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UDGING SEMANTIC SIMILARITY: AN EVENT-RELATED fMRI STUDY

ITH AUDITORY WORD STIMULI
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Center for Mind/Brain Sciences (CIMeC), University of Trento, Trento,
taly

Department of Brain and Cognitive Sciences, University of Rochester,
ochester, NY, USA

Department of Psychology, Harvard University, Cambridge, MA, USA

bstract—Much of mental life consists in thinking about ob-
ect concepts that are not currently within the scope of per-
eption. The general system that enables multiple represen-
ations to be maintained and compared is referred to as
working memory” [Repovš G, Baddeley A (2006) Neuro-
cience 139:5–21], and involves regions in medial and lateral
arietal and frontal cortex [e.g., Smith EE, Jonides J (1999)
cience 283:1657–1661]. It has been assumed that the con-

ents of working memory index information in regions of the
rain that are critical for processing and storing object
nowledge. To study the processes involved in thinking
bout common object concepts, we used event related fMRI
o study BOLD activity while participants made judgments of
onceptual similarity over pairs of sequentially presented
uditory words. Through a combination of conventional fMRI
nalysis approaches and multi-voxel pattern analysis (MVPA),
e show that the brain responses associated with the second
ord in a pair carry information about the conceptual similarity
etween the two members of the pair. This was the case in
rontal and parietal regions involved in the working memory
nd decision components of the task for both analysis ap-
roaches. However, in other regions of the brain, including
arly visual regions, MVPA permitted classification of semantic
istance relationships where conventional averaging ap-
roaches failed to show a difference. These findings suggest

hat diffuse and statistically sub-threshold “scattering” of
OLD activity in some regions may carry substantial informa-

ion about the contents of mental representations. © 2010 IBRO.
ublished by Elsevier Ltd. All rights reserved.

ey words: fMRI, conceptual distance, semantic memory,
orking memory, multi-voxel pattern analysis.

he study of the organization and representation of object
nowledge in the human brain has a long tradition in cognitive
cience, and more recently, has been the focus of numerous
unctional imaging studies (for review, see Martin, 2007).
any functional imaging studies of semantic memory have

ocused on understanding how the brain responds to different
bject concepts (e.g., tools, faces, houses) when they are
resented to participants in the form of pictures. However,
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ciences, University of Rochester, Rochester, NY 14627-0268, USA.
el: �1-585-276-5234; fax: �1-585-276-2127.
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c
bbreviations: FDR, false discovery rate; MVPA, multi-voxel pattern
nalysis; ROIs, region of interest.
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279
uch of our mental life involves thinking about object con-
epts that are not, when we think about them, also the objects
f perception. Spoken language is one special case of this
ituation, where auditory information is mapped onto concep-
ual knowledge about the referent of a word. Thus, auditorily
resented words may be used as stimuli for probing the types
f knowledge that are retrieved when thinking about objects,

n the absence of any visual input.
In the current experiment, we were interested in studying

he role played by the similarity between two different con-
epts being held in working memory in shaping the brain’s
esponse to those concepts (see Cantlon et al., 2009, for
eview and discussion). A set of materials was selected such
hat every concept (e.g., “Chair”) was relatively close (i.e.,
onceptually similar) to another item in the set (“Stool”) and
elatively far (i.e., dissimilar) from another concept (e.g.,
Stove”). Thus, materials were selected in pairs, such that
here was always another concept within the set that was
elatively close; the conceptually “far” condition was created
y repairing each word with another item from the same
road semantic class. A third level of conceptual distance
as the “Identity” condition (every word paired with itself).
onceptual distance (as manipulated between the close and

ar conditions) was defined at the time of stimulus selection
hrough a combination of intuition and pilot work. However,
ur measure of conceptual distance is operationalized in

erms of participants’ actual judgments about the “similarity of
he concepts,” obtained during fMRI scanning (see below).

Event-related fMRI was used while participants made
udgments of conceptual similarity over the pre-selected pairs
f auditorily presented words. As described above, the two
ords presented on each trial could have three levels of
onceptual similarity: they could be the same (“Identity” Con-
ition, e.g., Chair–Chair), conceptually similar (“Close” Con-
ition, e.g., Stool–Chair) or relatively dissimilar (“Far” Condi-

ion, e.g., Stove–Chair) (see Fig. 1A for a schematic of the
rial structure). Across the whole scanning session, and for
very participant, the same words appeared as the first and
econd members of the pairs (i.e., stimulus 1 (S1) and stim-
lus 2 (S2), respectively), and at all relative distances to the
ther members of the pairs. In this way, the psycholinguistic
roperties of the words were “matched” across all conditions
f interest (S1, and then within S2, Identity, Close, Far) be-
ause the same words appeared in all conditions, just re-
aired in such a way as to derive the desired manipulation of
emantic distance. This design permits a direct test of
hether the brain responses associated with processing the
econd object concept in a pair are modulated as a function
f the immediately preceding context (i.e., the first object

oncept of the pair). The critical manipulation in this regard is

s reserved.

mailto:mahon@rcbi.rochester.edu
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he direct confrontation between the “close” and “far” condi-
ions: one expectation on the basis of previous research (e.g.,
ips et al., 1973) is that more fine-grained analysis is re-
uired in order to judge the similarity between very close
oncepts. Associated with such fine-grained processing are
ncreased response times, and it may be predicted, differen-
ial BOLD responses, at least in those regions that are sen-
itive to the degree to which the concepts must be analyzed
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ig. 1. (A) Structure of trials and analysis. Each stimulus (S1 and S2) con
etween the pair of words by means of a button response after hearing a re
n even and odd trials. Because the experimental design was distributed
esign was balanced across the two halves of the data (even and odd).

ndicate that the distribution of those 288 unique trials was distributed eve
his by representing the difference scores between the two distributions. (C
ere defined by contrasting S2 against S1, using only even trials for S2.

dentity, Close, and Far for S2, for odd trials only. We also computed w
lassification accuracy was then calculated on the basis of the resulting
ccording to the task. O
EXPERIMENTAL PROCEDURES

articipants

ifteen healthy native Italian speakers, with normal eyesight (cor-
ected with MR compatible goggles where necessary) and normal
earing participated in the experiment. The datasets for three
articipants were discarded due to excessive head motion. Of the
2 subjects included in the analysis seven were female, 10 were
ight handed (assessed with Edinburgh Handedness Inventory,

o 10
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re 288 unique trials per subject, and 12 subjects. Thus, the histograms
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range: 20–51 yrs). Informed written consent was obtained under
pproved University of Trento and Harvard University protocols for

he use of human participants in research, in accordance with the
eclaration of Helsinki.

timuli and design

inety-six words referring to common object concepts were se-
ected. For each word a digitally recorded wave file (22.050 kHz,
6 Bit, native Italian speaker, female) was prepared. Custom
oftware (ASF, J. Schwarzbach) written in Matlab utilizing the
sychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997)
as used for stimulus presentation.

MR data were collected at the Center for Mind/Brain Sci-
nces, University of Trento, on a Bruker BioSpin MedSpec 4T.
he scanning session consisted of two phases. In Phase I a high
esolution (1�1�1 mm3) T1-weighted 3D MPRAGE anatomical
equence was performed (sagittal slice orientation, centric Phase
ncoding, image matrix�256�224 (Read�Phase), FoV�256�
24 mm2 (Read�Phase), 176 partitions with 1 mm thickness,
RAPPA acquisition with acceleration factor�2, duration�5.36
in, TR�2700, TE�4.18, TI�1020 ms, 7° flip angle). Phase II of

he scanning session consisted of the principal experimental task.
unctional data were collected using an echo planar 2D imaging
equence with phase over-sampling (Image matrix: 70�64, TR:
250 ms TE: 33 ms, Flip angle: 76°, Slice thickness�3 mm,
ap�.45 mm, with 3�3 in plane resolution). Volumes were ac-
uired in the axial plane in 37 slices. Slice acquisition order was
scending interleaved odd-even.

rocedure

n each trial within Phase II, participants heard an auditorily
poken word (S1) followed at a jittered interval (2 to 8 s, in steps
f .5 s, distribution with hyperbolic density) by a second auditorily
resented word (S2). Participants were instructed to think about

he conceptual similarity of the two objects referred to by S1 and
2. A jittered interval (2 to 8 s) after the onset of S2, an auditory

one (duration 200 ms) signaled for participants to enter their
udgment of conceptual similarity by means of a button response,
n a scale of ‘1 to 4’ (two buttons for the right hand, two for the left
and). The next trial (i.e., onset of S1) began at a jittered interval
4 to 10 s) after presentation of the auditory response cue. The two
uditorily presented words on each trial could be identical, seman-

ically close, or relatively semantically far. The two stimuli always
ame from the same semantic category (animal, fruit/vegetable,
ool, or non-manipulable nonliving). There were 24 items within
ach of the four semantic categories, by three conditions (Identity,
lose, Far), resulting in 288 trials per subject (576 auditorily
resented words). As we were not interested in modulation of
OLD responses as a function of semantic category, all analyses

eported herein collapse across the semantic category of the
timuli. Each of the 96 auditorily spoken words was presented six
imes, three times as an S1 and three times as an S2. The
xperiment was divided into three runs of 96 trials. Stimulus order
as randomized differently for each subject, with the constraints

hat (1) every 12 trials each level of conceptual similarity was
resented four times, and (2) each semantic category was pre-
ented three times. In this way, it was ensured that all aspects of
he experimental design appeared with equal probability through-
ut the scanning session. Within every run, all words appeared
xactly twice.

All MR data were analyzed using Brain Voyager (v. 1.9).
he first two volumes of functional data from each run were
iscarded prior to analysis. Preprocessing included, in the fol-

owing order, slice time correction (sinc interpolation), motion
orrection with respect to the first volume in the run, and linear
rend removal in the temporal domain (cutoff: three cycles

ithin the run). Functional data were registered (after contrast t
nversion of the first volume) to high-resolution de-skulled anat-
my on a participant-by-participant basis in native space. For
ach individual participant, echo-planar and anatomical vol-
mes were transformed into the standardized Talairach and
ournoux (1988) space. The data were not spatially smoothed

n order to preserve spatial information about the distribution of
OLD responses at the voxel-level. All activation maps are
rojected onto the inflated anatomy of a single participant
ormalized to Talairach space. All functional data were ana-

yzed using the general linear model. Events were convolved
ith a standard dual gamma hemodynamic response function.
eta estimates were standardized (z-scores) with respect to

he entire time course. In addition to the regressors for the
xperimental conditions, six regressors of no interest were

ncluded, corresponding to the first derivative of the motion
arameters obtained during preprocessing.

ulti-voxel pattern analysis

oftware written in Matlab, utilizing the BVQX Matlab toolbox (by
ochen Weber: http://wiki.brainvoyager.net/BVQX_Matlab_tools)
as used to calculate within- and between-condition correlations,
s well as classification accuracy. The data were split in half,
ccording to even and odd trials across the three runs. In other
ords, the first, third, fifth (and so on) trials were classified as odd,
hile the second, fourth, sixth (and so on) trials were classified as
ven. Because stimulus order was random with the above de-
cribed constraints, the experimental materials were distributed
venly across subjects across the two halves of the data. Never-
heless, in order to ensure that the experimental materials were
venly distributed across the two halves of the data, we analyzed
he distribution of the unique trials (n�288) across the two halves
even and odd) of the data. The results, plotted as histograms in
ig. 1B, demonstrate that the experimental design was evenly
istributed across the two halves of the data according to their
rder of presentation (even/odd). This is substantiated statistically
y the fact that the two distributions do not differ (t�1); the boxplot

n Fig. 1B that plots difference scores between the two distribu-
ions has a median at �zero.

Within each Region of Interest (ROI) a matrix of voxel rows
nd condition columns (Identity, Close, Far) was extracted for
2s, separately for the odd and even halves of the data. The
ector of beta values for a given condition across the voxels was
hen correlated within that condition (always correlating the “even”
ataset with the “odd” dataset) and between that condition and the
ther conditions (again, “even” with “odd”). The analysis of clas-
ification accuracy followed Haxby and colleagues (2001) and
piridon and Kanwisher (2002). Randomly selected groups of n
umber of voxels from the ROI were selected, with n ranging

rom 10 to 90, with an additional analysis over all voxels in the
egion. The number of times that n number of voxels were
ampled was proportional to n (see Spiridon and Kanwisher,
002). For ROIs for which there were not 100 voxels but rather
number (e.g., 49) of voxels (Medial Prefrontal, and Early

isual ROIs), randomly selected groups of n number voxels,
ith n ranging from x/10 to x in steps of x/10 were selected.
lassification was considered accurate (i.e., 100%) on each

teration if the means of the within condition correlations for two
onditions was greater than the between condition correlations.
he results of this analysis are plotted in Fig. 3B (data points
nd error reflect the means and standard error of the means
cross participants for classification accuracy, calculated sep-
rately for each participant). The same procedure was followed
o simulate chance (dotted lines, Fig. 3B), except that the beta
alues from the same ROI were randomized across voxels
efore calculating classification accuracy.

To statistically analyze classification accuracy, t-tests (two-
ailed) were carried out at each sampling interval. For instance, a

-test was carried out comparing classification accuracy for Iden-

http://wiki.brainvoyager.net/BVQX_Matlab_tools


t
w
c
C
o
f
t
F

s
c
C

S

I
t

F
(
a
f
m
t
c

B. Z. Mahon and A. Caramazza / Neuroscience 169 (2010) 279–286282
ity vs. Far (real data) against Identity vs. Far (simulated chance),
ith 11 degrees of freedom (12 subjects). Thus, for every test of
lassification accuracy (Identity vs. Far, Identity vs. Close, and
lose vs. Far) ten t-tests were carried out, one for every n number
f voxels that were sampled. Fig. 4 plots the results of those t-tests
or classification accuracy (each boxplot represents the distribu-
ion for all ten t-tests carried out for the conditions). Also plotted in
ig. 4 (green dots) are the t-values (absolute values of the t
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n the “spotlight” approach to studying classification accuracy at
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ccuracy was mapped throughout the brain. The “spotlight”
asses over each (ith) voxel (in each participant), and extracts
he beta estimates (for even and odd presentations and for all
xperimental conditions) for the cube of voxels (n�27) that
urround the ith voxel. The correlation coefficients for within-
nd between-condition correlations were calculated across that
et of 27 voxels and Fisher transformed to t-values. The differ-
nce in t-values between the within- and between-condition
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RESULTS AND DISCUSSION

e first analyzed participants’ behavioral responses, col-
ected during scanning, to ensure that the manipulation of
emantic distance in our materials was salient to participants.
articipants’ judgments reflected the manipulation of concep-

ual similarity (standardized ratings (z-scores)�sem: Iden-
ity��1.10�0.03; Close�0.07�0.05; Far�1.03�.03; F2,22�
12.9, P�.001; all pair-wise tests (t-tests, two tailed) signifi-
ant at P�.001).

In order to define ROIs we created a statistical contrast
ap that identified regions that were (1) more activated
uring processing of the second members of the pairs than
uring the first members of the pairs (S2�S1), as well as
he reverse (S1�S2) (thresholded at P(FDR)�.05, that is,
orrected for False Discovery Rate (FDR) for the whole
rain volume). Critically, this contrast map was defined
sing S2 stimuli from even trials only. The use of “even”
rial S2 stimuli for the definition of ROIs allowed us to then
est the hypotheses of interest with separate data, pro-
ided by the “odd” trials (Kriegeskorte et al., 2009). Fig. 2
Panel A) shows the resulting contrast map. Larger BOLD
esponses for S2 compared to S1 (red–yellow color scale)
ere observed in regions typically observed as part of the
lassic working memory and control system, including me-
ial and lateral parietal and frontal regions (see e.g.,
ickok and Poeppel, 2007; Pinel et al., 2004; Repovš and
addeley, 2006; Smith and Jonides, 1999; Turken and
wick, 1999). In line with previous findings (for review see
ickok and Poeppel, 2007) there was a bias toward stronger
ffects in the left hemisphere, probably reflecting the lan-
uage component of the task. However, while stronger in the

eft hemisphere, the effect in parietal cortex along the intrapa-
ietal sulcus was bilateral. In addition, there was a smaller
olume of activation in early visual cortex, in the vicinity of
2/V3 (Dougherty et al., 2003). The increased BOLD activity

n this early visual region is most naturally explained by the
isual imagery demands associated with retrieving informa-
ion about specific object concepts (Kosslyn et al., 2001).
otentially relevant in this regard is the previous observation

hat early “visual” regions track verbal working memory perfor-
ance in blind subjects (e.g., Amedi et al., 2003).

Also shown in the contrast map of Fig. 2A are regions
howing relatively stronger BOLD responses to the first
timuli of the pairs (blue–green color scale); those regions
ncluded medial prefrontal cortex and bilateral lateral tem-
oral cortex. The relatively increased BOLD responses for
1 than S2 in medial prefrontal cortex overlaps with a
omponent of the “resting” or “default” network, which
ypically shows tonically higher levels of activation during
on-task periods, as well when cognizing about mental
tates (e.g., Gusnard et al., 2001; Mitchell et al., 2002).
he fact that this region showed a larger BOLD response
uring processing of S1 than S2 is consistent with the
emands of the task in that participants could actively com-
are the two concepts on a given trial only after having heard
he second stimulus. In line with this interpretation, there were
elatively larger BOLD responses (or less deactivation) in the

ame region for the relatively more demanding experimental

t
s

onditions (“close and far,” compared to “identity”; see Fig.
A).

BOLD responses were also elevated for S1 compared
o S2 in lateral temporal regions in or near auditory cortex.
his observation is consistent with two non-mutually ex-
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distribution of t-values for classification accuracy

ig. 4. Summary of all statistical analyses for conventional averaging
green dots) and classification accuracy (box plots). A series of
lanned t-tests were carried out within each ROI, averaging the beta
alues over all voxels within the ROI, and contrasting Identity to Far,
dentity to Close, and Close to Far; this analysis was carried out over
nly S2s from odd trials. Each green dot represents the resulting

-value for the respective contrast and ROI (all t-values plotted as
bsolute values; see Fig. 3A for polarity of the effects). Boxplots within

he same figure and on the same axis represent the distribution of

-values obtained by contrasting each solid line in Fig. 3A to its re-
pective baseline (dotted line of same color in same graph).
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lusive interpretations. The first is that, because partici-
ants had to hold the S1s in memory until hearing the S2s,

he relatively larger and longer (i.e., higher in amplitude
nd sustained) BOLD responses in this region may reflect
uditory memory for the stimulus (Hickok and Poeppel,
007). However, that interpretation cannot be distin-
uished, on the basis of the current dataset, from the
ossibility that averaging of the time course will include
ithin its umbrella S2 events, such that the response to S2
ay be partially represented in the time courses for S1,

herefore accounting for the sustained activity.

nalysis of conceptual similarity between S2 and S1

e used a combination of conventional ROI-based contrast
nalyses and multi-voxel pattern analysis (MVPA) tech-
iques (see methods for details) to test whether the brain
esponses associated with processing the second members
f the pairs are modulated as a function of the conceptual
imilarity between the two members of the pair. For example,
s the brain response associated with thinking about the
bject concept “chair” modulated as a function of whether the
reviously presented word was “chair”, “stool”, or “stove”?

The event-related time courses illustrating the ampli-
ude and profile of BOLD responses to S2s across the
hree levels of conceptual similarity for all ROIs is plotted in
ig. 3A. The t-values corresponding to the three possible
ontrasts (Identity vs. Far, Identity vs. Close, and Close vs.
ar) are plotted in Fig. 4 (green dots). In a parallel analysis,
e tested whether it was possible to distinguish Identity vs.
ar, Identity vs. Close, and Close vs. Far on the basis of

he distributions of beta values across the voxels within
ach of the ROIs. In other words, this analysis approach
arnessed the variation in BOLD responses across voxels
ithin the ROIs, rather than averaging across that variation.

3.18.0
t values (df = 11)

A. Whole-brain level spotlight analysis

ig. 5. (A) Whole-Brain Analysis of Classification Accuracy. The grou
hat carry information about the semantic context in which participan
ontrast map reflect voxels that show differential within- vs. between-co
asis, classification accuracy (y-axis; i.e., t-values from Panel A) again
A; data binned in steps of .2 increments of t-values). The positive and m
xperimental conditions of S2 was greater for voxels that also showe
he results of the analysis of classification accuracy for all 2
OIs is plotted in Fig. 3B. The corresponding t-values for
lassification accuracy are plotted in Fig. 4 (boxplots).

As can be seen in Fig. 4, there were three regions for
hich both conventional ROI-based contrasts and classi-
cation accuracy were significant for all three confronta-
ions of the experimental conditions (Identity vs. Far, Iden-
ity vs. Close, and Close vs. Far): Left IPS, Left Dorsal
ateral Prefrontal Cortex, and the anterior Cingulate cor-
ex. All three of these regions also showed (Fig. 2) differ-
ntial responses to S2 compared to S1. The other ROIs
hat were identified as showing larger BOLD responses to
2 compared to S1 in Fig. 2, namely Right IPS and early
isual cortex, did not show significant differences using
onventional averaging approaches for the contrast of the
lose and Far conditions. However, for the same compar-

son in those regions (Close vs. Far) classification accu-
acy was significantly above chance. Finally, in ROIs show-
ng relatively greater BOLD responses to S1 compared to S2
medial prefrontal cortex and lateral temporal cortex), classi-
cation accuracy tended to not be significantly different than
hance; the clear exception was the contrast of Identity vs.
ar in left lateral temporal cortex, for which classification
ccuracy was significant. That pattern is consisent with the
ossibility that phonological similarity may be a principal de-

erminant of the distribution of BOLD responses in that re-
ion.

apping classification accuracy throughout the brain

e then studied classification accuracy in a whole brain
nalysis. Voxels throughout the whole brain were coded
ccording to the degree to which they carried information
bout the conceptual similarity between the two object
oncepts in the pairs (Fig. 5; for previous studies using this
pproach, see Haynes et al., 2007; Kriegeskorte et al.,
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t value for contrast of S2 > S1

tatistical overlay shows the results of a whole brain search for voxels
hinking about the pairs of object concepts. Significant effects in the
orrelations at the group-level. (B) The graph plots, on a voxel-by-voxel
ntrast weighted t-value from S2 vs. S1 (x-axis; i.e., t-values from Fig.
c relationship indicates that classification accuracy among the different
ly stronger BOLD responses for S2 compared to S1.
p-level s
ts were t
ndition c
st the co
onotoni
006). This analysis highlighted the medial and lateral
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arietal and frontal regions previously identified, as well as
oxels in the vicinity of the early visual ROI. Additional
egions were also identified, according to the role that
hose regions played in the task in which participants were
ngaged. For instance, because participants were entering

heir judgments with button responses, high classification
ccuracy was observed in motor cortex.

One pattern that emerged in this analysis is that regions
hat tended to show relatively stronger responses for S2s
ompared to S1s (red–yellow color space in Fig. 2A) also
ended to show relatively high classification accuracy (see
lso Fig. 4). To confirm that this was in fact the case, we
orrelated classification accuracy (t-values) throughout the
hole brain, voxel-by-voxel, with the t-values for the contrast
f S2 vs. S1. If, as would be expected from the findings
escribed above, regions showing increased responses to
2 also show relatively higher classification accuracy, there
hould be a positive monotonic relationship between the two
easures. The results of the analysis, plotted in Fig. 5B,

upport this expectation. This relationship may be due to the
act that regions showing overall higher BOLD responses to
2 have greater variability across the population of voxels,
hich is harnessed by the analysis of classification accuracy.

CONCLUSION

he cognitive situation presented by our experiment was
esigned to be a controlled version of a process that
ccurs commonly in normal life: we think about multiple
bjects and make decisions based on knowledge that we
ave about those objects. Our findings indicate that the
emantic context within which we think about object con-
epts determines a spatial distribution of brain responses
n regions of the brain that are critical for representing and
rocessing object properties. An issue for future research

s whether such sub-threshold “scattering” of BOLD re-
ponses across a set of voxels is driven by the presence of
ub-regions (i.e., voxels) within the broader set that ex-
ress relatively high functional connectivity to regions that
re principally involved in the task. More generally, and

ndependently of the exact cause of subthreshold, distrib-
ted information across voxels, our findings indicate that

here is specificity of brain responses not only at the level
f the content of what we think about, but also according to

he broader context in which we have those thoughts.
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