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Abstract

■ Studies of semantic dementia and repetitive TMS have sug-
gested that the bilateral anterior temporal lobes (ATLs) underpin
a modality-invariant representational hub within the semantic
system. However, it is not clear whether all ATL subregions con-
tribute in the same way. We utilized distortion-corrected fMRI to
investigate the pattern of activation in the left and right ATLwhen
participants performed a semantic decision taskon auditorywords,
environmental sounds, or pictures. This showed that the ATL is
not functionally homogeneous but is more graded. Both left and
right ventral ATL (vATL) responded to all modalities in keeping
with the notion that this region underpins multimodality seman-
tic processing. In addition, there were graded differences across

the hemispheres. Semantic processing of both picture and envi-
ronmental sound stimuli was associated with equivalent bilateral
vATL activation, whereas auditory words generated greater activa-
tion in left than right vATL. This graded specialization for auditory
stimuli would appear to reflect the input from the left superior
ATL, which responded solely to semantic decisions on the basis
of spoken words and environmental sounds, suggesting that this
region is specialized to auditory stimuli. A final noteworthy result
was that these regions were activated for domain level decisions
to singly presented stimuli, which appears to be incompatible with
the hypotheses that the ATL is dedicated (a) to the representation
of specific entities or (b) for combinatorial semantic processes. ■

INTRODUCTION

Semantic knowledge enables us to recognize an object
in different contexts, to identify its relatedness to other
concepts and to generalize semantic information. Recent
work has generated a model in which an anterior tempo-
ral lobe (ATL) modality- and time-invariant hub provides a
core substrate for the formation of coherent semantic rep-
resentations (Lambon Ralph, Sage, Jones, & Mayberry, 2010;
Lambon Ralph, Pobric, & Jefferies, 2009; Patterson, Nestor,
& Rogers, 2007; Rogers et al., 2004). In this model, multiple
distributed brain regions process and represent modality-
specific sources of perceptual and verbal information. In
addition, the ATL hub provides cross-modal translation be-
tween these information sources and, in doing so, licenses
the formation of modality-invariant concepts (Lambon Ralph
et al., 2010; Pobric, Jefferies, & Lambon Ralph, 2010). In
other words, irrespective of the input modality (e.g., writ-
ten words, pictures, auditory words, or sounds) or changes
in surface features, this ATL system enables activation of
the same semantic representation and the ability to gen-
eralize appropriately across different exemplars of the
same concept. Previously, it has been suggested these
semantic processes emerge from direct communication
between modality-specific regions and do not require an
amodal semantic hub (Martin, 2007). However, computa-

tional models have shown that such complex representa-
tions can only be achieved by the addition of intermedi-
ate processing units (Rogers et al., 2004; Plaut, 2002).
Anatomically, the ATL is an ideal location for this role
because it is connected with secondary perceptual and
motor cortices (Gloor, 1997). In addition, the damage
to anterior parts of the temporal lobe in semantic demen-
tia (SD) results in multimodal semantic impairments, with
preserved processing of episodic memory, perceptual and
syntax information, as well as other aspects of higher order
cognition (Lambon Ralph & Patterson, 2008; Patterson et al.,
2007; Snowden, 2002; Hodges, Patterson, Oxbury, & Funnell,
1992). For example, comprehension is impaired for spo-
ken and written words, pictures, sounds, smell, taste, and
touch (Piwnica-Worms, Omar, Hailstone, & Warren, 2010;
Luzzi et al., 2007; Coccia, Bartolini, Luzzi, Provinciali, &
Lambon Ralph, 2004; Bozeat, Lambon Ralph, Patterson,
Garrard, & Hodges, 2000; Lambon Ralph & Howard,
2000; Lambon Ralph, Howard, Nightingale, & Ellis, 1998).
Furthermore, SD patients are impaired in production tasks
such as picture naming, tactile naming, object drawing,
object use, and verbal descriptions of objects (Coccia et al.,
2004; Lambon Ralph, McClelland, Patterson, Galton, &
Hodges, 2001; Bozeat et al., 2000; Lambon Ralph, Graham,
Patterson, & Hodges, 1999; Lambon Ralph, Graham, Ellis,
& Hodges, 1998). These selective, multimodal semantic
impairments advocate for a key role of the damaged area,
bilaterally, in conceptualization. Indeed, it has been shownUniversity of Manchester
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that SD patients have difficulty computing accurate gen-
eralizations on the basis of conceptual rather than super-
ficial similarity (Lambon Ralph et al., 2010; Lambon Ralph
& Patterson, 2008). Repetitive TMS studies of the left or
right lateral ATL in neurologically intact participants also
indicate an important role of this bilateral region in amodal
semantic processing (Pobric et al., 2010; LambonRalph et al.,
2009; Pobric, Jefferies, & Lambon Ralph, 2007). Additional
convergent evidence for the role of the ATL in semantic pro-
cessing arises from studies using intracortical recordings in
neurosurgical patients (Halgren, Baudena, Heit, Clarke, &
Marinkovic, 1994), functional neuroimaging studies of com-
prehension using PET (Devlin et al., 2000; Perani et al.,
1999; Vandenberghe, Price, Wise, Josephs, & Frackowiak,
1996), and magnetoencephalography (MEG) (Marinkovic
et al., 2003). Although there is now substantial, multi-
method convergent evidence in favor of a semantic role
for the bilateral ATL, much less is known about which spe-
cific regions contribute and what their roles are. In SD, the
area of atrophy is large, covering anatomically distinct sub-
regions including the fusiform gyrus and inferior, middle,
and superior temporal lobe, reflecting multiple cytoarchi-
tectural areas (Ding, Van Hoesen, Cassell, & Poremba,
2009; Brodmann, 2005), and it is not clear whether each of
these subregions contributes in the sameway. The current
literature suggests that the superior part of the left ATL
might be functionally specialized for verbal information.
This region has been associated with verbal information
(Hocking & Price, 2009), speech-like stimuli (Overath,
Kumar, von Kriegstein, & Griffiths, 2008), and intelligible
speech (Spitsyna,Warren, Scott, Turkheimer, &Wise, 2006;
Sharp, Scott, & Wise, 2004; Scott, Blank, Rosen, & Wise,
2000). In contrast, the bilateral ventral ATL (vATL), of which
the left is sometimes referred to as the “basal temporal
language area” (BTLA; Spitsyna et al., 2006; Sharp et al.,
2004), might have a somewhat different semantic func-
tion. This area exhibits maximal damage in SD patients,
indicating that this region might contribute foremost to
the patientsʼ semantic impairments (Galton et al., 2001;
Mummery et al., 2000), a hypothesis reinforced by two
recent studies. The first found that accuracy on semantic
tasks in SD was correlated with the FDG-PET rCBF signal
in this specific bilateral ventral region (Mion et al., 2010),
and a second study revealed an almost identical peak of
fMRI activation for written synonym judgment performance
in neurologically intact participants (Binney, Embleton,
Jefferies, Parker, & Lambon Ralph, 2010). This region has
also been associated with visually invariant category pro-
cessing, which is a vital feature of perception, enabling rec-
ognition regardless of changes in location and orientation
(Liu, Agam, Madsen, & Kreiman, 2009). Furthermore, other
studies have found that the anterior superior temporal gyrus
(aSTG) and the vATL are often coactivated, suggesting that
these regions cooperate to accomplish auditory compre-
hension (Spitsyna et al., 2006; Sharp et al., 2004). The above
findings suggest, therefore, a cross-modal nature to the
representations hosted in the bilateral vATL.

As well as providing the first systematic investigation
of different areas within the entire ATL region, this study
was also concerned with the role of left versus right ATL
to semantic cognition. Patients with clear semantic rep-
resentational deficits often present with bilateral ATL
damage (e.g., SD, herpes simplex virus encephalitis, etc.),
and rTMS to left or right lateral ATL generates verbal
and nonverbal semantic impairment (Pobric et al., 2010;
Lambon Ralph et al., 2009; Lambon Ralph, Lowe, & Rogers,
2007). This suggests that both hemispheres contribute to
semantic processing, across the same modalities. Within-
patient group comparisons find, however, that exact levels
of performance are dependent on the degree of left versus
right atrophy. SD patients with more left than right ATL
atrophy are relatively more anomic and have greater prob-
lems with verbal than nonverbal comprehension (with the
opposite pattern for SD patients with right-biased ATL
atrophy; Mion et al., 2010; Snowden, Thompson, & Neary,
2004; Lambon Ralph et al., 2001). There have been at least
two interpretations of such findings. The first is that there
is a single functional yet bilaterally represented semantic
system and that differential task performance reflects the
impact of greater connectivity of the left ATL region to left-
dominant language systems. The second is that there is
an inbuilt, strict functional division in which the left ATL
is specialized for verbal semantic processing and the right
for nonverbal semantic processing. These two alternative
hypotheses are hard to differentiate using SD data given
that patients always have some degree of bilateral damage
and hypometabolism (Mion et al., 2010) and, although
clearly favoring the first hypothesis, ATL rTMS studies do
not generate the same effect size as observed in patient
studies. Thus, probing left versus right ATL activation
across different modalities of stimuli in neurologically in-
tact participants should be able to delineate more clearly
between these hypotheses.
The vATL is often omitted from neuroanatomical mod-

els of verbal and nonverbal semantics (Martin, 2007; Catani
& Ffytche, 2005). However, it would appear that this re-
lates to an absence of evidence rather than evidence of
absence. Models based on stroke aphasic patients are
unlikely to include the inferior ATL because the territory
of the MCA rarely includes this region (Schwartz et al.,
2009; Wise, 2003). In addition, the fact that the majority
of semantic neuroimaging studies do not implicate the
bilateral vATL (Visser, Jefferies, & Lambon Ralph, 2010)
seems to be related to a series of technical and methodo-
logical issues. The fMRI signal is distorted in this region
because of varyingmagnetic susceptibility (Visser, Jefferies,
et al., 2010; Devlin et al., 2000). In addition, many previous
fMRI and PET studies have not included a sufficient field
of view to cover the whole brain, thereby often omitting
the vATL if the dorsal surface of the brain is included in
the acquisition (Visser, Jefferies, et al., 2010). Thus, both
stroke aphasia and past neuroimaging studies have, in
effect, been silent on the bilateral vATL, because it has
not been consistently sampled.

3122 Journal of Cognitive Neuroscience Volume 23, Number 10



To investigate the contribution of the various ATL
regions in semantic processing, we used distortion-
corrected fMRI and a semantic paradigm based on audi-
tory words, pictures, or environmental sounds. Previous
studies have used this new distortion correction tech-
nique and have successfully found bilateral vATL activation
during semantic decisions to visually presented words or
pictures (Visser, Embleton, Jefferies, Parker, & Lambon
Ralph, 2010, submitted; Binney et al., 2010). If the bilateral
vATL is a core region for the amodal semantic hub, then
we would expect to observe activation in response to
all three types of stimuli. In contrast, if the left superior
ATL is more specialized, then it might only respond to
auditory–verbal input. Given its proximity and connectivity
to primary auditory and association cortices (Rauschecker
& Scott, 2009; Scott et al., 2000), it is possible that the
left superior ATL plays a more general role in higher-
order auditory recognition. However, some neuroimag-
ing studies of semantic processing have found activation
in the left superior ATL when using other stimuli, such
as visually presented words and objects (for a review,
see Visser, Jefferies, et al., 2010; Amedi, von Kriegstein,
van Atteveldt, Beauchamp, & Naumer, 2005). It is not
clear, therefore, whether this region processes purely ver-
bal information or whether it is involved in multimodal
processing. To date, no previous study has directly com-
pared the same semantic decision across various auditory
and visual stimuli to adjudicate between these possibilities.
A few studies have investigated the neural correlates

associated with semantic processing of nonverbal auditory
information (i.e., environmental sounds), yet they have
generated inconsistent results, associating it with inferior
ATL activation, posterior fusiform or posterior STG activa-
tion (Hocking & Price, 2008, 2009; Tranel, Grabowski,
Lyon, & Damasio, 2005). It is possible that this inconsis-
tency might be because some studies used cross-modality
(visual–auditory) matching, making it more difficult to iso-
late the neural regions that underpin nonverbal auditory
semantic processing, specifically. We adopted, therefore,
a behavioral paradigm in which each stimulus type (envi-
ronmental sounds, spoken names, and pictures) was pre-
sented in isolation. This allowed us to probe directly and
independently, which ATL subregions respond to each
stimulus type.
A further key aim of this study was to test the hypothe-

sis that the anterior temporal regions are specialized for
the representation of specific entities (Tranel, Damasio,
& Damasio, 1997; Damasio, Grabowski, Tranel, Hichwa,
& Damasio, 1996). The alternative is that the strength of
response in this region is graded by specificity but is pres-
ent for all levels of conceptual detail. For example in SD,
although performance is better on domain than specific
level distinctions, this effect is relative rather than abso-
lute. Indeed, the same graded performance difference
emerges in an implemented computational model of se-
mantic memory as an emergent property of semantic pro-
cessing per se rather than programming a specificity effect

directly into themodel (Rogers et al., 2004). In this model,
only partial activation is required to separate living from
nonliving entities, whereas distinguishing specific level
concepts requires much greater and precise semantic ac-
tivation. If this graded hypothesis is correct then, with suf-
ficient power and sensitive imaging methods, we should
find ATL activation even during the domain-level (animal
vs. manmade object) decisions.

A final aim of the study was to test an alternative notion
about the ATL region, namely, that it is required for “com-
binatorial semantics” (Hickok & Poeppel, 2007). In this
theory, activation of meaning for single stimuli is achieved
in posterior regions and the ATL is only required when a
meaning is built up over a series of stimuli (e.g., a sen-
tence). An alternative hypothesis is that the ATL might ex-
hibit increased activation for these kinds of multielement
stimuli, simply because there are many more elements to
be processed (Visser, Embleton, et al., 2010). These alter-
natives can be difficult to adjudicate between on the basis
of previous imaging data because semantic tasks often in-
volve comparison or selection betweenmultiple stimuli. The
useof singly presented stimuli in thepresent study, however,
licensed a direct test of the two hypotheses; if the ATL has a
more general semantic role even for single stimuli (as sug-
gested by SD patientsʼ poor single word comprehension
and naming performance; Rogers et al., 2004; Lambon
Ralph et al., 2001), then we should observe ATL activation.

In summary, we had five different research questions:
(1) Which ATL subregions contribute to semantic process-
ing? (2) Does their involvement vary in graded or absolute
ways across inputmodality? (3) Are there differences in the
contribution of left versus right ATL regions to semantic
processing? (4) Is the ATL involved even for superordinate
semantic distinctions? (5) Is the ATL involved in semantic
processing even for singly presented items that require no
combination of meaning across multiple stimuli?

METHODS

Task and Stimuli

Twenty (right-handed) participants were presented with
blocks of pictures, auditory words, and environmental
sounds while in the scanner. They were asked to indicate
with a button press whether the item was living or non-
living. In addition, we included two nonsemantic control
tasks, which captured the same basic visual or auditory
processes and motor requirements. For the visual con-
trol task, we included scrambled versions of the picture
stimuli. These stimuli were created by scrambling the
pictures into 80 pieces and rearranging them in a ran-
dom fashion (using the Java Runtime Environment; www.
SunMicrosystems.com).

For the auditory control task, we presented pink or
brown noise bursts. Participants were asked to indicate
with a button press whether the item was high or low.
The auditory stimuli were either high or low sounding
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noise burst (i.e., pink vs. brown noise), whereas the
scrambled items were presented either high or low on
the screen. To match the semantic and control visual tasks
as much as possible, the pictures were also presented high
or low on the screen during the semantic decision trials.
To ensure that the noise bursts were recognized as either
high or low, we performed a pilot study in which partici-
pants rated the sounds. Only the six sounds that were con-
sistently recognized as high and low were included in the
current experiment. Before the fMRI experiment, partici-
pants practiced the task for 15 min to ensure that they
were confident about their performance. NordicNeuroLab
headphones were used to present the auditory stimuli
(www.nordicneurolab.com).

Experimental Design

Each condition contained 90 items, except for the auditory
control task, which contained six (see previous section).
Half of the semantic items were living, and the other half
were nonliving. Furthermore, half of the semantic and
control pictures were presented high on the screen, and
the other half were low. This variation of screen position
was the basis for the visual control task (i.e., was the item
high or low on the screen?). The position of the visual
semantic stimuli also varied across the same screen posi-
tions so as to avoid potential differences in brain activation
because of variation of position or associated eye move-
ments. Different items were used in the experimental con-
ditions so as to avoid repetition effects. We used a blocked
design and sampled each condition block for nine times.
Blocks were randomized, and the designmatrix wasmanu-
ally adjusted to ensure optimal design efficiency (Henson,
2006). Each block lasted 15 sec and contained 10 items.
Each item was presented for 500 msec with an ISI of 1 sec.

Image Acquisition

All imaging was performed on a 3 T Philips Achieva scan-
ner using an eight-element SENSE head coil with a sense
factor of 2.5. The SE-EPI fMRI sequence included 42 slices
with echo time (TE) = 75 msec, repetition time (TR) =
4075 msec, acquisition matrix = 96 × 96, reconstructed
resolution = 2.5 × 2.5 mm, and slice thickness = 3 mm.
To compute a spatial remapping matrix, a prescan was
obtained with interleaved dual direction phase encoding
and the participant at rest (20 image volumes acquired,
10 for left-to-right phase encoding [KL], and the same
number for the opposite right-to-left [KR] phase encod-
ing). This was followed by the main fMRI image se-
quence of 310 time points with a single-phase encoding
direction (KL), during which the functional task was
performed. A high-resolution T2-weighted turbo spin
echo scan with in-plane resolution of 0.938 mm and
slice thickness of 2.1 mm was also obtained as a struc-
tural reference to provide a qualitative indication of dis-
tortion correction accuracy.

Distortion Correction

The spatial remapping correction was computed using the
method developed and applied elsewhere (Embleton,
Haroon, Lambon Ralph, Morris, & Parker, 2010; Visser,
Embleton, et al., 2010). In brief, mean KL and KR images
were produced from the 10 KL and 10 KR direction images
acquired in the prescan. During the correction process, a
spatial transformation matrix applied to transform the
meanKL image into corrected spacewas obtained for inter-
vals of 0.1 pixels in the phase encoding direction resulting
in a shift matrix of size 96 × 960 × 42. The 310 time points
in the functional acquisition were then corrected by first
registering each 3-D volume to the original distortedmean
KL volume using a six degrees of freedom translation and
rotation algorithm (FLIRT, FSL, Oxford) and then applying
the matrix of pixel shift values to the registered images.
This resulted in a distortion-corrected data set of 310 vol-
umes, maintaining the original temporal spacing and TR
of 4075 msec.

SPM Analyses

Image analysis was carried out with SPM5 software
(WellcomeDepartment of Imaging Neuroscience, London,
UK; www.fil.ion.ucl.ac.uk/spm). Preprocessing of func-
tional MRIs included movement correction, slice time
correction, coregistration with the anatomical data, and
smoothing using aGaussian filter with 10-mmFWHM. Sub-
traction analyses were carried out to examine activation of
the semantic tasks versus their matching control tasks. In
addition, all semantic tasks were collapsed and contrasted
against the control tasks. The threshold was set at p< .005
with an extent threshold of 15 voxels. Nichols, Brett,
Andersson, Wager, and Poline (2005) noted that signif-
icantly activated voxels can arise from a large effect in
one condition (e.g., words) co-occurring with a small (in-
significant) effect in the other condition (e.g., pictures).
We ran a conjunction analysis, therefore, which included
only voxels that are activated for all three input modalities
(Friston, Penny, & Glaser, 2005; Nichols et al., 2005).
Threshold was set at p < .005, uncorrected.
In addition, we were particularly interested in the func-

tional role of the bilateral vATL and the left aSTG, iden-
tified in previous independent studies (see below). We
investigated these areas by using a ROI analysis. We defined
three ROIs. The first ROI was based on the results of a PET
study that found a clear relationship between the left
superior ATL and processing of intelligible speech (Scott
et al., 2000). To mirror the form of this aSTG/STS region,
we created a lozenge-shaped ROI from three sequential
7-mm spheres. Two spheres were placed at the peaks re-
ported in the original study, and an additional, intermedi-
ate sphere was added to make a continuous, single ROI
(centers at −54 6 −16, −60 −12 −15, and −66 −12
−12). We used two complementary ROI for the vATL
on the basis of two separate, independent literatures.
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For the first vATL ROI, we created a 5-mm sphere around
the location of peak activation (−38−18−32) from a pre-
vious language-related study (Sharp et al., 2004). On the
basis of these results and the distribution of atrophy in
SD patients, our working hypothesis is that the semantic
function of this ventral region is bilateral, and therefore,
we mirrored this ROI in the right hemisphere. Our final
ROI was based on a study that utilized intracranial elec-
trode recordings (Liu et al., 2009). As noted in the Introduc-
tion, this region was associated with visually invariant,
category processing. We drew a 5-mm sphere around
the position of the intracranial electrode positioned at
(−27 −12 −35). Despite the fact that these two previous
studies were based on verbal or visual inputmodalities and
used very different methods, it is intriguing that both iden-
tified a similar locus of activity within the vATL (see Intro-
duction and Binney et al., 2010). We analyzed the average
activation in these ROIs for each contrast using Marsbar
(marsbar.sourceforge.net/). This method overcomes the
multiple comparison problem and is ideal for testing spe-
cific regional hypotheses (Brett, Anton, Valabregue, &
Poline, 2002).

RESULTS

Activated regions for the different contrasts in the whole
brain analysis are shown in Figure 1. First, we examined
areas involved in common semantic processing of pic-
tures, auditory words, and environmental sounds (i.e., all
semantic tasks combined and contrasted with their corre-
sponding control tasks). This ALL SEMANTICS > CONTROL con-
trast resulted in three bilateral clusters in inferior frontal
gyrus, STG, and inferior temporal gyrus (see Figure 1A).
The inferior temporal cluster extended from the occipital
lobe anteriorly until y = 4 (in MNI space) in both hemi-
spheres. The cluster in the superior temporal lobe ex-
tended anteriorly until y = 7 in the left hemisphere and
y = 14 in the right hemisphere. The local peak maxima
of each cluster that survived correction for multiple com-
parisons at p < .05 are summarized in Table 1.
Next, we examined the activation in each condition con-

trasted against thematching control task (see Figure 1B–D)
and compared the results with the contrast ALL SEMANTICS >
CONTROL. The activation patterns for ENVIRONMENTAL SOUNDS >
CONTROL and AUDITORY WORDS > CONTROL were very similar
to each other and to the overall pattern found for ALL

SEMANTICS > CONTROL (as summarized above). The pattern
for the contrast PICTURES > CONTROL also identified bilateral
inferior temporal gyrus (ITG) and inferior frontal gyrus
(IFG) activations (although the IFG peak activations were
in a slightly different location) but deviated from the
other two conditions in that no activation was observed
in the STG. The differences across conditions were con-
firmed by the stringent conjunction analysis, which did
not identify any common STG activation but highlighted
significant common activation for all conditions along

the ventral temporal lobe, bilaterally (see Table 2 and
Figure 1). The conjunction analyses did not show any
IFG activation, because the location of IFG activation
observed in each of the three single contrasts differed
slightly, leading to a null result in the conjunction analysis.

We conducted ROI analyses to focus on the key ATL
targets in more detail (see Introduction). The results for
the aSTG and vATL ROIs are represented in Figure 2 and
summarized in Table 3. Consistent with the hypotheses
from Binney et al. (2010) and Sharp et al. (2004) and the
multimodal impairments observed in SD (Bozeat et al.,
2000), the vATL ROI was found to be significantly acti-
vated, bilaterally, in all three conditions. Intriguingly, the
effect size for the PICTURES > CONTROL and ENVIRONMENTAL

SOUNDS > CONTROL contrasts were similar in left and right
vATL, whereas there was an asymmetric pattern (left >
right) of significant activations for the spoken word condi-
tion (see Figure 2B and C). This would appear to mirror the
graded results found in SD (see Introduction andDiscussion).

Similar results were found for the vATL region defined
on the basis of the intracranial electrode study reported
by Liu et al. (2009; see Table 3 for details). In contrast,
the pattern observed for the left aSTGROI (Figure 2A)mir-
rored that observed in the whole-brain analysis. This left
superior ATL subregion was significantly and equivalently
activated by both auditory semantic conditions but not by
the picture-based task. Indeed, this ROI analysis indicated
that there was not even partial activation for the picture-
based task in the left aSTG, given that the PICTURES > CONTROL

contrast resulted in a negative value.

DISCUSSION

Previous studies have suggested that the ATLs act as a re-
presentational hub, which when combined with modality-
specific information, form coherent, amodal semantic
representations (LambonRalph et al., 2009, 2010; Patterson
et al., 2007; Rogers et al., 2004). This theory was originally
based on the multimodal impairments observed in SD
patients, associated with the underlying bilateral atrophy
of the ATL. Although these patient studies associate the
ATL with semantic processes, the atrophy covers a large
area, and it is not clear, therefore, if all ATL regions contrib-
ute in the same way. Accordingly, it is important to sup-
plement the patient results with neuroimaging data. The
current distortion-corrected fMRI study investigated five
specific questions: (1) Which ATL subregions contribute
to semantic processing? (2) Does their involvement vary
in graded or absolute ways across input modality? (3) Are
there differences in the contribution of left versus right ATL
regions to semantic processing? (4) Is the ATL involved
even for superordinate semantic distinctions? (5) Is the ATL
involved in semantic processing even for singly-presented
items that require no combination ofmeaning acrossmulti-
ple stimuli? To investigate these issues, we used a domain-
level (living vs. manmade) semantic decision about single
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stimuli, presented from different input modalities (i.e.,
auditory words, pictures, and environmental sounds). The
results are summarized and discussed below.

The current fMRI results show that the left superior part
of the ATL is specialized for auditory processing (both
auditory sounds and words), whereas the ventral bilateral
ATL/BTLA underlies semantic processing for auditory
words, environmental sounds, and pictures. This amodal
response characteristic of the vATL provides direct sup-
port for the notion that this region is core to the integra-
tion of multiple modality-specific sources of information
and to the formation of modality-invariant, coherent rep-

resentations (Binney et al., 2010; Lambon Ralph et al.,
2009, 2010; Patterson et al., 2007; Spitsyna et al., 2006;
Sharp et al., 2004).
Whether the semantic system requires modality-

invariant representational hub is still under debate. For
example, on the basis of patient studies, the classical view
proposed by Wernicke and Meynert (see Eggert, 1977)
suggested that modality-specific regions interact directly
to generate conceptual information. Indeed, perhaps the
most popular view arising from neuroimaging studies
is that concepts are represented in distributed systems
across the brain (for a review, see Martin & Chao, 2001).

Figure 1. Rendered images
showing the regions activated
by domain-level decisions.
(A) Activated regions for
the contrast “ALL SEMANTIC >
CONTROL” (red) and for the
conjunction analysis (purple).
(B–D) Activated clusters for the
contrasts “PICTURES > CONTROL”
(blue), “AUDITORY WORDS >
CONTROL” (cyan), and
“ENVIRONMENTAL SOUNDS > CONTROL”
(yellow). The threshold is set
at p < .005, with a voxel extend
of 15, and for the conjunction
analysis at p < .005,
uncorrected.
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These theories do not posit the need of an amodal semantic
hub or sometimes argue directly against it (Martin, 2007).
However, Lambon Ralph et al. (2010) suggested that a
“distributed only” system is not ideal for the complex com-
putations required to generate coherent semantic repre-
sentations (see also Rogers & McClelland, 2004). A key,
perhaps defining, function of coherent conceptual repre-
sentations is the ability to fuse the many modality-specific
sources of information together accurately and then to be
able to compute generalizations on the basis of semantic
rather than superficial similarities (an idea that can be
found in philosophy, cognitive science, as well as con-
temporary neuropsychology; Lambon Ralph et al., 2010;
Wittgenstein, 2001; Smith &Medin, 1981). It has been sug-
gested that, as this involves complex nonlinear mappings,
such computations require the addition of an intermediate
(“hidden”) layer mediating between the modality-specific
source regions (Lambon Ralph et al., 2010; Rogers et al.,
2004; Plaut, 2002). As such, the vATL is an ideal neural
location for such a modality-invariant representational
hub, given that it is widely connected with secondary
perceptual and motor cortices (Gloor, 1997).

Simmons andMartin (2009) argued that, although there
may be an amodal semantic hub, it is not likely that the
anterior temporal region underlies such a system as this
area is not well represented in the neuroimaging litera-
ture. However, in a recent meta-analysis, we showed that
the lack of imaging evidence associating the ATL with se-
mantic processes can be explained by various technical
and design issues (see Introduction; Visser, Jefferies,
et al., 2010). By using distortion-corrected fMRI, we have
obtained convergent data from three studies showing
vATL activation during various semantic tasks on the basis
of visually presented stimuli (Visser, Embleton, et al., 2010,
submitted; Binney et al., 2010). By adding auditory stimuli
to the current study, we have been able to demonstrate
that the bilateral vATL/BTLA is activated during semantic
processing for all input modalities. This is consistent not
only with the hypothesis that the bilateral vATL underpins
the modality-invariant hub within the hub-and-spoke
semantic framework (Lambon Ralph et al., 2009, 2010;

Table 1. Activated Clusters for the Contrast ALL SEMANTIC

TASKS > CONTROL

Brain Region (COG) Voxels
Max Z
Value

MNI
Coordinates

x y z

L. superior temporal gyrus 488 6.93 −54 −24 0

5.55 −51 −36 6

5.03 −57 −6 −6

L. inferior temporal gyrus 1530 6.6 −39 −60 −15

6.57 −39 −45 −18

5.63 −36 −9 −36

R. superior temporal gyrus 687 6.18 60 −18 3

5.94 54 −30 6

5.73 60 −3 −5

R. inferior temporal gyrus 1287 5.75 45 −39 −24

5.74 42 −45 −18

5.16 35 −5 −36

R. inferior frontal cortex 492 4.98 36 33 0

4.97 27 21 −3

4.56 48 24 9

L. inferior frontal cortex 223 4.25 −51 30 6

4.07 −30 21 6

4.07 −33 30 3

R. anterior cingulate gyrus 131 4.18 12 21 33

3.74 15 9 45

L. occipital lobe 127 4.17 0 −93 −12

3.85 −5 −102 3

L. putamen 105 4.01 −30 −15 12

3.94 −24 −5 9

MNI coordinates of the local peak maxima of each activated cluster that
survived correction formultiple comparison at p< .05. L.= left, R.= right.

Table 2. Peak Coordinates of the Conjunction Analysis of Pictures, Auditory Words, and Environmental Sounds

Contrast Brain Region (COG) Max Z Value

MNI Coordinates

x y z

Conjunction L. inferior temporal gyrus 5.18 −45 −57 −15

L. inferior temporal gyrus 4.48 −39 −18 −30

R. inferior temporal gyrus 3.45 45 −36 −24

R. inferior temporal gyrus 3.38 33 −3 −42

R. inferior temporal gyrus 2.73 36 −9 −30

R. cerebellum 2.95 42 −81 −30

The threshold was set at p < .005, uncorrected. L. = left, R. = right.
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Patterson et al., 2007; Rogers et al., 2004) but is also con-
sistent with the fact that this is a maximal area of atrophy in
SD (Visser, Embleton, et al., 2010, submitted; Binney et al.,
2010; Galton et al., 2001; Mummery et al., 2000).

Although the vATL region responded significantly and
bilaterally to all three types of stimuli, we also found an in-
triguing graded difference across left and right vATL. Spe-
cifically, we found equivalent degrees of activation for the
picture-based and environmental sound conditions but
left > right activation for the spoken words. As noted in
the Results section, this finding mirrors the pattern found
when SD patients are divided by their distribution of atro-
phy. Specifically, patients with more left > right ATL atro-
phy demonstrate worse performance for verbal than
picture-based materials, whereas the reverse trend is true
for SD patients with right > left atrophy (Mion et al., 2010;
Snowden et al., 2004; Lambon Ralph et al., 2001). The
current imaging results suggest that the differences ob-
served in the SD patients actually reflect a graded divi-

sion of labor across the intact left and right vATL. Previous
computational models have shown that this kind of graded
difference emerges automatically when the nature of the
input or the pattern of connectivity are taken into account
(Lambon Ralph et al., 2001). Following this idea, our work-
ing assumption is that the left > right difference for spo-
ken stimuli reflects the stronger connectivity of left STG
auditory regions to the left vATL. As such, although both
vATL will contribute to the processing of all stimuli, the
left vATL may become somewhat more important for
auditory–verbal stimuli simply on the basis of connectiv-
ity and the quality of the auditory input required for se-
mantic decoding of spoken words (Rauschecker & Scott,
2009). Overall, these results suggest that the bilateral
vATL forms the hub of a single semantic system, processing
the meaning of all stimulus types. In addition, there are
some limited, graded differences for verbal in the left vATL,
which might reflect its pattern of connectivity to auditory-
or language-related areas (Lambon Ralph et al., 2001).

Figure 2. Location and summary of the ROI analyses that compare the [SEMANTIC > CONTROL] contrast across three specific ATL targets. Comparative
activation for each stimulus type is shown for the aSTG ROI (blue, A), left vATL (red, B), and right vATL (green, C). See text for more detailed
descriptions.
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The results from the current study show that the left
aSTG is predominantly involved in aspects of high-order
auditory processing that, perhaps jointly with the vATL
(Sharp et al., 2004), permits semantic processing of au-
ditory stimuli. To our knowledge, this is the first study to
show a similar pattern of the BOLD response for verbal
and nonverbal auditory processing in the aSTG. Other
imaging studies that included auditory–verbal and/or non-
verbal information were not designed to examine this
issue (Hocking & Price, 2008, 2009; Tranel et al., 2005).
However, the left aSTG has been consistently associated
with auditory–verbal semantic processes, namely, with
the processing of verbal information (Hocking & Price,
2009), intelligible speech (Scott et al., 2000), or speech-
like stimuli (Overath et al., 2008). In addition, a separate
line of investigation has suggested that the anterior su-
perior temporal lobe is involved in invariant processing
of auditory information, enabling auditory object recog-
nition regardless of irrelevant changes (Overath et al.,
2008; Warren, Scott, Price, & Griffiths, 2006; Griffiths &
Warren, 2004). The current results suggest that the left
aSTG is involved in processing of auditory words and en-
vironmental sounds. Although the exact acoustic proper-
ties that are relevant for the processing of environmental
sounds and auditory words differ, the same mechanism
might underlie the extraction of an invariant auditory
“object” that is used to or is a part of the extraction ofmean-
ing for verbal and nonverbal auditory input (Griffiths &
Warren, 2004).
A further aim was to investigate whether the ATL is spe-

cialized for specific entities. Previous imaging studies have

shown ATL activation during semantic processing at spe-
cific or basic level but not at domain level (Rogers et al.,
2004; Tyler et al., 2004). In addition, it has been noted that
the semantic impairments observed in SD patients exhibit
a specificity gradient with better performance at the do-
main level (Rogers & McClelland, 2004; Tyler et al., 2004;
Warrington, 1975). These and other studies (Tranel et al.,
1997; Damasio et al., 1996) could be taken to associate the
ATL solely with semantic processes at the specific level.
However, the current results show that the ATL is also acti-
vated for domain-level decisions. These results fit with com-
putational models of semantic memory in which specific
versus domain level differences reflect graded rather than
absolute variations (see Introduction; Rogers et al., 2004).
If correct, this would predict that semantic areas should be
activated for all levels of specificity but less so for domain
level judgments, because it takes the semantic system less
computational effort to activate the minimal level of in-
formation required tomake these relatively easy decisions.

Finally, we note that the current study found ATL ac-
tivation for semantic decisions made to singly presented
stimuli, which is consistent with the fact that SD patients
have poor single-word comprehension and naming perfor-
mance (Rogers et al., 2004; Lambon Ralph et al., 2001).
These observations appear to be incompatible with the
hypothesis that the ATL region supports “combinatorial
semantics” (Hickok & Poeppel, 2007). Instead, the obser-
vation that ATL regions are reliably activated by sentences
and other multielement stimuli might simply follow from
the fact that there aremanymore elements to be processed
(Visser, Embleton, et al., 2010).

Table 3. Summary of the ROI Analysis to Probe the Differential Contribution of Inferior and Superior ATL Regions to
Semantic Processing

Region of Interest
Common Semantic >

Control
Picture >
Control

Auditory Word >
Control

Environmental Sounds >
Control

aSTG (Scott et al., 2000) p = .064 ns p = .018 p = .024

t = 1.58 t = 2.23 t = 2.1

η2 = 0.11 η2 = 0.08 η2 = 0.07

Left vATL (Sharp et al., 2004) p < .001 p < .001 p < .001 p < .001

t = 7.43 t = 4.0 t = 6.33 t = 5.72

η2 = 0.75 η2 = 0.19 η2 = 0.34 η2 = 0.22

Right vATL (Sharp et al., 2004) p > .002 p > .001 p = .02 p = .013

t = 4.2 t = 4.12 t = 2.18 t = 2.4

η2 = 0.50 η2 = 0.21 η2 = 0.15 η2 = 0.14

Left vATL (Liu et al., 2009) p = .006 p = .076 p = .004 p = .027

t = 2.76 t = 1.48 t = 2.95 t = 2.03

η2 = 0.36 η2 = 0.06 η2 = 0.23 η2 = 0.08

The ROIs were based on independent imaging studies. The results show that the superior part of the ATL (aSTG; from Scott et al., 2000)
is specialized for auditory stimuli. In contrast, the vATL (defined in terms of peaks from Liu et al., 2009 or Sharp et al., 2004) is associated with
multimodal semantic processes.
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