects
were asked to answer questions about visual attributes of

objects. Most of these questions were about form, although
no direct comparison was made between knowledge of form
and knowledge of other visual attributes. Some studies of
patients with brain damage are suggestive of dissociations
between color and form [66], but to date no neuroimaging
studies have systematically made this comparison.
2.2.1.4. Motion. As they did with form, Martin and colleagues [64] proposed that regions of lateral temporal cortex, specifically the left middle temporal gyrus, are tuned to
features of object motion. One source of evidence for this
hypothesis comes from studies using the action generation
task, such as the one described above [63]. In this study,
and in other studies of retrieval of action knowledge (e.g.
[109,112]), activation was observed in the left middle temporal gyrus, anterior to the region associated with motion
perception. Because of the coincidence of these locations,
this posterior activation during action generation has been attributed to retrieval of motion knowledge (action generation
is also associated with anterior activation, which is discussed
below.) Kable and colleagues [52] examined the relationship between motion and action more directly, by examining
fMRI signal changes in regions of lateral temporal cortex
that respond to motion perception (human MT/MST) while
subjects made semantic judgments about actions depicted in
static pictures. Retrieving knowledge about actions, relative
to objects, was associated with bilateral increases in activity
in lateral temporal cortex. Similarly, Decety and colleagues
[25,90] have reported increased activation in lateral temporal cortex in subjects who are imagining actions or who are
observing semantically meaningful actions, and Kourtzi and
Kanwisher [60] found that the response in these regions was
greater during passive viewing of static photographs that implied motion (such as a photographs of a running athlete)
than during passive viewing of similar photographs that did
not imply motion (such as an athlete at rest).
2.2.1.5. Summary. The notion that semantic memory,
like perception, can be subdivided into types of visual
information—color, size, form, and motion—is a relatively
new idea, and the preceding review illustrates that we are
still at the early stages of developing a clear account of the
neural bases of visual semantic knowledge. At this stage
the following conclusions can be made only tentatively, as
many of the direct tests of these statements await further
investigation: left or bilateral ventral temporal cortex appears to be involved in retrieval of knowledge of color and
form, left lateral temporal cortex in knowledge of motion,
and parietal cortex in knowledge of size.
2.2.2. Functional semantic knowledge
When the term “functional knowledge” has been used in
the past, it often has been defined by exclusion. For example, the term has been used by some to denote any abstract property that is not physically defined (e.g. [93]); this
type of definition has led some researchers to abandon the
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term “functional” in favor of an equally nondescriptive term
“nonvisual” (e.g. [100]). In contrast, the term has been used
by others to denote an attribute that is physically defined,
but by motor properties (e.g. how the object is manipulated)
rather than sensory properties (e.g. [30,110]). It is this latter
sense of functional knowledge that has been most clearly
addressed by neuroimaging studies.
If one considers the ubiquitous action generation task to
require the retrieval of functional knowledge, then there are
numerous investigations that bear on the question of the
relation of function and motor processing. Petersen and colleagues [78] first reported activation in left prefrontal cortex
associated with retrieval of action words; this locus of activation appeared to be consistent with reports of verb retrieval
deficits associated with left prefrontal lesions (for a review,
see [35]). When Martin and colleagues [63] compared action
generation and color generation, they found activation in
this region during both tasks, which is inconsistent with the
hypothesis that action generation is linked to motor cortex;
however, few of the objects used in that experiment were actually manipulable, so it is possible that neither task was tapping motor representations. Subsequent support of the motor
hypothesis of action knowledge was provided by Grafton
and colleagues [43], who reported increased activation of
left premotor cortex during retrieval of actions associated
with tools. Grossman and colleagues [45] reported increased
prefrontal activity (and lateral temporal activity) during semantic processing of verbs of motion (relative to verbs of
cognition). Differences within premotor cortex have even
been observed for actions that involve legs (e.g. walking)
versus those that involve the face (e.g. talking) using EEG
recordings [83]. Taken together with the results described
above, these studies indicated that knowledge of actions
is related to both motor systems and motion perception
systems.
Just as studies of visual imagery are relevant to questions about visual semantic knowledge, so too are studies
of motor imagery relevant to questions about functional semantic knowledge, insofar as functional semantic knowledge includes knowledge of action. Left premotor cortex is
activated during imagined grasping [26,42]and during other
imagined hand movements [99]. These findings parallel reports of neurons in monkey premotor cortex that are involved
in the recognition of motor actions [85].
2.2.3. Summary
The evidence reviewed above is consistent with the following claims about the representation of semantic memory.
First, semantic memory is not a unitary, undifferentiated
system; rather, it is a collection of systems that are functionally and anatomically distinct. Second, semantic memory is not amodal: each attribute-specific system is tied to
a sensorimotor modality (e.g. vision) and even to a specific property within that modality (e.g. color). Information
about each feature of a concept is stored within the processing streams that were active during the acquisition of that
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feature. These findings are problematic for many current
theories of semantic memory which represent concepts with
amodal symbols [32,47,48,84] (for a review, see [95]) but
are consistent with theories of sensorimotor representations
of semantic memory (e.g. [1]). However, perhaps critically,
results of neuroimaging studies also suggest a distinction
between semantic processing and sensorimotor processing:
studies which have directly compared semantic retrieval
and perception have consistently found an anterior shift in
activation during semantic processing (e.g. [16]). This systematic and often-overlooked shift ultimately may be quite
important for theoretical accounts of the organization and
representation of conceptual knowledge.
2.3. Category-specificity
Much of the evidence reviewed above has been used to
support the hypothesized subdivision of semantic memory
according to sensorimotor properties. A very different hypothesis has been championed by Caramazza and colleagues
(e.g. [13]), largely on the basis of neuropsychological dissociations: a substantial body of data is consistent with the
hypothesis that semantic memory is subdivided by taxonomic category. According to some accounts of this theory,
evolutionary pressures produced categorically-organized
brain systems that are dedicated to perceptually and conceptually processing certain classes of objects, such as animals,
plants, and tools [13] (see also [36]). Although most of the
evidence for this account comes from studies of patients
with category-selective knowledge deficits, the interpretation of these deficits in not unequivocal (for a sample of the
theoretical accounts of these deficits, see [12,49,91]).
Most of the neuroimaging studies that examine categoryspecific differences have used word retrieval tasks (e.g.
verbal fluency, picture naming). Mummery and colleagues
compared PET activation while subjects named exemplars
of living (vegetables, fruits, land animals, sea animals) and
nonliving (toys, clothes, tools, weapons) categories [69];
they reported increased activation in anteromedial temporal
cortex for living things relative to nonliving things, and
increased activation in left posterior temporal cortex for
nonliving things relative to living things. Martin and colleagues [65] measured PET activity while subjects named
pictures of animals and tools, and they reported differences
between these two categories. Specifically, animal-naming
was uniquely associated with activation of left medial occipital cortex, whereas tool-naming was uniquely associated
with activation of left premotor and middle temporal cortex;
both animal and tool naming activated regions of ventral
temporal cortex (i.e. fusiform gyrus) bilaterally and left
prefrontal cortex. In a subsequent fMRI study, this group
reported multiple, small category-specific sites (for animals,
tools, faces, and houses) in ventral temporal cortex that
were likely not evident in their earlier PET study due to the
limitations in spatial resolution [15]. Spitzer and colleagues
[97,98] also reported small regions of category-specific
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activity in frontal and temporo-parietal cortex during covert
naming of natural (animals) and man-made (furniture and
small household items) things. Although there were no consistent areas of category-specific activation across subjects,
consistent activation was observed in one subject on two
scanning dates. These findings were taken as evidence for
category-specific semantic representations that are highly
variable across subjects as a result of different life histories
(and therefore different cortical maps). Damasio and colleagues [23,41] reported category-specific PET activation
in the left hemisphere during naming of people (temporal
pole), animals (middle portion of inferior temporal gyrus
and medial occipital cortex), and tools (posterior portion
of inferior temporal gyrus and premotor cortex). A similar
category-specific organization was observed in patients with
lesions to these regions [23]; however, these patients had
anomia (i.e. word retrieval deficits) rather than semantic
knowledge deficits. Thus, the evidence for category-specific
representations in studies of verbal fluency and picture
naming may reflect principles of lexical organization rather
than semantic organization.
A few neuroimaging studies have examined categoryspecific differences with nonverbal tasks. Perani and colleagues [75,76] compared PET activation during samedifferent judgments about animals and tools. In one study
they reported that tool judgments activated left frontal cortex
(although not the same premotor region as reported elsewhere) but animal judgments were associated with no consistent locus of activation [75]. In a subsequent study, they
identified common regions of activation for both pictures
and words: across modalities, tool judgments were associated with middle temporal activation whereas animal judgments were associated with left fusiform gyrus activation
[76]. Although this study might be seen as an improvement
over strictly verbal studies, the extent to which semantic
knowledge was required for these tasks is not known (e.g.
their word task required matching two stimuli presented in
different fonts, which is arguably non-semantic).
Only one experiment to date has directly contrasted
category-specific and attribute-specific hypotheses [68].
In this PET study, subjects had to identify which of two
words was more similar to a third target word on the basis
of either perceptual (i.e. color) or functional (i.e. typical
location) information; the three words were either living
things (e.g. animals, vegetables, fruits) or nonliving things
(e.g. musical instruments, vehicles, tools). With this fully
crossed design, it was possible to compare the relative
effects of category and attribute in a single experiment.
Both category-specific effects and attribute-specific effects
were observed; however, in contrast to some of the word
retrieval studies described above (e.g. [65,69]), no regions
were selectively activated during semantic judgments about
living things relative to nonliving things. Based on this
finding, the authors concluded that attribute-specific distinctions were more prominent neurally than category-specific
distinctions.

When Warrington and colleagues initially proposed
the idea that semantic knowledge was stored in modality
congruent channels, they further claimed that the relative
importance of information contained in these channels
would vary across items. That is, one’s knowledge of an
object will typically comprise both visual and functional attributes, although not in equal proportions for all categories
of objects. This further assumption, which is crucial for
accounting for neuropsychological data with this theory, explains category-specific effects as an emergent property of
interactive, attribute-specific systems (for a computational
demonstration of this principle, see [30]). One explanation of category-specific activation in neuroimaging studies
is that these differences reflect the differential weighting of visual and functional knowledge across categories
(e.g. [65]).
Thompson-Schill and colleagues [100] sought physiological evidence for the assumptions that are necessary to produce emergent category-specificity in an attribute-specific
semantic system. Specifically, we examined the prediction
that an interactive, attribute-specific system (e.g. [30]) would
yield the following pattern of results: for living things,
retrieval of visual or non-visual information would require activation of visual representations, because of the
disproportionate weighting of visual information in the
representations of living things. For non-living things, no
such dependence on visual knowledge should occur, and
visual representations should therefore only be activated
when explicitly required for the task (i.e. when answering
questions about visual features). In other words, activation
in areas involved in visual knowledge retrieval should be
present during judgments about visual and non-visual attributes of living things but only during judgments about
visual attributes of non-living things. This pattern was observed in the left fusiform gyrus [100], a region which
has been linked to visual knowledge retrieval (as described
above; e.g. [22]). These results lend credence to claims
(e.g. [65]) that category-specific activations actually reflect
attribute-specific representations (for a different interpretation of these data, see [11]).
In summary, although there are reports of category-specific
activation in neuroimaging studies, the interpretation of
these findings is somewhat controversial. First, the extent to
which category-specific activations reveal the organization
of semantic representations, as opposed to lexical (including
phonological and orthographic) representations is unknown
because most of the studies of category-specificity have
been verbal. Second, it is not clear whether category-specific
activations during semantic processing would be indicative of category-specific representations, given the potential
for emergent category-specificity from attribute-specific
representations. Those caveats aside, the most consistent
category-specific findings have been activation of medial
occipital cortex in response to animals and activation of
lateral temporal and premotor cortex in response to tools;
there may be other category-specific differences throughout
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Fig. 1. Two distributed models of attribute-specific semantic knowledge. The figure on the left is adapted from Allport [1]. The figure on the right is
adapted from Coltheart et al. [20]. Note that the latter model includes the addition of a nonperceptual knowledge system intermediate to sensorimotor
representations and linguistics representations that is organized categorically.

temporal cortex, although these locations have not thus far
been reliable across studies.
Finally, it is worth noting that evidence for categoryspecific representations does not necessarily refute the
hypothesis that there are attribute-specific representations
(and vice versa); it is possible that the organization of
semantic representations has more than one governing principle. Coltheart and colleagues [20] have proposed that
semantic knowledge is distributed across both sensorimotor systems which are not categorically organized and a
nonperceptual system which is categorically organized; the
relationship of a putative nonperceptual system to verbal
knowledge may be critical for understanding the emergence
of a categorically-structured representation. The fundamental difference between this distributed model of semantic
knowledge and that of Allport [1] is the addition of this
nonperceptual representation as an intermediary between
perceptual (and motor) knowledge and language (see Fig. 1).
The relationship of semantic knowledge to language, and
the extent to which category-specific representations exist
in either or both, should be the subject of future research.

3. Retrieval and selection of conceptual knowledge
The preceding discussion of the organization of semantic memory illustrated many types of specificity which
have been observed in neuroimaging studies of semantic
processing: modality-specificity, attribute-specificity, and
category-specificity. Across all of these different studies, in
addition to various activations that were specific to some
feature of the task, two regions tended to be consistently
activated irrespective of modality, attribute, or category: left

prefrontal cortex and ventral temporal cortex. For example,
these regions were activated during semantic processing of
both pictures and words [107], during generation of both
actions and colors [63], and during picture naming of both
animals and tools [65]. Thus, left prefrontal cortex and left
(or bilateral) ventral temporal cortex are two promising
candidate regions for a general-purpose semantic system (if
one exists) for either the storage or retrieval of semantic
knowledge.
The left inferior frontal gyrus (LIFG) was activated
during semantic retrieval conditions in one of the first functional neuroimaging studies [78], and investigations of the
role of this region in semantic processing have been central
to discussion of the neural bases of conceptual knowledge
ever since. Since this initial report, increased activity in
LIFG has been replicated many times, not only during the
verb generation task [63], but also during color generation
[63], semantic classification [27,33,54], and semantic monitoring [28]. In a review of eight semantic retrieval studies,
Buckner and Tulving [8] suggested that the activations related to semantic processing cluster at or near Brodmann’s
areas 44 and 45 in LIFG, although more recently, anterior
and ventral regions of LIFG (Brodmann’s area 47) have
also been associated with semantic processing [80]. One
ongoing area of investigation is whether there is a functional
distinction between anterior and posterior divisions of LIFG
with regard to their roles in semantic processing. Several
early reports argued that anterior portions of LIFG play a
differential role in semantic retrieval whereas posterior portions of LIFG are specialized for phonological processing
(e.g. [80,81]). However, subsequent investigations that have
examined phonological processing using nonwords (so that
there is not concurrent semantic processing that may conflict
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with phonological task demands) have reported comparable
patterns of activation in anterior and posterior LIFG during
semantic and phonological processing [4,38]. The precise
nature of the differences between these two divisions, to
the extent that functional differences exist, is still an open
question. For the remainder of this section, LIFG will be
used to refer to the region more generally, without specific
reference to either anterior or posterior divisions.
One hypothesis for the role of LIFG in these various semantic processing tasks is that activity in this region reflects
retrieval of semantic knowledge [106]. However, it is also
likely that these tasks have in common other, non-semantic
mechanisms that may be responsible for the observed prefrontal activity. Thompson-Schill and colleagues have proposed that LIFG is necessary for the selection of semantic
information from competing alternatives and not semantic
retrieval per se [101,102,104]. This hypothesis was motivated in part by the observation that naming pictures and
making semantic comparisons do not consistently lead to
LIFG activation, despite the prima facie involvement of semantic knowledge in these tasks (e.g. [112]), and in part
by the absence of converging evidence from lesion studies
for the necessity of LIFG for semantic retrieval. For example, Price and colleagues [82] described a patient with LIFG
damage who was able to make semantic similarity judgments; a PET study of this patient revealed temporal, not
frontal, activation associated with semantic processing.
We directly tested the hypothesis that LIFG is engaged by
the selection of semantic knowledge from competing alternatives in three tasks: verb generation, object classification,
and semantic comparison [101]. We selected three tasks
that previously were used in neuroimaging studies: two
which were associated with LIFG activity (verb generation
and object classification) and one which was not (semantic
comparison). We modified each task in order to manipulate selection demands, and then identified brain regions in
which fMRI activity was modulated by these manipulations.
Across all tasks, we found more activity in LIFG during the
high selection condition than during the low selection condition (see Fig. 2, top panel); we subsequently demonstrated
the necessity of LIFG for selection in a study of patients
with lesions to this region (see Fig. 2, bottom panel), in
which we showed a correlation between damage to posterior LIFG and selection-related errors on a verb generation
task [104]. A recent study using a modified version of our
verb generation task demonstrated that activity in LIFG
reflects selection demands and not response conflict [3].
Theoretically, demands for selection that occur in a given
task are orthogonal to demands for semantic retrieval. However, in most of the research on semantic processing, selection and retrieval have been confounded. Nearly all of the
semantic retrieval tasks that have been studied (e.g. verb
generation) have high demands for selection; notably, the
few tasks that have lesser demands for selection (e.g. semantic comparisons) have not produced reliable increases
in LIFG activity. Systematic manipulation of the demands

Fig. 2. The top panel indicates regions of selection-dependent activity in
each of three semantic tasks (shown by different colors) and common to
all three tasks (shown in white). Selection-dependent activity was observed
in LIFG (pictured here) and anterior cingulate across all tasks. The bottom
panel indicates lesion locations of patients who exhibited impairments
on a high-selection verb generation task but normal performance on
a low-selection verb generation task; the correlation between extent of
damage in posterior LIFG and selection-related errors was 0.95 (adapted
from [104]).

for selection (without a confounded manipulation of semantic retrieval) should result in the modulation of LIFG activity. In practice, it has proven difficult to unequivocally vary
retrieval and selection demands independently. For example, Thompson-Schill and colleagues [101] compared global
similarity judgments of three items with global similarity
judgments of five items; we argued that this manipulation,
which had no effect on LIFG activity, affected retrieval demands but not selection demands, in contrast to the clear
effects of independent selection manipulations on LIFG activity. However, one might reasonably object to our assertion
that our selection manipulation did not also affect retrieval
demands, and vice versa (e.g. the high selection task may
have required subjects to retrieve more detailed information
about the items). Similarly, Wagner and colleagues [108]
compared semantic judgments of strongly and weakly associated word pairs (e.g. candle-flame versus candle-halo);
they argued that this manipulation, which modulated LIFG
activity, affected retrieval demands but not selection demands. Again, one might disagree with the authors’ claim
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Fig. 3. Increased activity was observed in all subjects during covert word generation (compared to silent reading) in LIFG and left temporal cortex
(collateral sulcus). The black crosses indicate the local maximum of activation for each subject in each region, projected on the lateral surface of the left
hemisphere; the red cross indicates the average location of activation. The bar graph indicates the magnitude of the difference in activation between the
first and second presentation of an item (negative numbers indicate less activation on the second presentation). In every subject, there was a decrease in
activity relative to unprimed items in left temporal cortex during both same-attribute and different-attribute conditions. In contrast, there was a decrease
in activity relative to unprimed items in the LIFG during same-attribute conditions, but an increase in the LIFG during different-attribute conditions
(adapted from [102]).

that selection demands are not also affected by the manipulation of associative strength (e.g. weakly associated pairs have
both related and unrelated features that are in competition).
These studies [101,108] illustrate the difficulty of teasing apart selection demands and retrieval demands. In a
subsequent study, we took a different tactic to demonstrate
that selection, and not retrieval, drives activity in LIFG. We
used a word generation task with a repetition manipulation
in order to dissociate the effects of selection and retrieval
on prefrontal and temporal cortex [102]. By varying the
type of attribute that subjects were asked to retrieve on each
presentation of an item in a word generation task (i.e. same
attribute on each presentation or different attributes), we
were able to distinguish semantic retrieval demands from
repetition demands. We found that left temporal cortex was
sensitive to the effects of repetition of semantic retrieval
whereas LIFG was sensitive to the effects of competition
(see Fig. 3). This double dissociation observed here provides
compelling evidence as to different functions that left prefrontal and left temporal cortex have in semantic memory.
Several other hypotheses have recently been proposed
to account for LIFG activity that is observed during many
semantic processing tasks. One alternative proposal is that

the LIFG is involved in temporary maintenance of semantic
attributes in working memory [34]. Another alternative proposal is that LIFG reflects “controlled semantic retrieval”
[108]. There are a number of similarities and differences
between these hypotheses and the selection hypothesis discussed in detail above (for a more thorough discussion, see
[2]). One key difference is that the selection mechanism
proposed by Thompson-Schill and colleagues (see also
[3,31]) is a potentially general purpose mechanism that is
not specific to semantic processing, whereas proposals of
semantic working memory or controlled semantic retrieval
are clearly specific to semantic retrieval. One reason to
favor a more general account is that numerous lines of
evidence suggest that prefrontal cortex is not organized by
stimulus content or domain but rather by processing type
(for reviews of this literature, see [21,73]). Although many
of these studies have compared visual and spatial forms
of working memory, we have reported a similar lack of
material-specificity in LIFG in a comparison of semantic
and phonological processing [4].
Empirically, prefrontal cortex has been linked to
context-sensitive responding in a variety of non-semantic
domains, such as the ability to identify a color type instead
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of reading a word (i.e. the Stroop task [77]), or even the
ability to maintain fixation instead of making a saccade to
a target (i.e. the anti-saccade task [46]). Recent theorizing about the role of prefrontal cortex on these tasks has
frequently invoked mechanisms similar to the idea of selection described above. Cohen and Servan-Schreiber [18]
argued that PFC enables context-sensitive responses, particularly when a response other than the prepotent one must
be selected. A recent investigation of fMRI activity during
a modified Stroop task revealed that different regions of
PFC respond to different types of selection: the authors
distinguished between response selection and non-response
selection, and linked the latter to LIFG [67]. Kimberg and
Farah [57] characterized the role of PFC in cognition as
mediating the selection of action by the weighting of information in working memory. When the contents of working
memory overwhelmingly support one action, then demands
on PFC are low; demands on PFC will be high in any task
that requires selection among competing sources of information in working memory to guide a response. Several
recent working memory studies critiqued a widely-held
opinion that dorsolateral prefrontal cortex is involved in
the maintenance of information over delays by providing
evidence that regions of prefrontal cortex subserve the selection of competing information from working memory
[88,89]. We recently tested the idea that selection and maintenance can be dissociated in a study of memory deficits
in brain-damaged patients, and argued that selection from
working memory is an LIFG function [103]. Norman and
Shallice [72] proposed that prefrontal cortex supports a supervisory attentional system that permits the modulation of
routine processing (i.e. contention scheduling) by activating
or inhibiting other representations; in more recent work,
Shallice and colleagues have argued that left prefrontal cortex is involved in the selection of semantic attributes as a
way of “sculpting” the response space through the processes
of selection and inhibition [31]. Together, these studies
support the hypothesis that selection of information from
competing alternatives is a general function of prefrontal
cortex; various theoretical accounts converge on the idea
that prefrontal cortex functions to bias, filter, or modulate
posterior representations of information in certain contexts
or situations.
In summary, despite the preponderance of semantic memory tasks that are associated with activation in LIFG across
different modalities, attributes, and categories, it appears unlikely that LIFG is the locus of a general purpose semantic processing or retrieval mechanism. As mentioned above,
the remaining candidate would seem to be ventral temporal cortex. Like LIFG, ventral temporal cortex is activated
in nearly all studies of semantic processing, seemingly regardless of task factors such as modality or stimulus category. In contrast to LIFG, activity in this region appears
to be sensitive to retrieval demands and not competition
or selection demands [102]. While ventral temporal cortex
does appear to be involved in the storage and retrieval of

semantic knowledge, it appears to be highly structured (although variable across subjects). As reviewed above, multiple category-specific sites have been reported throughout the
ventral region of the posterior temporal lobes, often bilaterally [15]. Based on these and related data, Martin and colleagues have proposed that ventral temporal cortex is organized according to clusters of object features [51,62]. Thus,
neither LIFG nor ventral temporal cortex seem a likely site
for a general semantic retrieval mechanism, leading one to
question whether such a mechanism exists.

4. Conclusions and future directions
The search for the neuroanatomical locus of semantic
memory has simultaneously led us nowhere and everywhere.
There is no compelling evidence that any one brain region
plays a dedicated and privileged role in the representation
or retrieval of all sorts of semantic knowledge. Prefrontal
cortex (specifically, LIFG) is likely to be involved in a more
general purpose selection mechanism that may be useful but
that is not necessary for semantic retrieval. No other part of
cortex is consistently activated across all semantic retrieval
tasks. Rather, the neuroimaging studies reviewed here suggest a large, distributed network of semantic representations
that are organized, at a minimum, by attribute, and perhaps
additionally by category. These networks include extensive regions of ventral (form and color knowledge) and
lateral (motion knowledge) temporal cortex, parietal cortex (size knowledge), and premotor cortex (manipulation
knowledge). Other areas, such as more anterior regions of
temporal cortex, may be involved in the representation of
nonperceptual (e.g. verbal) conceptual knowledge, perhaps
in some categorically-organized fashion. Crucially, there is
no evidence for some common, amodal semantic system that
would serve to integrate or combine information across all of
these different systems; this suggests that the coherence of
conceptual knowledge across different attributes and modalities reflects interactions across a highly distributed system.
Numerous questions still await additional exploration
to further develop theories about the representation and
organization of semantic memory and the neural systems that support these processes. A nonexhaustive list
of remaining issues includes: (1) What is the relation
of semantic knowledge to language? For example, is a
putative “nonperceptual knowledge system” [20] better
viewed as a conceptual or a linguistic system? (2) What
is the relation of attribute-specific semantic knowledge to
perception (and motor) systems? Many studies have reported attribute-specific activation in regions that are near
the regions that support perceptual (or motor) processing
of that attribute. Consistently, these semantic regions are
more anterior than their primary sensorimotor counterparts
(e.g. [63]). Does this anterior shift represent a process
of abstraction away from original sensory features? (3)
Are category-specific representations limited to abstract
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or symbolic linguistic systems or do they also exist in
non-linguistic, conceptual knowledge systems? (4) What is
functional knowledge? What is the relation of functional
knowledge to motion and manipulation, and are there other
types of functional information that are not readily explained by these sensorimotor systems (e.g. [9])? (5) Why
do most studies of attribute-specific semantic processing
report unilateral (left hemisphere) activation when the original sensorimotor encoding of these attributes is most likely
a result of bilateral processing? What is the role of the right
hemisphere in semantic processing? (6) How automatic is
activation of attribute-specific conceptual knowledge, or
how subject is it to manipulation by task demands (e.g.
[44])? Does the automaticity of activation vary between
different semantic attributes or categories, or some interaction between the two? (7) What is the origin of subsystems
of semantic knowledge? What are the effects of early experience (or deprivation) on the resulting organization and
representation of semantic information?
Finally, a cautionary note: this review is not meant to
be an exhaustive account of the extensive literature of semantic memory. In writing this summary, I have largely resisted the urge (with an occasional exception) to include
studies of semantic memory that make use of methods other
than functional neuroimaging, such as investigations using
brain-damaged patients, ERP recordings, or computational
modeling to address important questions about the structure of semantic knowledge. To do these areas justice would
fall beyond the scope of this special issue on neuroimaging
of memory.1 Rather, this review was intended to provide a
snapshot of the current state of theorizing about semantic
memory, insofar as it has been guided by the emergence of
functional neuroimaging as a method for observing dynamic
changes in the normal brain. These neuroimaging techniques
are widely lauded for their ability to localize with fine spatial resolution physiological changes correlated with cognitive processing. In this review, I have tried to demonstrate
that beyond simply localizing processes related to semantic memory, functional neuroimaging studies have provided
us with some answers (and many more questions) about
the representation, organization, and retrieval of semantic
knowledge.

Acknowledgements
I thank my collaborators and students who have contributed to many of my ideas about this topic, including Geoff Aguirre, Laura Barde, Larry Barsalou, Laurel Buxbaum,
Anjan Chatterjee, Branch Coslett, Mark D’Esposito, Martha
1 For examples of the contribution of other methodologies to our understanding of semantic memory, the following articles are recommended:
Caramazza and Shelton [13]; Coltheart et al. [20]; Devlin et al. [29]; Farah
and McClelland [30]; Kutas and Federmeier [61]; Nobre and McCarthy
[71]; Plaut [79]; Saffran [91], and Warrington and Shallice [111].

289

Farah, John Jonides, Irene Kan, Robyn Oliver, Myrna
Schwartz, and Ed Smith; special thanks to Russell Epstein,
Anthony Wagner, and Cathy Price for helpful comments
on an earlier version of this manuscript. This work was
supported by NIH grant R01 MH60414 and by the Searle
Scholars Program.
References
[1] Allport DA. Distributed memory, modular subsystems and
dysphasia. In: Newman SK, Epstein R, editors. Current Perspectives
in Dysphasia, Edinburgh: Churchill Livingstone; 1985. p. 207–44.
[2] Badre D, Wagner AD. Semantic retrieval, mnemonic control, and
prefrontal cortex. Behavioral and Cognitive Neuroscience Reviews
2002;1:206–18.
[3] Barch DM, Braver TS, Sabb FW, Noll DC. Anterior cingulate
and the monitoring of response conflict: evidence from an fMRI
study of overt verb generation. Journal of Cognitive Neuroscience
2000;12:298–309.
[4] Barde LHF, Thompson-Schill SL. Models of functional organization
of lateral prefrontal cortex in verbal working memory: evidence
in favor of the process model. Journal of Cognitive Neuroscience
2002;14:1054–63.
[5] Barsalou LW. Perceptual symbol systems. Behavioral and Brain
Sciences 1999;22:577–660.
[6] Beauregard M, Chertkow H, Bub D, Murtha S, Dixon R, Evans
A. The neural substrate for concrete, abstract, and emotional word
lexica: a positron emission tomography study. Journal of Cognitive
Neuroscience 1997;9:441–61.
[7] Beauvois MF. Optic aphasia: a process of interaction between vision
and language. Philosophical Transactions of the Royal Society,
London 1982;B298:35–47.
[8] Buckner RL, Tulving E. Neuroimaging studies of memory: theory
and recent PET results. In: Boller F, Grafman J, editors. Handbook
of neuropsychology, vol. 10, Amsterdam: Elsevier, 1995; p. 429–46.
[9] Buxbaum LJ, Veramonti T, Schwartz MF. Function and
manipulation tool knowledge in apraxia: knowing ‘what for’ but
not ‘how’. Neurocase 2000;6:83–97.
[10] Cappa SF, Perani D, Schnur T, Tettamanti M, Fazio F. The effects of
semantic category and knowledge type on lexical-semantic access:
a PET study. Neuroimage 1998;8:350–9.
[11] Caramazza A. Minding the facts: a comment on Thompson-Schill
et al.’s “A neural basis for category and modality specificity of
semantic knowledge”. Neuropsychologia 2000;38:944–9.
[12] Caramazza A. The organization of conceptual knowledge in the
brain. In: Gazzaniga MS, editors. The new cognitive neurosciences,
2nd Ed., Cambridge, MA: MIT Press; 2000. p. 1037–46.
[13] Caramazza A, Shelton JR. Domain-specific knowledge systems in
the brain the animate-inanimate distinction. Journal of Cognitive
Neuroscience 1998;10:1–34.
[14] Chang T. Semantic memory: facts and models. Psychological
Bulletin 1996;99:199–220.
[15] Chao LL, Haxby JV, Martin A. Attribute-based neural substrates in
temporal cortex for perceiving and knowing about objects. Nature
Neuroscience 1999;2:913–9.
[16] Chao LL, Martin A. Cortical regions associated with perceiving,
naming, and knowing about colors. Journal of Cognitive
Neuroscience 1999;11:25–35.
[17] Charlot V, Tzourio N, Zilbovicius M, Mazoyer B, Denis M.
Different mental imagery abilities result in different regional
cerebral blood flow activation patterns during cognitive tasks.
Neuropsychologia 1992;30:565–80.
[18] Cohen JD, Servan-Schreiber D. Context, cortex, and dopamine: a
connectionist approach to behavior and biology in schizophrenia.
Psychological Review 1992;99:45–77.

290

S.L. Thompson-Schill / Neuropsychologia 41 (2003) 280–292

[19] Collins AM, Quillian MR. Retrieval time from semantic memory.
Journal of Verbal Learning and Verbal Behavior 1969;8:240–8.
[20] Coltheart M, Inglis L, Cupples L, Michie P, Bates A, Budd B. A
semantic subsystem of visual attributes. Neurocase 1998;4:353–70.
[21] D’Esposito M, Aguirre GK, Zarahn E, Ballard D, Shin RK, Lease J.
Functional MRI studies of spatial and nonspatial working memory.
Cognitive Brain Research 1998;7:1–13.
[22] D’Esposito M, Detre JA, Aguirre GK, Stallcup M, Alsop DC, Tippet
LJ, et al. A functional MRI study of mental image generation.
Neuropsychologia 1997;35:725–30.
[23] Damasio H, Grabowski TJ, Tranel D, Hichwa RD, Damasio AR.
A neural basis for lexical retrieval. Nature 1996;380:499–505.
[24] De Renzi E, Liotti M, Nichelli P. Semantic amnesia with
preservation of autobiographic memory. A case report. Cortex
1987;23:575–97.
[25] Decety J, Grezes J, Costes N, Perani D, Jeannerod M, Procyk E, et
al. Brain activity during observation of actions. Influence of action
content and subject’s strategy. Brain 1997;120:1763–77.
[26] Decety J, Perani D, Jeannerod M, Bettinardi V, Tadary B, Woods
R, et al. Mapping motor representations with positron emission
tomography. Nature 1994;371:600–2.
[27] Demb JB, Desmond JE, Wagner AD, Vaidya CJ, Glover GH,
Gabrieli JD. Semantic encoding and retrieval in the left inferior
prefrontal cortex: a functional MRI study of task difficulty and
process specificity. Journal of Neuroscience 1995;15:5870–8.
[28] Démonet JF, Chollet F, Ramsay S, Cardebat D, Nespoulous JL,
Wise R, et al. The anatomy of phonological and semantic processing
in normal subjects. Brain 1992;115:1753–68.
[29] Devlin JT, Gonnerman LM, Andersen ES, Seidenberg MS. Cate
gory-specific semantic deficits in focal and widespread brain
damage: a computational account. Journal of Cognitive Neuroscience 1998;10:77–94.
[30] Farah MJ, McClelland JL. A computational model of
semantic memory impairment: modality specificity and emergent
category specificity. Journal of Experimental Psychology: General
1991;120:339–57.
[31] Fletcher PC, Shallice T, Dolan RJ. “Sculpting the response space”—
an account of left prefrontal activation at encoding. Neuroimage
2000;12:404–17.
[32] Fodor JA. The language of thought, Cambridge, MA: Harvard
University Press; 1975.
[33] Gabrieli JDE, Desmond JE, Demb JB, Wagner AD, Stone MV,
Vaidya CJ, et al. Functional magnetic resonance imaging of semantic
memory processes in the frontal lobes. Psychological Science
1996;6:76–82.
[34] Gabrieli JDE, Poldrack RA, Desmond JE. The role of left prefrontal
cortex in language and memory. Proceedings of the National
Academy of Sciences of the United States of America 1998;95:906–
13.
[35] Gainotti G, Silveri MC, Daniele A, Giustolisi L. Neuroanatomical
correlates of category-specific semantic disorders: a critical survey.
Memory 1995;3:247–64.
[36] Gelman R. First principles organize attention to and learning about
relevant data—number and the animate-inanimate distinction as
examples. Cognitive Science 1990;14:79–106.
[37] Gentner D. On relational meaning: the acquisition of verb meaning.
Child Development 1978;49:988–98.
[38] Gold BT, Buckner RL. Common prefrontal regions co-activate
with dissociable posterior regions during controlled semantic and
phonological retrieval tasks. Neuron 2002;35:803–12.
[39] Goldenberg G, Podreka I, Steiner M, Franzen P, Deecke L.
Contributions of occipital and temporal brain regions to visual and
acoustic imagery—aspect study. Neuropsychologia 1991;29:695–
702.
[40] Goldenberg G, Podreka I, Steiner M, Willmes K. Patterns of regional
cerebral blood flow related to memorizing of high and low imagery
words: an emission computer tomography study. Neuropsychologia
1987;25:473–85.

[41] Grabowski TJ, Damasio H, Damasio AR. Premotor and prefrontal
correlates of category-related lexical retrieval. Neuroimage
1998;7:232–43.
[42] Grafton ST, Arbib MA, Fadiga L, Rizzolatti G. Localization of
grasp representations in humans by positron emission tomography:
2. Observation compared with imagination. Experimental Brain
Research 1996;112:103–11.
[43] T S, Fadiga L, Arbib MA, Rizzolatti G. Premotor cortex activation
during observation and naming of familiar tools. Neuroimage
1997;6:231–6.
[44] Grezes J, Decety J. Does visual perception of object afford
action? Evidence from a neuroimaging study. Neuropsychologia
2002;40:212–22.
[45] Grossman M, Koenig P, DeVita C, Glosser G, Alsop D, Detre J, et
al. Neural representation of verb meaning: an fMRI study. Human
Brain Mapping 2002;15:124–34.
[46] Guitton D, Buchtel HA, Douglas RM. Frontal lobe lesions in man
cause difficulties in suppressing reflexive glances and in generating
goal-directed saccades. Experimental Brain Research 1985;58:455–
72.
[47] Harnad S. The symbol grounding problem. Physica D 1990;42:335–
46.
[48] Haugeland J. Artificial intelligence: the very idea of it, Cambridge,
MA: MIT Press; 1985.
[49] Humphreys GW, Forde EME. Hierarchies, similarity, and interactivity in object recognition: “category-specific” neuropsychological deficits. Behavioral and Brain Sciences 2001; p. 24.
[50] Ishai A, Ungerleider LG, Martin A, Haxby JV. The representation
of objects in the human occipital and temporal cortex. Journal of
Cognitive Neuroscience 2000;12(Suppl 2):35–51.
[51] Ishai A, Ungerleider LG, Martin A, Schouten JL, Haxby JV.
Distributed representation of objects in the human ventral visual
pathway. Proceedings of the National Academy of Sciences of the
United States of America 1999;96:9379–84.
[52] Kable JW, Lease-Spellmeyer J, Chatterjee A. Neural substrates
of action event knowledge. Journal of Cognitive Neuroscience
2002;14:795–805.
[53] Kan IP, Barsalou LW, Solomon KO, Minor JK, Thompson-Schill
SL. Role of mental imagery in a property verification task: fMRI
evidence for perceptual representations of conceptual knowledge.
Cognitive Neuropsychology (in press).
[54] Kapur S, Craik FI, Tulving E, Wilson AA, Houle S, Brown
GM. Neuroanatomical correlates of encoding in episodic memory:
levels of processing effect [see comments]. Proceedings of the
National Academy of Sciences of the United States of America
1994;91:2008–11.
[55] Kellenbach ML, Brett M, Patterson K. Large, colorful or noisy?
Attribute- and modality-specific activations during retrieval of
perceptual attribute knowledge. Cognitive, Affective, and Behavioral
Neuroscience 2001;1:207–21.
[56] Kiehl KA, Liddle PF, Smith AM, Mendrek A, Forster BB, Hare
RD. Neural pathways involved in the processing of concrete and
abstract words. Human Brain Mapping 1999;7:225–33.
[57] Kimberg DY, Farah MJ. A unified account of cognitive impairments
following frontal lobe damage: the role of working memory in
complex, organized behavior. Journal of Experimental Psychology:
General 1993;112:411–28.
[58] Kintsch W. Semantic memory: a tutorial. In: Nickerson RS, editor.
Attention and performance VIII, Cambridge, MA: Bolt Beranek
and Newman, 1980; p. 595–620.
[59] Kosslyn SM, Thompson WL. Shared mechanisms in visual imagery
and visual perception: insights from cognitive neuroscience. In:
Gazzaniga MS, editor. The New Cognitive Neurosciences, 2nd Ed.,
Cambridge, MA: MIT Press, 2000; p. 975–85.
[60] Kourtzi Z, Kanwisher N. Activation in human MT/MST by static
images with implied motion. Journal of Cognitive Neuroscience
2000;12:48–55.

S.L. Thompson-Schill / Neuropsychologia 41 (2003) 280–292
[61] Kutas M, Federmeier KD. Electrophysiology reveals semantic
memory use in language comprehension. Trends in Cognitive
Sciences 2000;4:463–70.
[62] Martin A. Functional neuroimaging of semantic memory. In: Cabeza
R, Kingstone A, editor. Handbook of functional neuoimaging of
cognition, Cambridge, MA: MIT Press, 2001; p. 153–86.
[63] Martin A, Haxby JV, Lalonde FM, Wiggs CL, Ungerleider LG.
Discrete cortical regions associated with knowledge of color and
knowledge of action. Science 1995;270:102–5.
[64] Martin A, Ungerleider LG, Haxby JV. Category-specificity and
the brain: the sensory-motor model of semantic representations
of objects. In: Gazzaniga MS, editors. The new cognitive
neurosciences, 2nd Ed., Cambridge: MIT Press, 2000; p. 1023–36.
[65] Martin A, Wiggs CL, Ungerleider LG, Haxby JV. Neural correlates
of category-specific knowledge. Nature 1996;379:649–52.
[66] Miceli G, Fouch E, Capasso R, Shelton JR, Tamaiuolo F, Caramazza
A. The dissociation of color from form and function knowledge.
Nature Neuroscience 2001;4:662–7.
[67] Milham MP, Banich MT, Webb A, Barad V, Cohen NJ, Wszalek T,
et al. The relative involvement of anterior cingulate and prefrontal
cortex in attentional control depends on nature of conflict. Cognitive
Brain Research 2001;12:467–73.
[68] Mummery CJ, Patterson K, Hodges JR, Price CJ. Functional
neuroanatomy of the semantic system: divisible by what? Journal
of Cognitive Neuroscience 1998;10:766–77.
[69] Mummery CJ, Patterson K, Hodges JR, Wise RJ. Generating ‘tiger’
as an animal name or a word beginning with T: differences in brain
activation [published erratum appears in Proc R Soc Lond B Biol Sci
1996 Dec 22;263(1377):1755-6]. Proceedings of the Royal Society
of London—Series B: Biological Sciences 1996;263:989–95.
[70] Nelson K. Concept, word, and sentence: interrelations in acquisition
and development. Psychological Review 1974;81:267–85.
[71] Nobre AC, McCarthy G. Language-related field potentials in the
anterior-medial temporal lobe. II. Effects of word type and semantic
priming. Journal of Neuroscience 1995;15:1090–8.
[72] Norman DA, Shallice T. Attention to action: willed and automatic
control of behaviour. In: Davidson RJ, Schwartz GE, Shapiro
D, editors. Consciousness and self-regulation, vol. 4, New York:
Plenum Press, 1986; p. 1–18.
[73] Owen AM. The functional organization of working memory
processes within human lateral frontal cortex: the contribution
of functional neuroimaging. European Journal of Neuroscience
1997;9:1329–39.
[74] Paivio A. Imagery and verbal processes, New York: Holt, Rinehart,
and Winston; 1971.
[75] Perani D, Cappa SF, Bettinardi V, Bressi S, Gornotempini M,
Matarrese M, et al. Different neural systems for the recognition of
animals and man-made tools. Neuroreport 1995;6:1637–41.
[76] Perani D, Schnur T, Tettamanti M, Gorno-Tempini M, Cappa SF,
Fazio F. Word and picture matching: a PET study of semantic
category effects. Neuropsychologia 1999;37:293–306.
[77] Perret E. The left frontal lobe of man and the suppression of
habitual responses in verbal categorical behavior. Neuropsychologia
1974;12:323–30.
[78] Petersen SE, Fox PT, Posner MI, Mintun M, Raichle ME. Positron
emission tomographic studies of the cortical anatomy of single-word
processing. Nature 1988;331:585–9.
[79] Plaut D. Graded modality-specific specialization in semantics: a
computational account of optic aphasia. Cognitive Neuropsychology
2002;19:603–39.
[80] Poldrack RA, Wagner AD, Prull MW, Desmond JE, Glover
GH, Gabrieli JDE. Functional specialization for semantic and
phonological processing in the left inferior prefrontal cortex.
Neuroimage 1999;10:15–35.
[81] Price CJ, Moore CJ, Humphreys GW, Wise RSJ. Segregating
semantic from phonological processes during reading. Journal of
Cognitive Neuroscience 1997;9:727–33.

291

[82] Price CJ, Mummery CJ, Moore CJ, Frackowiak RSJ, Friston KJ.
Delineating necessary and sufficient neural systems with functional
imaging studies of neuropsychological patients. Journal of Cognitive
Neuroscience 1999;11:371–82.
[83] Pulvermuller F, Harle M, Hummel F. Walking or talking? Behavioral
and neurophysiological correlates of action verb processing. Brain
and Language 2001;78:143–68.
[84] Pylyshyn ZW. Computation and cognition, Cambridge, MA: MIT
Press; 1984.
[85] Rizzolatti G, Fadiga L, Gallese V, Fogassi L. Premotor cortex
and the recognition of motor actions. Cognitive Brain Research
1996;3:131–41.
[86] Roland PE, Friberg L. Localization of cortical areas activated by
thinking. Journal of Neurophysiology 1985;53:1219–43.
[87] Rosch E, Mervis CB, Gray W, Johnson D, Boyes-Braem P. Basic
objects in natural categories. Cognitive Psychology 1976; 8.
[88] Rowe JB, Passingham RE. Working memory for location and
time: activity in prefrontal area 46 relates to selection rather than
mainteneance in memory. Neuroimage 2001;14:77–86.
[89] Rowe JB, Toni I, Josephs O, Frackowiak RS, Passingham RE. The
prefrontal cortex: response selection or maintenance within working
memory? Science 2000;288:1656–60.
[90] Ruby P, Decety J. Effect of subjective perspective taking during
simulation of action: a PET investigation of agency. Nature
Neuroscience 2001;4:546–50.
[91] Saffran EM. The organization of semantic memory: in support of
a distributed model. Brain and Language 2000;71:204–12.
[92] Saffran EM, Schwartz MF. Of cabbages and things: semantic
memory from a neuropsychological perspective—a tutorial review.
In: Umilta C, Moscovitch M, editors. Attention and performance
XV: conscious and nonconscious information processing,
Cambridge, MA: MIT Press, 1994; p. 507–36.
[93] Schreuder R, Flores D’Arcais GB, Glazenborg G. Effects
of perceptual and conceptual similarity in semantic priming.
Psychological Research 1984;45:339–54.
[94] Sheridan J, Humphreys GW. A verbal-semantic category-specific
recognition impairment. Cognitive Neuropsychology 1993;10:143–
84.
[95] Smith EE, Medin DL. Categories and concepts, Cambridge, MA:
Harvard University Press; 1981.
[96] Snodgrass JG. Concepts and their surface representations. Journal
of Verbal Learning and Verbal Behavior 1984;23:3–22.
[97] Spitzer M, Kischka U, Guckel F, Bellemann ME, Kammer T,
Seyyedi S, et al. Functional magnetic resonance imaging of
category-specific cortical activation: evidence for semantic maps.
Cognitive Brain Research 1998;6:309–19.
[98] Spitzer M, Kwong KK, Kennedy W, Rosen BR, Belliveau JW.
Category-specific brain activation in fMRI during picture naming.
NeuroReport 1995;6:2109–12.
[99] M K, Fink GR, Passingham RE, Silbersweig D, Ceballosbaumann
AO, Frith CD, et al. Functional-anatomy of the mental representation
of upper extremity movements in healthy subjects. Journal of
Neurophysiology 1995;73:373–86.
[100] Thompson-Schill SL, Aguirre GK, D’Esposito M, Farah MJ. A
neural basis for category and modality specificity of semantic
knowledge. Neuropsychologia 1999;37:671–6.
[101] Thompson-Schill SL, D’Esposito M, Aguirre GK, Farah MJ. Role
of left inferior prefrontal cortex in retrieval of semantic knowledge:
a reevaluation. Proceedings of the National Academy of Sciences
of the United States of America 1997;94:14792–7.
[102] Thompson-Schill SL, D’Esposito M, Kan IP. Effects of repetition
and competition on activity in left prefrontal cortex during word
generation. Neuron 1999;23:513–22.
[103] Thompson-Schill SL, Jonides J, Marshuetz C, Smith EE, D’Esposito
M, Kan IP, et al. Effects of frontal lobe damage on interference
effects in working memory. Cognitive, Affective and Behavioral
Neuroscience 2002;2:109–20.

292

S.L. Thompson-Schill / Neuropsychologia 41 (2003) 280–292

[104] Thompson-Schill SL, Swick D, Farah MJ, D’Esposito M, Kan IP,
Knight RT. Verb generation in patients with focal frontal lesions: a
neuropsychological test of neuroimaging findings. Proceedings of
the National Academy of Sciences of the United States of America
1998;95:15855–60.
[105] Tulving E. Episodic and semantic memory. In: Tulving E, Donaldson
W, editors. Organization of memory, New York: Academic Press,
1972; p. 381–403.
[106] Tulving E, Kapur S, Markowitsch HJ, Craik FIM, Habib R,
Houle S. Neuroanatomical correlates of retrieval in episodic
memory—Auditory sentence recognition. Proceedings of the
National Academy of Sciences of the United States of America
1994;91:2012–5.
[107] Vandenberghe R, Price C, Wise R, Josephs O, Frackowiak RS.
Functional anatomy of a common semantic system for words and
pictures. Nature 1996;383:254–6.

[108] Wagner AD, Pare-Blagoev EJ, Clark J, Poldrack RA. Recovering
meaning: left prefrontal cortex guides controlled semantic retrieval.
Neuron 2001;31:329–38.
[109] Warburton E, Wise RJ, Price CJ, Weiller C, Hadar U, Ramsay S, et
al. Noun and verb retrieval by normal subjects. Studies with PET.
Brain 1996;119:159–79.
[110] Warrington EK, McCarthy R. Categories of knowledge: further
fractionations and an attempted integration. Brain 1987;110:1273–
96.
[111] Warrington EK, Shallice T. Category specific semantic impairments.
Brain 1984;107:829–54.
[112] Wise R, Chollet F, Hadar U, Friston K, Hoffner E,
Frackowiak R. Distribution of cortical neural networks involved
in word comprehension and word retrieval. Brain 1991;114:1803–
17.

