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It is generally assumed that abstract concepts are linguistically
coded, in line with imaging evidence of greater engagement of the
left perisylvian language network for abstract than concrete words
(Binder JR, Desai RH, Graves WW, Conant LL. 2009. Where is the
semantic system? A critical review and meta-analysis of 120 func-
tional neuroimaging studies. Cerebral Cortex. 19:2767-2796; Wang
J, Conder JA, Blitzer DN, Shinkareva SV. 2010. Neural represen-
tation of abstract and concrete concepts: A meta-analysis of neuroi-
maging studies. Hum Brain Map. 31:1459-1468). Recent behavioral
work, which used tighter matching of items than previous studies,
however, suggests that abstract concepts also entail affective pro-
cessing to a greater extent than concrete concepts (Kousta S-T,
Vigliocco G, Vinson DP. Andrews M, Del Campo E. The represen-
tation of abstract words: Why emotion matters. J Exp Psychol Gen.
140:14-34). Here we report a functional magnetic resonance
imaging experiment that shows greater engagement of the rostral
anterior cingulate cortex, an area associated with emotion proces-
sing (e.g., Etkin A, Egner T, Peraza DM, Kandel ER, Hirsch J. 2006.
Resolving emotional conflict: A role for the rostral anterior cingulate
cortex in modulating activity in the amygdala. Neuron. 52:871), in
abstract processing. For abstract words, activation in this area was
modulated by the hedonic valence (degree of positive or negative af-
fective association) of our items. A correlation analysis of more than
1,400 English words further showed that abstract words, in general,
receive higher ratings for affective associations (both valence and
arousal) than concrete words, supporting the view that engagement
of emotional processing is generally required for processing abstract
words. We argue that these results support embodiment views of
semantic representation, according to which, whereas concrete con-
cepts are grounded in our sensory—motor experience, affective
experience is crucial in the grounding of abstract concepts.
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Introduction

The distinction between concrete and abstract entities is an
ontological distinction based on whether the concepts refer to
something that can be perceived and acted upon or whether
it is only internally represented (Hale 1988). What makes
humans capable of representing abstract concepts? One
obvious candidate is language, a symbolic system allowing
knowledge not referring to the here and now, to be learnt
and shared. After all, it is obvious that we learn abstract
words and concepts by being told what they mean (e.g., in
school) or by implicitly extracting statistical information re-
garding their meaning from linguistic input (Andrews et al.
2009). Indeed, abstract words tend to be learnt later than
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concrete words, once language is solidly established, and
formal education has begun. According to Age of Acquisition
norms (i.e., judgments by adult native speakers on when they
acquired given words; Stadthagen-Gonzalez and Davis 20006),
only 10% of 3-year-olds’ vocabulary is abstract, rising to 25%
in 5-year-olds. Acquisition of abstract concepts then increases
steadily: >60% of 11-year-olds’ vocabulary is abstract. Two
dominant cognitive theories of the differences between con-
crete and abstract concepts and words, namely the Dual
Coding theory (Paivio 1971, 2007) and the Context Avail-
ability hypothesis (Schwanenflugel and Shoben 1983; Schwa-
nenflugel 1991), agree in assuming that linguistic processing
plays a pivotal role in learning and processing abstract con-
cepts. These theories differ with regards to how differences
between concrete and abstract processing come about. Dual
Coding argues that concrete words would be represented in
two distinct formats, a verbal and a non-verbal, imagistic,
code, whereas abstract concepts would be primarily or solely
represented in a verbal code (e.g., Paivio 2007). In contrast,
Context Availability accounts for differences between concrete
and abstract concepts as a consequence of how they are rep-
resented in verbal memory, with stronger and denser associ-
ations with contextual knowledge for concrete than abstract
words (Schwanenflugel 1991).

Imaging studies in general provide evidence supporting
the idea of a greater role of linguistic processing for abstract
concepts. Abstract processing has been associated with higher
activation in left hemispheric areas involved in linguistic pro-
cessing/verbal semantics such as the left inferior frontal gyrus
(e.g., Perani et al. 1999; Jessen et al. 2000; Fiebach and Frie-
derici 2003; Noppeney and Price 2004; Binder et al. 2005)
and the superior temporal cortex (Mellet et al. 1998; Kiehl
et al. 1999; Wise et al. 2000; Binder et al. 2005; see Binder
et al. 2009 and Wang et al. 2010 for reviews and
meta-analyses). Recent lesion and transcranial magnetic
stimulation work further converge in supporting a role for the
left ventrolateral prefrontal cortex in the processing of abstract
words and concepts (Hoffman et al. 2010).

It is, however, the case that in these previous studies ab-
stract stimuli tended to differ from concrete words on a
number of additional dimensions. For example, whereas most
studies controlled for differences in frequency between con-
crete and abstract words, many of the studies above did not
control for differences in familiarity, leading to comparisons
between more familiar (and therefore easier to process) con-
crete (e.g., artichoke) and less familiar, abstract (e.g., beresy)
words. Moreover, in the literature it is invariably assumed that
the psycholinguistic constructs of concreteness and imageabil-
ity tap into the same underlying theoretical construct, i.e., the
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ontological distinction between concrete and abstract entities.
Thus, concreteness and imageability ratings have been used
interchangeably (e.g. Richardson 2003; Giesbrecht et al. 2004;
Binder et al. 2005; Fliessbach et al. 2006). While we recognize
that these differences between concrete and abstract words
are important and highly correlated with concreteness, it is
also the case that they do not exhaust the dimensions along
which concrete and abstract words differ. Concreteness and
imageability tap into, at least partially, different aspects of
semantic representations. In particular, the distribution of con-
creteness ratings is bimodal, capturing the categorical onto-
logical distinction between concrete and abstract concepts,
whereas the distribution of imageability ratings is unimodal,
indexing the graded amounts of sensory (primarily visual)
associations of words (see Fig. 1 in Kousta et al. 2011). It is
therefore the case that these two constructs are only inter-
changeable within theories that assume that abstract and con-
crete words differ only in terms of the degree of engagement
of imagistic system (i.e., imageability) (Paivio 1971, 2007).

In previous behavioral work, Kousta et al. (2011) re-
examined differences between concrete and abstract word
recognition, controlling for a larger number of lexical and
sublexical dimensions, which critically included familiarity,
context availability (ratings of how many contexts one can
think of for a given word), and imageability. In addition,
norms for mode of acquisition (i.e., ratings by adult native
speakers of the extent to which a given concept has been
learnt primarily via language or via experience on a 1-7-point
scale; Della Rosa et al. 2011) were also used. In lexical
decision experiments, it was found that once these variables
that, jointly, tend to favor concrete word processing are taken
into account, abstract words are processed faster than con-
crete, resulting in a reversal of the more typical concreteness
effect. As one may worry that experiments in which items are
controlled to this extent use atypical items, Kousta et al.
(2011) further demonstrated that this reversal of the concrete-
ness effect in regression analyses of lexical decision response
times (RTs) for a large number of words (7 =2330) from the
English Lexicon Project (Balota et al. 2007).

Crucially, Kousta et al. (2011) found that the processing
advantage for abstract words was due to differences in
emotional valence (whether the words have positive, negative,
or no emotional associations) between concrete and abstract
words. In their Experiment 3, including 480 words spanning
the entire range of concreteness and valence ratings, the
effects of concreteness (i.e. faster responses for abstract than
concrete words) disappeared when valence was included as a
predictor. In other words, the advantage for abstract words
was mediated by their greater affective associations. In pre-
vious work, greater affective associations have been shown to
facilitate word processing (Kanske and Kotz 2007; Kousta
et al. 2009) in lexical decision tasks. Thus, these behavioral
results indicate that differences in terms of linguistic infor-
mation do not exhaust the differences between concrete and
abstract concepts, given that these are still processed differ-
ently after controlling for variables such as imageability,
context availability, and mode of acquisition. Rather, they
suggest that affective information may also play a critical role.

On the basis of these findings, Kousta et al. (2011) and Vig-
liocco et al. (2009) have proposed an embodied theory of the
representation of abstract words and concepts. Embodied the-
ories of cognition (of which Dual Coding Theory is an early
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example) propose that cognition is grounded in bodily states,
modal simulations, and situated action (Barsalou 1999; Barsa-
lou et al. 2003; Rizzolatti and Craighero 2004; Decety and
Grezes 20006; Gibbs 2006) and find support in a growing body
of evidence (see, e.g., Martin 2007, 2009; Binder and Desai
2011; Meteyard et al. 2012, for reviews). Embodied ap-
proaches clearly apply to the representation and processing of
concrete concepts. It is less obvious, however, how abstract
concepts can be embodied. In Kousta and colleagues’ propo-
sal, the difference between concrete and abstract concepts
come about because of a statistical preponderance of sensori-
motor associations underlying concrete word meanings and a
statistical preponderance of affective (and linguistic) associ-
ations underlying abstract word meanings. In this approach,
knowledge about concrete objects and actions would develop
from our experience with the external world and would be
grounded in the same neural systems mediating our physical
experience. In contrast, our internal affective experience
would provide at least initial grounding to abstract concepts
(which refer to internal experience not limited to emotions).
Thus, abstract concepts would be rooted in the same neural
system mediating processing of nonlinguistic emotions.
Emotion could play an especially important role during
language acquisition: words that denote emotional states,
moods, or feelings could provide initial examples of how a
word may refer to an entity that is not externally observable
but resides within the organism. This may provide a crucial
stepping stone in the development of the ontological distinc-
tion between entities existing in the physical world and those
existing only in the human mind, namely abstract entities.
Consistent with this possibility, abstract words denoting
emotional states are the first abstract words to emerge during
language development (Bretherton and Beeghly 1982;
Wellman et al. 1995; Kousta et al. 2011).

Here, we assess whether abstract words engage the affec-
tive system by virtue of having more affective associations
than concrete words. In a functional magnetic resonance
imaging experiment we manipulate the concreteness but not
the affective associations of the items used, controlling for the
same large number of other lexical and sublexical factors as
in Kousta et al. (2011).

Methods

Preliminary Study

Kousta et al. (2011) showed that, once a large number of factors are
controlled, abstract words are processed faster than concrete words
because of their greater affective associations. However, how general
is the link between concreteness and emotion? One could argue that
such a link is present only for a specific type of items: the most fam-
iliar and imageable abstract words that refer to emotion (such as love,
anger, bappiness). Because of the strict selection criteria used in the
previous studies and, in the current study, one can argue that there is
a bias toward abstract words that strictly refer to emotion. Thus, given
a large enough set of words, valence and arousal ratings would not
predict concreteness ratings.

To assess the generalizability of the link between affective associ-
ations and concreteness, we carried out regression analyses for 1,446
English words, spanning the concreteness and the valence/arousal
continua. The number of words included in these analyses was only
constrained by the availability of normative data for concreteness,
valence, and arousal. Concreteness ratings were obtained from the
MRC Psycholinguistic Database (Coltheart 1981; Wilson 1988, down-
loaded from www.psy.uwa.edu.au/uwa_mrc.htm on 24 May 2007).
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Valence and arousal ratings (on a scale from 1 to 9; for valence: 1=
negative, 5 =neutral, 9 = positive; for arousal: 1=low arousal, 9 = high
arousal) were taken from published norms (ANEW, Bradley and Lang
1999) and from additional norming we carried out following the same
procedure (see Kousta et al. 2011 for details). In the regression ana-
lyses, we modeled both linear as well as nonlinear relationships
between predictors and dependent variable (previous work has
shown that valence is best modeled as a U-shaped function from
negative to neutral to positive, Lewis et al. 2007; Kousta et al. 2009,
2011). Nonlinear relationships were modeled using restricted cubic
splines (Harrell 2001).

First, we looked at zero-order correlations between valence and
concreteness (arousal and concreteness in different models), using or-
dinary least squares regression. Both linear and nonlinear com-
ponents were significant predictors (overall F, 1443 =40.4, P<0.0001;
nonlinear Fy 1443=060.6, P<0.0001; adjusted R>=0.052). Valenced
words tend to be more abstract, whereas neutral words tend to be
more concrete. For arousal, only the linear arousal term was included
in the final model (F; 1444=93.8, P<0.0001, R*=0.060). We then
looked at the partial effect of valence (or arousal in different models)
after all other lexical and sub-lexical factors (including arousal) were
taken into account. Unsurprisingly, imageability was the strongest
predictor  (Fy 1430 =2439, P<0.0001), along with familiarity
(F»,1430="72.5, P<0.0001) and number of morphemes (Fy 1430=11.9,
P=0.0006); adjusted R* for the full model=0.788. Importantly, the
unique effect of valence remained significant in this model: valenced
words tended to be more abstract even after accounting for other rel-
evant factors (overall partial effect of valence F,j430=52.9,
P <0.0001; nonlinear F; 1430 =101.4, P<0.0001; Fig. 14). The unique
effect of arousal also remained significant: arousing words tend to be
more abstract (Fy 1430 =98.1, P<0.0001; Fig. 1B).

These results do not imply that emotion is the only factor differing
between concrete and abstract words, as other factors (most clearly
imageability and familiarity) were also significant predictors of con-
creteness ratings. Importantly, however, emotion is the only factor
giving abstract words an advantage: abstract words are less image-
able, less familiar, acquired later but they are more emotional than
concrete words (which gives them a processing time advantage,
Kousta et al. 2011).

Main Experiment

Subjects

Twenty right-handed native English speakers (mean
age=21.9 + 4.4 years [range: 18-33]; 4 males, 16 females) with
normal hearing and vision, no history of neurological or psy-
chiatric illness, and no early exposure to a second language
participated in the study. All provided written informed
consent and were paid for their participation. The study was
approved by the NHS Berkshire Research Ethics Committee.

Stimuli

Sixty abstract and 60 concrete nouns were selected that dif-
fered significantly in concreteness but were matched for all
other lexical and sublexical variables that are thought to affect
visual word recognition, including ratings of imageability,
context availability, and mode of acquisition (i.e., judgments
of the extent to which a word’s meaning is learned percep-
tually or linguistically—Della Rosa et al. 2011). Table 1 pro-
vides a list of all the variables that were controlled. As
affective associations (both valence and arousal) were not ma-
nipulated nor controlled, concrete and abstract words in our
set differed with respect to valence and arousal, with abstract
words being more valenced and more arousing than concrete
words (see Table 1). The full list of items used in the exper-
iment is available as Supplementary Material. It is important
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Figure 1. Relationship between valence (or arousal) and concreteness ratings. Left
panel: Partial effect of valence as a predictor of concreteness after all other lexical
and sublexical factors (including imageability and familiarity) are taken into account.
Right panel: Partial effect of arousal as a predictor of concreteness after all other
lexical and sublexical factors (including imageability and familiarity) are taken into
account. Dashed lines indicate 95% highest posterior density confidence interval for
parameter estimates.

Table 1
Lexical and sublexical properties of words used (mean value; standard deviation in brackets) and
two-tailed P-value for t-tests comparing abstract with concrete

Abstract Concrete P-value
Imageability*® 496.2 (45.7) 500.0 (48.2) 0.460
Context availability” 567.1 (50.3) 561.2 (52.4) 0.491
Familiaritya'b 498.1 (74.1) 491.8 (77.1) 0.393
Age of acquisition™® 402.6 (89.6) 411.4 (103.7) 0.928
Mode of acquisition® 4176 (90.5) 397.8 (88.9) 0.124
Log frequency (HAL)® 8.65 (1.73) 8.77 (1.74) 0.549
No. orthographic neighborsd 2.20 (3.55) 2.37 (3.76) 0.552
Sum Bigram frequencyd 9651 (5543) 9653 (5654) 0.998
Mean Bigram frequencyd 1741 (685) 1754 (787) 0917
Sum Bigram by position® 1743 (1052) 1709 (892) 0.795
No. of morphemesd 1.25 (0.51) 1.20 (0.44) 0.370
No. of letters 6.20 (1.65) 6.22 (1.70) 0.799
No. of phonemes® 5.17 (1.50) 5.02 (1.70) 0.402
No. of syIIab\esd 1.87 (0.77) 1.82 (0.81) 0.594
Concreteness® 345.3 (42.1) 550.8 (37.8) <0.001
Hedonic valence®' 1.83 (0.85) 0.65 (0.62) <0.001
Arousal® 572 (1.11) 454 (0.74) <0.001

From MRC psycholinguistic database (Coltheart 1981; Wilson 1988: www.psy.uwa.edu.au/
uwa_mrc.htm).

“From Stadthagen-Gonzalez and Davis (2006).

“Unpublished data (Kousta et al. 2007), collected following procedures described in Della Rosa
etal. (2011).

%From English Lexicon Project (Balota et al. 2007: exlexicon.wustl.edu).

°From Bradley and Lang (1999) and unpublished data described in Kousta et al. (2009).
"Hedonic valence = distance from neutrality.

to note here that because of the high correlation between con-
creteness, imageability, and familiarity, it is the case that by
controlling for all these factors, there is the potential for redu-
cing the generalizability of findings.

Ninety orthographically legal pseudowords were also
created, with similar characteristics to the words. For each
target word, we selected a different word matched in length
and concreteness, and changed one letter, resulting in a pro-
nounceable nonword. We used WordGen (Duyck et al. 2004)
to ensure that these pseudowords were matched with the
original target words in mean bigram frequency, and had as
few orthographic neighbors as possible (only one, the target
word, for all pseudowords 5 letters or longer). Finally, we
also created 30 nonpronounceable letter strings, made up of
randomly selected consonants, whose lengths (in letters)
were representative of the target word set.
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Procedure

The task was visual lexical decision. Stimuli were presented
on a computer screen and participants made their responses
using a button box. On each trial, a fixation cross was first
displayed for 500 ms. The target word was then displayed for
500 ms then replaced by a question mark which was dis-
played for 2,000 ms. Then, the screen was cleared, and a
blank screen remained for a random interval ranging from
1000 to 5000 ms. RTs were measured as the time of the first
key press after word onset. Analyses of RTs are reported
below. Lexical decision trials were arranged into blocks of
12 trials each, between which a rest signal “***” appeared for
14 s. After every 6 or 7 blocks, there was a longer break of
30 s. Words, pseudowords, and letter strings were fully ran-
domized across trials for each subject. As all subjects re-
sponded highly accurately (lowest subject, 84% correct), and
no items were at chance level (lowest item, 64% correct),
no subjects or items were excluded from analysis due to
performance level.

Imaging Methods

Whole-brain imaging was performed on a Siemens 1.5 Tesla
MR scanner at the Birkbeck-UCL Neuroimaging (BUCNI)
Centre in London. The functional data were acquired with a
gradient-echo echo planar imaging (EPD) sequence
(TR=3000 ms; TE=50 ms, FOV =192 x 192, matrix = 64 x 64,
35 slices) giving a notional resolution of 3 x 3 x 3 mm. Each
run consisted of 197 volumes and as a result, the three runs
together took 20 min. In addition, a high-resolution anatom-
ical scan was acquired (7;-weighted FLASH, TR=12ms;
TE=5.6ms; 1 mm® resolution) for anatomically localizing
activations in individuals. Data were preprocessed and ana-
lyzed using statistical parametric mapping 5 (SPM5) (Statisti-
cal Parametric Mapping; Wellcome Department of Cognitive
Neurology, London, UK). Prior to analysis, all images for all
three sessions underwent a series of preprocessing steps.
Time series diagnostics using tsdiffana (Matthew Brett, MRC CBU:
http://imaging.mri-cbu.cam.ac.uk/imaging/DataDiagnostics)
were run to verify the quality of the functional data. Data
from three subjects had to be discarded due to excessive
motion and noise, leaving 17 subjects.

For each scanning session, all functional volumes were
realigned to the first one in the time series. High-resolution
anatomical 77 images were coregistered with the realigned
functional images to facilitate spatial normalization. Moreover,
the mean EPI image of each participant was computed and
spatially normalized (Collins et al. 1994; Evans et al. 1994;
Holmes et al. 1998) using the “unified segmentation” function
in SPM5 (Ashburner and Friston 2005). This algorithm is
based on a probabilistic framework that enables image regis-
tration, tissue classification, and bias correction to generate a
normalization transformation. The spatial normalization par-
ameters for each subject were then applied to the structural
and the individual realigned EPI volumes in order to bring
them into a standardized montreal neurological institute
(MND space.

All images were thus transformed into standard MNI152
space and re-sampled to 3 x 3 x 3 mm voxel size. Finally, the
T>*-weighted volumes were smoothed using a Gaussian
kernel with 8 mm full-width at half-maximum, in order to
account for any residual between-subject variation and
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increase the signal-to-noise ratio (Friston et al. 1995). The
data were analyzed adopting a two-stage random-effects ap-
proach to ensure generalizability of the results at the popu-
lation level (Penny and Holmes 2003). At the individual level,
4 experimental conditions (abstract words, concrete words,
pseudowords, and letter strings) were used as separate regres-
sors keeping the rest condition implicit. In addition, to
further model first-order variance due to subject movement,
the realignment parameters were also included in the design
as user-specified regressors. Furthermore, evidence of bad
volumes was found for one subject by computing the mean of
the squared differences between the corresponding pixels for
all pairs of images in the series. This procedure allows identi-
fication of large spikes of variance corresponding to those
volumes, which are often associated with large movement dis-
placements or severe artifacts. Therefore, a nuisance regressor
was added, which consisted of contiguous scans in which ar-
tifacts due to movement were detected.

Data Analysis

Direct Contrasts and Conjunction Analysis
A general linear model (GLM) analysis was carried out in
which neural activity was modeled as a delta function at
stimulus onset. The blood-oxygen-level-dependent (BOLD)
response was modeled by convolving these delta functions
with the canonical hemodynamic response function (HRF) as
implemented in SPM to create regressors of interest. Data
were high-pass-filtered at 1/128 Hz to remove low-frequency
signal components and were then analyzed with GLM as
implemented in SPM5. Temporal autocorrelation was
modeled using a first-order autoregressive process. The con-
trast images from individual subjects were then entered in a
one sample #test to treat subjects as a random effect and
account for inter-subject variability in order to assess the sig-
nificance of the effects at the group level (2 =17 participants).
Four contrasts were computed for each subject: ABSTRACT >
PSEUDOWORD (A>PW); CONCRETE > PSEUDOWORD
(C>PW); ABSTRACT > CONCRETE (A>C); CONCRETE >
ABSTRACT (C>A). These were subsequently entered into
second-level random effects analyses. Activations were
deemed significant if they reached a statistical threshold of
P<0.005 at the voxel level and P<0.05 after correction for
multiple comparisons [familywise error (FWE)] at the cluster
level. The anatomic locations of peak coordinates were
initially confirmed by visually inspecting the coordinates over-
laid on corresponding slices of the mean structural image of
the study sample. The cytoarchitectonically defined location
of the local maximum was assessed with the SPM Anatomy
Toolbox (Eickhoff et al. 2005). SPM T-maps were projected
onto (3D) cortical surface representations obtained by SPMS8.
A conjunction analysis over A>PW and C>PW was carried
out, using a second-level two sample -test and testing against
conjunction null (Nichols et al. 2005). These two contrasts
(A>PW and C>PW) compared highly matched concrete and
abstract words to pseudowords that closely resembled real
words. This general semantic contrast (Binder et al. 2009)
allowed us to delineate the semantic system engaged in pro-
cessing our abstract and concrete words, in order to assess
the generalizability of the resulting activations. Moreover, it
provides us with a statistically conservative procedure that in-
creases the power to detect significant activations while
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eliminating sources of potential artifact (Price and Friston
1996), in order to verify whether both item sets and the exper-
imental design effectively engage the semantic system. The
results were assessed at a conjunction threshold of P<0.005 at
the voxel level and P<0.05 after correction for multiple com-
parisons (FWE) at the cluster level (k=88 voxels).

Follow-up Analyses

Words in our set differ for valence and arousal, although this
was not manipulated. In follow-up analyses, we assess whether
the degree of valence and arousal predicted the signal change.
In particular, we carried out: (i) A first regression analysis in-
cluding all words (abstract and concrete). At the first level, we
examined the responses of individual subjects by modeling the
presentation times of all words along with three parametric re-
gressors for each word to compute individual SPM maps. The
three regressors were the linear component of valence, the
quadratic component of valence (more precisely, a
second-order polynomial expansion prespecified according to
the shape of the valence distribution), and the linear com-
ponent of arousal ratings. Parameter estimates reflecting the
height of the HRF for each of these regressors were calculated
at each voxel. The resulting images were used to calculate
second-level group contrasts using one-sample #-tests identify-
ing the positive main effects of valence and arousal inclusively
masked (at P<0.005 uncorrected) in the brain areas activated
only by words. (ii) A second regression analysis was carried out
to assess the role of valence and arousal in modulating the
BOLD signal separately for abstract and concrete words. At the
first level, abstract and concrete words were modeled separately
along with the 3 parametric regressors. Individual SPM maps
were generated separately for abstract or concrete words along
with the three parametric regressors. The resulting images were
used to calculate second-level group contrasts using one-sample
t-tests. For abstract words, we assessed the effects of valence
and arousal within brain areas activated by words, we masked
the A>C contrast specific to each parametric regressor (linear
and quadratic valence, arousal) inclusively by the (A + CO)>PW
contrast (at P<0.005, uncorrected), which highlighted brain
regions specific to all words when compared with pseudo-
words. We could not use the C>A contrast to assess the effects
of valence and arousal within brain areas activated solely by
concrete words (see Results section for details). We therefore
analyzed effects specific to each parametric regressor (linear
and quadratic valence, arousal) using the C>PW contrast as an
explicit mask (at P<0.005, uncorrected voxelwise, FWE-
corrected clusterwise), which included only brain areas signifi-
cantly responding to concrete words when compared with
pseudowords.

Results

Bebavioral Results

The behavioral results in the scanner replicated our previous
behavioral studies showing faster RTs for abstract than con-
crete words (Kousta et al. 2011).

Reaction Times

Responses faster than 200 ms and slower than 2000 ms were
excluded from analysis (0.32% of the data) as were error
trials. Subjects were faster in processing abstract words than

concrete words (abstract: 735 + 34 ms, concrete: 771 +35 ms;
subjects (16, =3.87, P<0.005; items #(115=2.39, P<0.05).

Accuracy Rates

In total, 95.7% (£5.6) of responses to abstract words and
95.1% (+3.8) to concrete words were correct. The difference
was not significant (both |#| <1).

Imaging Results

Direct Contrasts and Conjunction Analysis

Both concrete and abstract words engaged largely overlap-
ping networks in the left hemisphere, including the left
angular gyrus, middle and inferior temporal gyri, and dorso-
lateral prefrontal cortex (see Fig. 24 and Table 2 for coordi-
nates of peak activations).

In the direct contrast A>C, brain activity peaked in rostral
(pregenual) portion of the ACC at 2 local maxima (x=12,
Y=45,z=12, Z-score=4.15; x=0, y=42, z=9, Z-score = 3.05,
cluster size=77 voxels, P<0.02 FWE-clusterwise) (see
Fig. 2B). The C>A contrast did not produce any significant
differences.

The general semantic conjunction analysis revealed a
common network including the following regions: the left
inferior parietal lobule including the left angular gyrus, the
right angular gyrus, bilateral medial orbital-frontal cortex, left
frontal superior gyrus, the mid-posterior cingulate cortex ex-
tending bilaterally to the precuneus (see Fig. 3 and Table 3).
Supplementary Figure S1 presents temporal signal-to-noise
ratio average map showing EPI image quality over the whole
brain and anterior temporal lobes (ATLs).

Follow-up Analyses
While our claim is that emotion plays a special role in the pro-
cessing of abstract words, it is obvious that concrete words

Figure 2. Overall brain activation and differences between abstract and concrete
words. (4) Areas of greater activation in the left (upper panel) or right (lower panel)
hemisphere for the contrast between abstract words and pseudowords (red) and the
contrast between concrete words and pseudowords (blue). Areas of overlap between
abstract and concrete words minus pseudowords are depicted in violet. (B)
Significant areas of ABSTRACT > CONCRETE activation. A single activation peak was
found in the rostral part of the ACC bilaterally (x =12, y =45, z=12, cluster
size = 77 voxels).

Cerebral Cortex July 2014, V24 N7 1771

$TOZ ‘0T dUNC UO Joge L SIUO A PP 9jFeljed 'S 0J1UsD) auoIZepuo4 e /BI0'S euIno pIo xo1004e9//:dny Wwouj papeo|umod


http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht025/-/DC1
http://cercor.oxfordjournals.org/

Table 2
Coordinates [x, y, z in space of Montreal Neurological Institute (MNI) template] of peak
activations for the Abstract>Pseudoword contrast and the Concrete >Pseudoword contrast

Anatomical location X y Ve Z-value

Abstract>Pseudoword contrast
R middle cingulate cortex 9 —45 39 5.39
R angular gyrus 48 =72 30 4.95
L middle frontal gyrus =27 36 48 463
L supramarginal gyrus —48 —48 30 456
R middle frontal gyrus 27 33 39 418
R angular gyrus 45 —45 27 3.99
L inferior temporal gyrus -57 -9 =27 3.92

Concrete>Pseudoword contrast
R precuneus 9 —51 27 4.62
L middle frontal gyrus -30 24 45 448
L inferior parietal lobule —-36 =75 42 443
R superior frontal gyrus 27 33 48 413
R angular gyrus 42 -72 39 4.02
L inferior temporal gyrus =57 =27 —-18 3.88
L middle orbital gyrus 0 57 -9 3.72

These coordinates refer to the location of maximal activation indicated by the highest Z-score in
a particular anatomical structure. (Spatial P < 0.05 corrected for multiple comparisons.)

Figure 3. General semantic network. Areas activated in common (cyan) where the
two contrasts A>PW and C>PW are hypothesized to isolate the same underlying
semantic process. Upper panel: Activation peak in the rostral part of the ACC
bilaterally (x =12, y = 45, z =12, cluster size = 77 voxels) (yellow) overlaid on the
general semantic conjunction SPM map showing that there is no overlap between
the activation peak in rACC for A>C and general semantic processing activity
common to both abstract and concrete words (displayed at P < 0.005, uncorrected
and no cluster-wise threshold) (lower panel).

can also be emotionally loaded. In order to test for the
general role of emotional valence and arousal in word proces-
sing, and to look for specific effects on abstract word proces-
sing, we carried out the following additional analyses.

In the analysis including all words, one-sample #-tests for
each parametric regressor revealed only a nonlinear valence-
dependent modulation of signal intensity in a network of
areas including the inferior occipital gyrus extending to the
fusiform and inferior temporal gyrus bilaterally and in the
middle temporal gyri, angular gyrus, putamen, and insula in
the left hemisphere (see Table 4). No linear relationship was
observed between valence or arousal and BOLD signal in any
brain area active for processing words. Concerning abstract
words, one-sample #-tests on the A>C difference for each para-
metric regressor revealed only a nonlinear valence-dependent
modulation of signal intensity in the rostral anterior cingulate
cortex (rACC) (x=0, y=42, z=6, k=10, P<0.005
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Table 3

Coordinates [x, y, z in space of Montreal Neurological Institute (MNI) template] of peak
activations for significant conjoined activations in both abstract and concrete word conditions
when compared with pseudowords (PW)

Anatomical location X y V4 Z-value
L inferior parietal lobule -36 —75 42 4.95

R angular gyrus 42 =72 39 4.46
L/R mid orbital gyrus 0 57 -9 431

L superior frontal gyrus -12 45 39 4.29

R precuneus 9 =51 27 474

L middle cingulate cortex 0 —42 36 401

L precuneus -3 -57 24 4

These coordinates refer to the location of maximal activation indicated by the highest Z-score in
a particular anatomical structure. (P < 0.005 voxelwise uncorrected for multiple comparisons,
and P < 0.05 (FWE) cluster-wise corrected.)

Table 4

Coordinates [x, y, z in space of Montreal Neurological Institute (MNI) template] of peak nonlinear
modulation effects induced by emotional valence for ALL words observed in brain regions
significantly activated by words (inclusive mask thresholded at P < 0.005 uncorrected voxelwise)

Anatomical location X y V4 Z-value
L inferior occipital gyrus -33 —78 -9 4.36

L fusiform gyrus =27 —81 -18 4.06

R inferior occipital gyrus 45 -84 -9 3.99

R Fusiform gyrus 48 —63 —18 3.2
L/R supplementary motor area 3 -3 54 3.52

L middle temporal gyrus -57 —48 9 3.71

L angular gyrus =27 —54 36 35

L putamen =21 12 -6 3.89

L insula —-36 -12 6 3.47

These coordinates refer to the location of maximal activation indicated by the highest Z-score in
a particular anatomical structure. (P < 0.005 voxelwise uncorrected for multiple comparisons and
cluster extent (k) = 10 voxels.)

uncorrected voxelwise, Z-score=3.27) at approximately the
same peak coordinates revealed in the A>C direct contrast
(see above).

To visually examine second-level effects of the parametric
regressors for abstract stimuli in the rACC focus of activation
highlighted in the A>C contrast, plots of effect sizes for each
parametric regressor (valence linear, valence nonlinear,
arousal linear) were created using the rfxplot toolbox for
SPM5 (Glascher 2009) (http://rfxplot.sourceforge.net/). For
illustration purposes, we selected all suprathreshold voxels
inside a sphere (12 mm radius) centered on the peak coordi-
nates of the rACC cluster of activation from the direct contrast
[rostral anterior cingulate cortex (x=12, y=45, z=12)] and
calculated the mean beta values for each participant within
the rACC search volume from the individual first-level beta
images for each of the three parametric regressors included in
the regression analysis. The beta values were then averaged
across subjects. Effect sizes for the three parametric regressors
within rACC are displayed as percentage of local signal
change, and error bars are displayed as +1 standard error of
the mean (see Fig. 4). This analysis showed that only valence,
modeled as distance from neutrality (nonlinear), and not
arousal, was a significant predictor of signal change. The
same toolbox was finally used to compute peri-stimulus time
histograms (PSTHs) of the mean event-related response to ab-
stract and concrete trials in the rACC cluster. The PSTHs
spanned the peri-stimulus period —3 to 15 s, and the data
were split in 3 s time bins corresponding to the TR. The
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Figure 4. Parametric modulation of brain activity in rACC. Nonlinear valence-dependent modulation for the A>C difference in the rACC projected onto the mean normalized
structural scan of all participants (n = 17). The graph in the upper right panel shows effect sizes in the rACC of the three parametric regressors referring to abstract words
calculated as percentage of local signal change (valence linear = red; valence nonlinear = magenta; arousal linear = green). The graph in the lower right panel shows
peristimulus time histograms of evoked BOLD responses in the rACC to abstract (red) and concrete stimuli (blue). This graph represents the average group response, rescaled to

0 at stimulus onset.

colored area around the mean response corresponds to +1
standard error of the mean response (see Fig. 4). Thus, acti-
vation differences between abstract and concrete words in
rACC were clearly time-locked to stimulus onset.

The nonlinear relationship between valence and observed
BOLD responses was finally assessed separately in brain
regions shown to be more active specifically for concrete words
as contrasted with pseudowords (C>PW). A significant non-
linear valence-dependent effect was observed in the left supra-
marginal gyrus (x=-51, y=-51, =24, k=12, Z-score =3.46)
and the left precuneus (x=0, y=-57, z=24, k=10,
Z-score=3.19). In order to verify the presence of a
valence-related effect in the subgenual portion of the ACC
(rACC) for concrete concepts as well, a more liberal cluster
extent (equal to 5 voxels) was chosen at the same voxel-wise
threshold (< 0.005 uncorrected). A significant cluster peaking
at x=—06, y=45, z=-12 (Z-score = 3.31; k=5) was located in a
left mid-orbitofrontal region bordering with the rACC (see Sup-
plementary Fig. S2), in a slightly more ventral area with respect
to both local maxima observed, respectively, for the main A>C
difference (x=12, y=45, z=12) and the A>C valence-
dependent nonlinear modulation (x=0, y=42, 2=0).

Discussion

The present study shows that differences in the degree and
amount of affective associations for concrete and abstract words
have processing and neural consequences when other ortho-
graphic and semantic variables (which also differ between con-
crete and abstract concepts) are taken into account.

First, we showed that over a large number of words, ab-
stract words tend to have more affective associations than con-
crete words. Although this correlation is not strong, indicating
that it does not represent the only dimension along which
these concepts differ, it is an additional dimension which was
not previously identified. Kousta et al. (2011) have argued
that the greater amount of affective associations of abstract
items can account for processing differences between con-
crete and abstract words with RTs being faster for abstract
than concrete words. Importantly, because words were
matched for imageability and context availability, these be-
havioral results cannot be accounted for by either Dual
Coding nor Context Availability, both of which predict no
differences between concrete and abstract words under these
conditions.

In the neuroimaging data, concrete and abstract words,
compared with pseudowords, engaged largely overlapping
networks in the left hemisphere including the left angular
gyrus, middle and inferior temporal gyri, and dorsolateral
prefrontal cortex in line with previous studies (Binder et al.
2005). The conjunction analysis revealed a common
network comprising a set of areas including the left inferior
parietal lobule bilaterally and frontal areas such as medial
orbital-frontal cortex bilaterally and left frontal superior
gyrus, which have previously been described as part of a
general semantic system (Binder et al. 2009). We failed to
observe activations in the ATL (see review in Jefferies,
2012). This is either because of signal loss and distortion
which is typically observed in this area in functional MR
studies that, as in the present case, do not adopt specific
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distortion-correction procedures (Binney et al. 2010). We did
not optimize the scanner acquisition to detect signals in areas
of BOLD dropout because doing so works against detecting
signal in other areas of the brain and we did not want to limit
this initial study to a specific region of interest. Alternatively,
the lack of ATL activation may be due to the very strict selec-
tion criteria of our stimuli, even though this would speak
against the common interpretation of the functional role of the
ATL as a general semantic convergence zone (Patterson et al.
2007; Kiefer and Pulvermuller 2011).

In the direct contrast between abstract and concrete words,
we found a main cluster of activation in rACC bilaterally, also
referred as pregenual ACC (Palomero-Gallagher et al. 2008), an
area considered to be part of the cortical network engaged in
emotion processing of linguistic as well as nonlinguistic stimuli
(e.g., Bush et al. 2000; Pessoa and Adolphs 2011; Tamietto and
de Gelder 2010; Etkin et al. 2011; Kanske and Kotz 2011).

Within the ACC, a subdivision has been made between a
more ventral portion (comprising pregenual ACC and subgen-
ual ACC) and a more dorsal portion (further divided into
anterior and posterior dACC, Vogt et al. 2003). These subdivi-
sions are reflected in patterns of connectivity with ventral
ACC strongly connected with core-emotion processing
regions, in particular the basolateral complex of the amygdala
(Beckmann et al. 2009) and projects to the periaqueductal
grey and other autonomic nuclei involved in visceromotor
control (Chiba et al. 2001). rACC has been linked to emotional
processing, more specifically the assessment of emotional
valence of external and internal stimuli (Phan et al. 2002) and
more recently it has been argued that rACC has a regulatory
role in processing of emotional stimuli (Etkin et al. 2011,
Kanske and Kotz 2011). In particular, it has been suggested
to exert a top-down regulatory action on the amygdala in the
case of emotional conflict (Kanske and Kotz 2011).

We did not observe activations for abstract concepts in areas
such as the superior ATL, orbito-frontal cortex, and the amygda-
la, which have been shown to play a role in emotional and
social processing (Zahn et al. 2007). In contrast to the study by
Zahn et al. (2007), however, many of our abstract stimuli,
although emotional (e.g., agony, horror, bunger and joy), did
not clearly involve social situations, With respect to the amygda-
la, in the specific task (lexical decision), emotional activation is
unnecessary and possibly detrimental, leading to top-down
negative regulation of this structure (e.g., Etkin et al. 2011).

In contrast with other studies, we did not observe the areas
of greater activity for concrete than abstract words (e.g.,
Jessen et al. 2000; Wise et al. 2000; Fiebach and Friederici
2003; Giesbrecht et al. 2004; Noppeney and Price 2004;
Binder et al. 2005; Fliessbach et al. 20006). This discrepancy is
not surprising if these activations observed previously were
due to differences in sensory-motor properties of the con-
crete and abstract words used. As discussed above, our items
were matched for both imageability and mode of acquisition,
thus the two types of words in the experiment were matched
in terms of sensory—motor properties.

The Representation of Abstract Concepts: Verbal,
Sensory-Motor, and/or Affective?

Abstract concepts have been argued to be represented in a
predominantly verbal format by a number of researchers, as
evidenced by greater engagement of language-processing
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networks. In particular, left inferior frontal gyrus (mainly pars
orbitalis) and superior temporal sulcus were observed in
studies contrasting abstract and concrete word processing or
knowledge for sensory-motor versus verbal properties of con-
cepts (Binder et al. 2009; Wang et al. 2010). In the previous
literature, greater reliance on verbal information for abstract con-
cepts was argued to come about as the primary format of rep-
resentation for abstract concepts (verbal coding as opposed to
both verbal and imagistic coding for concrete concepts, Paivio
2007); or impoverished network-type representation in verbal
memory for abstract concepts leading to greater reliance
on linguistic context (Schwanenflugel and Shoben 1983; Schwa-
nenflugel 1991).

One interesting way to think about the greater reliance of
abstract concepts on linguistic information is in terms of
“mode of acquisition,” operationalized as subjective ratings
of whether specific concepts are learnt primarily via language
or experience (Goldberg et al. 2007; Della Rosa et al. 2011).
In our study, abstract and concrete words were matched for
mode of acquisition, yet we observed differences between ab-
stract and concrete concepts both in RTs as well as in the
neural network involved in their processing. Thus, our results
argue against an exclusive (or even primary) role of linguistic
information in the representation of abstract knowledge.

Within an embodiment framework, it has been proposed
that abstract concepts would be derived from concrete ones
via a process of metaphorical extension. For example, the
concept of “understanding” would be learnt and then rep-
resented as derived from metaphorical extension of the
concept of “grasping an object” to the concept of “grasping a
concept” (Lakoff and Johnson 1980, 1999; Gibbs 1994). Thus,
linguistic context would also play an important role here in
mediating the mapping between concrete and abstract
domains. There is some evidence in the literature that sup-
ports such a hypothesis. For example, Glenberg et al. (2008)
showed effector-specific fatigue effects for movement toward
or away from the body both for sentences describing literal
movement (e.g., “You give the computer to Mark”) and for
sentences describing abstract movement such as “You give
the idea to Mark”). Boulenger et al. (2009) found somatotopic
activation along the motor strip for both sentences in which
an action verb was used literally or metaphorically (as in the
example of “grasping” above). It is, however, unclear how ab-
stract semantic representations derived via metaphorical ex-
tension (such as in “grasping a concept”) may further link to
abstract concepts closely matched in meaning (such as “un-
derstanding a concept”). Indeed, a recent study by Desai et al.
(2011) showed that whereas the neural networks involved in
processing literal (e.g., “grasping a chair”) and metaphorical
(e.g., “grasping a concept”) meanings are largely overlapping,
no such overlap is observed for tightly controlled sentences
that use related abstract concepts (e.g., “understanding a
concept”). Assuming that abstract concepts are at least par-
tially embodied in our affective system provides an alternative
account. Barsalou and Wiemer-Hastings (2005) also suggested
that abstract concepts and word meanings are grounded in in-
trospective states (mental and affective), supporting this claim
with preliminary evidence based on detailed qualitative ana-
lyses of speaker generated features for 9 concepts (3 highly
concrete; 3 highly abstract, and 3 intermediate). Our work
goes beyond by providing first evidence for a more pervasive
role of effect in processing abstract concepts.
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Valence and Word Processing

Although affective associations (both valence and arousal)
were not manipulated in our study, our follow-up analyses
provide interesting observations concerning how these vari-
ables affect word processing. A first general result here is that
hedonic valence (namely, distance from neutrality) but not
linear valence or arousal modulated signal change anywhere
in the word processing networks (see also Lewis et al. 2007).
When assessing valence-dependent modulations for all words
(both concrete and abstract), we found a network of areas in-
cluding the inferior occipital gyrus extending to the fusiform
and inferior temporal gyrus bilaterally and in the middle tem-
poral gyri, angular gyrus, putamen, and insula in the left
hemisphere (see Table 4). While some of these areas are tra-
ditionally considered part of emotional processing system,
other areas highlighted here are part of visual processing
system. The fact that they are modulated by valence is in line
with hypotheses according to which visual areas play a role in
the processing of emotion stimuli (Pessoa and Adolphs 2011).
Thus, processing more highly valenced words appears to dif-
ferentially engage the visual processing system, regardless of
whether these words are concrete or abstract. A crucial differ-
ence between abstract and concrete words, as our study
suggests, is that after controlling for confounding variables
such as imageability, context availability, and mode of acqui-
sition, the residual effect of higher valence for abstract versus
concrete words determines a stronger activation for abstract
words in the rACC. As we have discussed above, rACC plays a
regulatory role in the processing of emotional stimuli. The
analysis in which we considered separately abstract and con-
crete words reinforced this view, in showing a strong modu-
lation of the rACC for abstract words, and only a weaker, i.e.
at a more lenient statistical threshold, effect for concrete
words in a left mid-orbitofrontal region located more ventrally
than the abstract-specific rACC effect. In summary, our evi-
dence is compatible with the view that the lexical-semantic
processing of both abstract and concrete words engage the
visual-processing system extending over occipital, temporal,
and subcortical areas, but that the activation of this system
extends only to the rACC in the case of more highly valenced
abstract words.

Conclusions

We have provided here novel evidence of an important link
between processing abstract concepts and emotion processing.
When all other lexical and sublexical variables are controlled,
abstract words are processed faster than concrete words and
their processing engages rACC, an emotion-processing region.
Likely, this is because abstract words have more affective associ-
ations than concrete words. These results provide us important
theoretical constraints on how abstract concepts are represented
in the brain and, moreover, they lead to novel predictions con-
cerning acquisition. Our results indicate that affective, not just
linguistic development, may be considered as precursors of the
successful learning of abstract vocabulary. Thus, assuming that
semantic representation is multidimensional including a variety
of different types of information (like sensory—motor and lin-
guistics), our work shows that emotional valence is yet an
additional dimension of how humans represent meaning of
especially abstract concepts.

Supplementary Material

Supplementary material can be found at:
oxfordjournals.org/.

http://www.cercor.

Funding

The work reported here has been supported by European
Union (FP6-2004-NESTPATH, grant 028714 to S.C. and G.V.)
and by ESRC (grant RES-062-23-2012 to G.V.).

Notes
Conflict of Interest: None declared.

References

Andrews M, Vigliocco G, Vinson DP. 2009. Integrating experiential
and distributional data to learn semantic representations. Psychol
Rev. 116:463-498.

Ashburner J, Friston KJ. 2005. Unified segmentation. Neurolmage.
26:839-851.

Balota DA, Yap MJ, Hutchison KA, Cortese M]J, Kessler B, Loftis B,
Neely JH, Nelson DL, Simpson GB, Treiman R et al. 2007. The
English lexicon project. Behav Res Methods. 39:445-459.

Barsalou LW. 1999. Perceptual symbol systems. Behav Brain Sci.
22:577-609.

Barsalou LW, Simmons WK, Barbey AK, Wilson CD. 2003. Grounding
conceptual knowledge in modality-specific systems. Trends Cogn
Sci. 7:84-91.

Barsalou LW, Wiemer-Hastings K. 2005. Situating abstract concepts.
In: Pecher D, Zwaan RA, editors. Grounding cognition: The role of
perception and action in memory, language, and thinking. Cam-
bridge: Cambridge University Press. p. 129-163.

Beckmann M, Johansen-Berg H, Rushworth MFS. 2009. Connectivity-
based parcellation of human cingulated cortex and its relation to
functional specialization. J Neurosci. 29:1175-1190.

Binder JR, Desai RH. 2011. The neurobiology of semantic memory.
Trends Cogn Sci. 15:527-536.

Binder JR, Desai RH, Graves WW, Conant LL. 2009. Where is the se-
mantic system? A critical review and meta-analysis of 120 func-
tional neuroimaging studies. Cereb Cortex. 19:2767-2796.

Binder JR, Westbury CF, McKiernan KA, Possing ET, Medler DA.
2005. Distinct brain systems for processing concrete and abstract
words. J] Cogn Neurosci. 17:905-917.

Binney RJ, Embleton KV, Jefferies E, Parker GJM, Lambon Ralph MA.
2010. The ventral and inferolateral aspects of the anterior temporal
lobe are crucial in semantic memory: evidence from a novel direct
comparison of distortion-corrected fMRI, rTMS, and semantic de-
mentia. Cerebral Cortex. 20:2728-2738.

Boulenger V, Hauk O, Pulvermuller F. 2009. Grasping ideas with the
motor system: Semantic somatotopy in idiom comprehension.
Cereb Cortex. 19:1905-1914.

Bradley MM, Lang PJ. 1999. Affective norms for English words
(ANEW): Stimuli, instruction manual and affective ratings. Techni-
cal report C-1. Gainesville, FL. The Center for Research in Psycho-
physiology, University of Florida.

Bretherton I, Beeghly M. 1982. Talking about internal states:
The acquisition of an explicit theory of mind. Dev Psychol.
18:906-921.

Bush G, Luu P, Posner MI. 2000. Cognitive and emotional influences
in anterior cingulate cortex. Trends Cogn Sci. 4:215-222.

Chiba T, Kayahara T, Nakano K. 2001. Efferent projections of
infralimbic and prelimbic areas of the medial prefrontal cortex in
the Japanese monkey, Macaca fuscata. Brain Res. 888:83-101.

Collins DL, Neelin P, Peters TM, Evans AC. 1994. Automatic 3D inter-
subject registration of MR volumetric data in standarized Talairach
space. J] Comput Assist Tomogr. 18:192-205.

Coltheart M. 1981. The MRC psycholinguistic database. Q ] Exp
Psychol. 33A:497-505.

Cerebral Cortex July 2014, V24 N7 1775

$TOZ ‘0T dUNC UO Joge L SIUO A PP 9jFeljed 'S 0J1UsD) auoIZepuo4 e /BI0'S euIno pIo xo1004e9//:dny Wwouj papeo|umod


http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht025/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht025/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht025/-/DC1
http://cercor.oxfordjournals.org/

Decety J, Grezes J. 2006. The power of simulation: Imagining one’s
own and other’s behaviour. Brain Res. 1079:4-14.

Della Rosa PA, Catricala E, Vigliocco G, Cappa SF. 2011. Beyond the
abstract-concrete dichotomy: Mode of acquisition, concreteness,
imageability, familiarity, age of acquisition, context availability,
and abstractness norms for a set of 417 Italian words. Behav Res
Methods. 42:1042-1048.

Desai RH, Binder JR, Conant LL, Mano QR, Seidenberg MS. 2011. The
neural career of sensory—motor metaphors. J Cogn Neurosci.
23:2376-2386.

Duyck W, Desmet T, Verbeke L, Brysbaert M. 2004. WordGen: A tool
for word selection and non-word generation in Dutch, German,
English, and French. Behav Res Methods. 36:488-499.

Eickhoff KE, Stephan H, Mohlberg C, Gretkes GR, Fink K, Amunts K,
Zilles B. 2005. A new SPM toolbox for combining probabilistic
cytoarchitectonic maps and functional imaging data. NeuroImage.
25:1325-1335.

Etkin A, Egner T, Kalish R. 2011. Emotional processing in anterior
cingulate and medial prefrontal cortex. Trends Cogn Sci. 15:85-93.

Etkin A, Egner T, Peraza DM, Kandel ER, Hirsch J. 2006. Resolving
emotional conflict: A role for the rostral anterior cingulate cortex
in modulating activity in the amygdala. Neuron. 52:871.

Evans A, Kamber M, Collins D, MacDonald D. 1994. An MRI-based
probabilistic atlas of neuroanatomy. In: Shorvon S, Fish D, Ander-
mann F, Bydder G, Stefan H, editors. Magnetic resonance scanning
and epilepsy. New York: Plenum. p. 263-274.

Fiebach CJ, Friederici AD. 2003. Processing concrete words: fMRI
evidence against a specific right-hemisphere involvement. Neurop-
sychologia. 42:62-70.

Fliessbach K, Weis S, Klaver P, Elger CE, Weber B. 2006. The effect of word
concreteness on recognition memory. Neurolmage. 32:1413-1421.

Friston KJ, Holmes AP, Worsley KJ, Poline JP, Frith CD, Frackowiak
RSJ. 1995. Statistical parametric maps in functional imaging:
A general linear approach. Hum Brain Mapp. 2:189-210.

Gibbs RW. 1994. The poetics of mind: figurative thought, language,
and understanding. Cambridge: Cambridge University Press.

Gibbs RW. 2006. Metaphor interpretation as embodied. Mind
Language. 21:434-458.

Giesbrecht B, Camblin CC, Swaab TY. 2004. Separable effects of
semantic priming and imageability on word processing in human
cortex. Cereb Cortex. 14:521-529.

Glascher J. 2009. Visualization of group inference data in functional
neuroimaging. Neuroinformatics. 7:73-82.

Glenberg AM, Sato M, Cattaneo L. 2008. Use-induced motor plasticity
affects the processing of abstract and concrete language. Curr Biol.
18:R290-R291.

Goldberg RF, Perfetti CA, Fiez JA, Schneider W. 2007. Selective retrie-
val of abstract semantic knowledge in left prefrontal cortex.
J Neurosci. 27:3790-3798.

Hale SC. 1988. Spacetime and the abstract/concrete distinction. Philos
Stud. 53:85-102.

Harrell FE. 2001. Regression modeling strategies with applications to
linear models, logistic regression and survival analysis. New York:
Springer.

Hoffman P, Jeffery E, Lambon Ralph MA. 2010. Ventrolateral prefron-
tal cortex plays an executive role in comprehension of abstract
words: Convergent neuropsychological and repetitive TMS evi-
dence. J Neurosci. 30:15450-15456.

Holmes CJ, Hoge R, Collins L, Woods R, Toga AW, Evans AC. 1998.
Enhancement of MR images using registration for signal averaging.
J Comput Assist Tomogr. 22:324-333.

Jefteries E. 2012. The neural basis of semantic cognition: converging
evidence from neuropsychology, neuroimaging and TMS. Cortex.
doi: 10.1016/j.cortex.2012.10.008.

Jessen F, Heun R, Erb M, Granath DO, Klose U, Papassotiropoulos A,
Grodd W. 2000. The concreteness effect: Evidence for dual-coding
and context availability. Brain Language. 74:103-112.

Kanske P, Kotz SA. 2007. Concreteness in emotional words: ERP
evidence from a hemifield study. Brain Res. 1148:138-148.

Kanske P, Kotz SA. 2011. Emotion speeds up conflict resolution: A
new role for the ventral anterior cingulate cortex? Cereb Cortex.
21:911-919.

1776 Neural Representation of Abstract Words - Vigliocco et al.

Kiefer M, Pulvermuller F. 2011. Conceptual representations in mind
and brain: theoretical developments, current evidence and future
directions.Cortex. 7:805-825.

Kiehl KA, Liddle PF, Smith AM, Mendrek A, Forster BB, Hare RD.
1999. Neural pathways involved in the processing of concrete and
abstract words. Hum Brain Mapp. 7:225-233.

Kousta S-T, Vigliocco G, Vinson DP, Andrews M, Del Campo E. 2011.
The representation of abstract words: Why emotion matters. ] Exp
Psychol Gen 140:14-34.

Kousta S-T, Vinson D, Vigliocco G. 2009. Emotion words, regardless
of polarity, have a processing advantage over neutral words. Cog-
nition. 112:473-481.

Lakoft G, Johnson M. 1980. Metaphors we live by. Chicago, IL: Uni-
versity of Chicago Press.

Lakoff G, Johnson M. 1999. Philosophy in the flesh: The embodied
mind and its challenge to Western thought. New York: Basic Books.

Lewis PA, Critchley HD, Rotshtein P, Dolan RJ. 2007. Neural correlates
of valence and arousal in processing affective words. Cereb
Cortex. 17:742-748.

Martin A. 2007. The representation of object concepts in the brain.
Annu Rev Psychol. 58:25-45.

Martin A. 2009. Circuits in mind: the neural foundations of object con-
cepts. In: Gazzaniga M, editor. The cognitive neurosciences, 4th
ed. MIT Press. p. 1031-1045.

Mellet E, Tzourio N, Denis M, Mazoyer B. 1998. Cortical anatomy of
mental imagery of concrete nouns based on their dictionary defi-
nition. NeuroReport. 9:803-808.

Meteyard L, Rodriguez S, Bahrami B, Vigliocco G. 2012. Coming of
age: a review of embodiment and the neuroscience of semantics.
Cortex 48:788-804.

Nichols T, Brett M, Andersson TW, Poline J-B. 2005. Valid conjunction
inference with minimum statistic. NeuroImage. 25:653-660.

Noppeney U, Price CJ. 2004. Retrieval of abstract semantics. Neuro-
image. 22:164-170.

Paivio A. 1971. Imagery and verbal processes. New York: Holt, Rine-
hart and Winston.

Paivio A. 2007. Mind and its evolution: A dual coding theoretical ap-
proach. Mahwah, NJ: Erlbaum.

Palomero-Gallagher N, Mohlberg H, Zilles K, Vogt B. 2008. Cytology
and receptor architecture of human anterior cingulate cortex.
J Comput Neurol. 508:906-926.

Patterson K, Nestor PJ, Rogers TT. 2007. Where do you know what
you know? The representation of semantic knowledge in the
human brain. Nature Reviews Neuroscience 8:976-987.

Penny WD, Holmes AP. 2003. Random effects analysis. In: Frackowiak
RS, Friston KJ, Frith CD, Dolan RJ, Price CJ, Ashburner J, Penny
WD, Zeki S, editors. Human brain function. London: Academic
Press, p. 843-850

Perani D, Cappa SF, Schnur T, Tettamanti M, Collina S, Rosa MM,
Fazio F. 1999. The neural correlates of verb and noun processing.
Brain. 122:2337-2344.

Pessoa L, Adolphs R. 2011. Emotion and the brain: multiple roads are
better than one. Nature Reviews Neuroscience 12(7): 425. Nature
Publishing Group.

Phan KL, Wager T, Taylor SF, Liberzon I. 2002. Functional neuroanat-
omy of emotion: A meta-analysis of emotion activation studies in
PET and fMRI. Neurolmage. 16:331-348.

Price CJ, Friston KJ. 1996. Cognitive conjunction: A new approach to
brain activation experiments. Neuroimage. 5:261-270.

Richardson J. 2003. Dual coding versus relational processing in memory
for concrete and abstract words. Eur ] Cogn Psychol. 15:481-509.
Rizzolatti G, Craighero L. 2004. The mirror-neuron system. Annu Rev

Neurosci. 27:169-192.

Schwanenflugel PJ. 1991. Why are abstract concepts hard to under-
stand? In: Schwanenflugel P, editor. The psychology of word mean-
ings. Hillsdale, NJ: Lawrence Erlbaum Associates, p. 223-250.

Schwanenflugel PJ, Shoben EJ. 1983. Differential context effects in
the comprehension of abstract and concrete verbal materials.
J Exp Psychol Learn Mem Cogn. 9:82-102.

Stadthagen-Gonzalez H, Davis CJ. 2006. The Bristol norms for age of
acquisition, imageability, and familiarity. Behav Res Methods.
28:598-605.

$TOZ ‘0T dUNC UO Joge L SIUO A PP 9jFeljed 'S 0J1UsD) auoIZepuo4 e /BI0'S euIno pIo xo1004e9//:dny Wwouj papeo|umod


http://cercor.oxfordjournals.org/

Tamietto M, de Gelder B. 2010. Neural bases of the non-
conscious perception of emotional signals. Nat Rev Neurosci.
11:697709.

Vigliocco G, Meteyard L, Andrews M, Kousta S-T. 2009. Toward a
theory of semantic representation. Lang Cogn. 1:219-247.

Vogt BA, Berger GR, Derbyshire SWG 2003. Structural and functional
dichotomy of human midcingulate cortex. Eur J Neurosci.
18:3134-3144.

Wang J, Conder JA, Blitzer DN, Shinkareva SV. 2010. Neural represen-
tation of abstract and concrete concepts: A meta-analysis of neuroi-
maging studies. Hum Brain Mapp. 31:1459-1468.

Wellman HM, Harris PL, Banerjee M, Sinclair A. 1995. Early under-
standing of emotion: Evidence from natural language. Cogn
Emotion. 9:117-149.

Wilson M. 1988. MRC psycholinguistic database—machine readable
dictionary, version 2.00. Behav Res Methods. 20:6-10.

Wise R, Howard D, Mummery CJ, Fletcher P, Leff A, Buchel C, Scott
SK. 2000. Noun imageability and the temporal lobes. Neuropsy-
chologia. 38:985-994.

Zahn R, Moll ], Garrido G, Krueger F, Huey ED, Grafman J. 2007.
Social concepts are represented in the superior anterior temporal
cortex. Proc Natl Acad Sci USA. 104:6430-6435.

Cerebral Cortex July 2014, V24 N7 1771

$TOZ ‘0T dUNC UO Joge L SIUO A PP 9jFeljed 'S 0J1UsD) auoIZepuo4 e /BI0'S euIno pIo xo1004e9//:dny Wwouj papeo|umod


http://cercor.oxfordjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


