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Numerous neuroimaging and neuropsychological studies have highlighted the role of the ventral, occip-
itotemporal visual processing stream in the representation and retrieval of semantic memory for the
appearance of objects. Here, we examine the role of the parietal cortex in retrieval of object shape infor-
mation. fMRI data were acquired as subjects listened to the names of common objects and made judgments
vailable online 7 August 2008

eywords:
onceptual memory
emantic memory
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actile

about their shape. Recruitment of the left inferior parietal lobule (IPL) during shape retrieval was modu-
lated by the amount of prior tactile experience associated with the objects. In addition, the same pattern
of activity was observed in right postcentral gyrus, suggesting that the representation of object shape is
distributed amongst regions that are relevant to the sensorimotor acquisition history of this attribute, as
predicted by distributed models of semantic memory.

© 2008 Elsevier Ltd. All rights reserved.
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Research focusing on object recognition addresses the ques-
ion, “how do we match our current visual input to a stored
epresentation of an object?” When researchers ask this question,
hey simultaneously ask how our knowledge of the appearance
f an object is represented and accessed. Therefore, investigation
nto the representation of appearance information can inform our
nderstanding of visual object recognition. In addition, cognitive
sychologists have long been interested in the organizing princi-
les of semantic memory and have recently begun to characterize
he representation of specific object attributes, like object form, in
ddition to characterizing the representation of entire objects (for
review see Thompson-Schill, Kan, & Oliver, 2006).

In the current study we investigated shape retrieval using the
ame task described in a prior study by this group (Oliver &
hompson-Schill, 2003), in order to assess whether shape retrieval
ecruits parietal cortex to varying degrees, as a function of the

xtent to which an object was experienced as a target of action.
nder domain-specific distributed models (e.g., Allport, 1985;
artin, Ungerleider, & Haxby, 2000), long-term knowledge about a

articular object is distributed amongst the sensorimotor process-
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ng regions that were used to originally acquire that information.
or example, if you learned about stethoscopes only by seeing
hem hanging around the necks of doctors, then your knowledge of
tethoscopes would be stored predominantly in the regions of the
rain that process visual information. Alternatively, if your experi-
nce with stethoscopes included using them to listen to patients’
ungs, then your representation of them would be more distributed
mongst the sensorimotor regions (e.g., vision, tactile and motor)
sed to observe and interact with them. When applied to attribute
nowledge, domain-specific distributed models predict that your
nowledge about an object’s shape would be spread out amongst
he sensorimotor regions that you utilized to gain knowledge about
hat attribute.

There are several reasons to expect that shape retrieval would
ecruit parietal cortex based on its putative roles in processing
isual information. Based on their work in non-human primates,
nd on prior investigations of the two visual systems (Ingle, 1967),
ngerleider and Mishkin (1982) described a functional–anatomical
ivision of labor between ventral and dorsal extrastriate visual
ortex, which they characterized as specializations for object iden-
ification (“what”) and spatial localization (“where”), respectively.

t is possible that the shape of an object could be learned partly by
patial processing performed to relate the parts of the object to one
nother. If this were the case, then retrieval of shape knowledge
ay involve parietal cortex due to a history of spatial process-

ng. In contrast, acquisition (and thus retrieval) of color knowledge

http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:robyn@psych.upenn.edu
dx.doi.org/10.1016/j.neuropsychologia.2008.07.027
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the log of lexical frequency, r = −.28. None of the other word features exhibited
a significant correlation with the tactile ratings, the general exposure ratings or
with the log of lexical frequency (all r’s < .17). The log of lexical frequency was
not strongly correlated with the tactile ratings or the general exposure ratings,
r’s < .13.

1 A longer format version of the question was included in the survey instructions.
The instructions for the tactile rating were as follows: indicate the proportion of
your total interaction with the object that has been tactile. In other words, you
should think about the total amount of time you have spent interacting with that
object and make an estimate of the amount of that time that you spent actually
physically touching the object (regardless of whether you were also using other
senses to explore the object). Select the percentage that best matches this estimate.
As you consider the total amount of time spent interacting with the objects you
should include all times in which you were consciously aware of the objects presence
by way of any of your senses (smell, taste, touch, vision, hearing). The instructions
for the familiarity question were as follows: For this question please consider how
40 R.T. Oliver et al. / Neurop

ould not be expected to involve spatial processing (cf. Oliver &
hompson-Schill, 2003).

Parietal cortex may also represent shape knowledge because
bject shape can be acquired as one acts on objects in the world. For
xample, in order to form the appropriate grasp for an object, you
ust estimate the size and shape of an object and match those

stimates with your finger aperture and orientation (Jeannerod,
986). Therefore, there is reason to believe that, at least for some
bjects, there is a consistent relationship between an object’s shape
nd certain aspects of the actions that you perform on it. Based
n neuropsychological evidence, Goodale and Milner (1992) pro-
osed the alternate titles “what” and “how” for the two visual
rocessing streams to emphasize the dorsal stream’s role in using
isual information to perform actions. If the nature of representa-
ion described by domain-specific distributed models (e.g., Allport,
985) is combined with Goodale and Milner’s (1992) account
f the dorsal stream as a processor for visually guided actions,
hen one would expect that knowledge about an object’s shape
ould be partially represented by visuo-motor codes in parietal

ortex, provided that information about shape is correlated with
nformation obtained through grasping interactions. That is, a neu-
al pattern that codes object-specific grasp information (or other
ction-related properties) will necessarily also reflect any features
hat covary with this information. Shape and size are two likely
andidates.

In a prior study, we explored the representation of shape, size
nd color knowledge (Oliver & Thompson-Schill, 2003) by asking
ubjects to retrieve this information for named objects while under-
oing fMRI scanning. Retrieval of size and shape knowledge relative
o retrieval of color knowledge was found to activate the right infe-
ior parietal lobule (IPL) and the left superior parietal lobule (SPL).
ctivity in IPL has been observed for retrieval of geometric proper-

ies (shape and size) relative to retrieval of material attributes (i.e.,
oughness or hardness) (Newman, Klatzky, Lederman, & Just, 2005).
n the current study we further explore the role of parietal regions
n shape retrieval. Subjects were asked to make shape decisions
bout a set of items that varied in terms of the amount of tac-
ile experience typically associated with each object. It is assumed
hat objects that are frequently touched are also associated with
richer history as the targets of actions such as grasping. There-

ore, we predict that activity in the parietal regions recruited for
he shape retrieval task will be modulated by the tactile history of
he object.

However, we recognize that it is also possible that one could
earn about the shape of objects through tactile processing that
s not directed towards an action. Prior research has shown that
actile processing in object recognition and shape discrimination
nvolves regions within the parietal lobe including the anterior part
f the supramarginal gyrus, the intraparietal sulcus and primary
omatosensory cortex in the postcentral sulcus (e.g., Bodegard,
eyer, Grefkes, Zilles, & Roland, 2001). In fact, the anterior por-

ion of IPS that is involved in object grasping (Binkofski et al.,
998; Culham et al., 2003; Frey, Vinton, Norlund, & Grafton,
005) has also been shown to be active for tasks requiring object
hape information to be transferred between the visual and tac-
ile modalities (Grefkes, Weiss, Zilles, & Fink, 2002; Tanabe, Kato,

iyauchi, Hayashi, & Yanagida, 2005). Given that it is possi-
le to learn about an object’s shape tactilely, it would not be
urprising if object shape were learned partly through tactile pro-
essing. Therefore, objects with a greater history of interaction

hrough the tactile modality may be associated with greater activ-
ty in the parietal lobe due to their tactile history in addition
o their history as implements for actions. In this initial study
e make no attempt to distinguish between these two alterna-

ives.
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. Methods

.1. Participants

Thirteen right-handed, native English speakers with no history of neurologi-
al disorders participated in this experiment. These individuals were drawn from
he University of Pennsylvania community and were paid $40 for their participa-
ion. One subject’s data were removed from analyses due to excessive motion (over
mm or degrees). The remaining subjects consisted of eight females and four males

hat ranged in age from 18 to 26. All subjects provided informed consent prior to
articipation and all procedures were approved by the human subjects review board
f the University of Pennsylvania.

.2. Materials

To select stimuli for the fMRI experiment, we initially evaluated a number of
roperties of a set of 205 real world objects, based on responses from a separate
roup of 30 subjects who completed a web survey. This group of subjects was drawn
rom the same community as the subjects in the fMRI experiment and received either
ourse credit or $10 for their participation. No individual subject participated in both
he web survey and the fMRI experiment.

For each item in the web survey the name of the object was presented along
ith the following questions: (i) “Is the object composed mostly of curved edges

r straight edges?” This question served as the shape retrieval task in the fMRI
tudy, therefore, the responses to this survey question were used to select items
ith high agreement across subjects as to the correct answer. (ii) “How often do

ou interact with this object?” Responses to this question were used to generate
eneral exposure (i.e., frequency of sensorimotor interaction of any type) scores for
ach item and response options were as follows: very infrequently, infrequently,
ometimes, frequently, very frequently. (iii) “What percent of your interaction with
his object includes tactile contact?”1 with the following options for respond-
ng: 0–10%, 10–20%, 20–30%, 30–40%, 40–50%, 50–60%, 60–70% 70–80%, 80–90%,
0–100%. This question was used to generate tactile interaction ratings for each

tem.
From this initial set of 205 items, we selected 119 items for inclusion in the

hape retrieval task used during fMRI scanning.2 The items that were selected
ere classified as being “mainly composed of curved edges” or “mainly com-
osed of straight edges” by at least 80% of the web survey participants. The
verage response to this question across subjects was not strongly correlated with
he tactile experience and general exposure ratings described above, although it
as somewhat negatively correlated with the log of lexical frequency (correlation
ith tactile experience rating, r = .10, correlation with general exposure, r = −.08,

orrelation with the log of lexical frequency, r = −.35). In addition, 75 pronoun-
able nonwords and 75 abstract real words were selected for a lexical decision
aseline task. The real words were low in concreteness and imageability (ratings
f less than 400 on a scale from 100 to 700) but were matched to the shape
ask items in terms of word frequency (t(159) = .93, p > .10), number of phonemes
t(167) = −.80, p > .10), and familiarity (t(152) = −1.32, p > .10). Ratings for each of
hese word features were found in the MRC psycholinguistic database (Wilson, 1987)
or those items that were listed there. For the items included in the shape judg-

ent task, familiarity was moderately correlated with both the average tactile
xposure rating and the average general exposure rating obtained from the web
urvey, r = .49 and r = .62, respectively. Concreteness was negatively correlated with
requently you encounter each object in the world (using any of your senses). If you
ncounter an object fairly regularly in your everyday life, then you should respond
y selecting “very frequently” and if you never encounter an object in your daily life,
hen you should select “very infrequently”.

2 There were 120 trials in the fMRI task with one item mistakenly repeated result-
ng in 119 unique items.
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.3. Procedure

While undergoing scanning, participants performed two tasks in an alternating,
locked sequence: shape judgments and lexical decisions. In both tasks stimuli were
resented auditorily. In the shape retrieval task subjects were presented with object
ames and they were asked to decide, “Is the object composed of mostly curved
dges or mostly straight edges?” In the lexical decision baseline task the subjects
ere presented with abstract real words and pseudowords and were asked to decide,

Is this a real word or not a real word?” Subjects received training on both tasks using
set of 56 non-experimental stimuli 1–3 days prior to the scan. During scanning the

wo tasks alternated every 10 trials and the trials were presented in 3 runs of 9 blocks
ach starting and ending with a block of the lexical decision task. Each block of 10
rials was preceded by an instruction cue spoken in a male voice. All experimental
rials were presented in a female voice. In each task, auditory presentation of a
ew stimulus occurred every 2 s and subjects were given 1.85 s from the stimulus
nset to make a keypress response. Subjects were instructed to respond quickly
nd accurately. All responses were made by pressing one of two buttons, and each
esponse was expected to occur equally often in each of the tasks. The full set of
70 stimuli was presented over 3 runs. Each subject was presented with one of
our item orders that were randomly ordered with respect to the level of tactile
xperience associated with the objects (according to the mean level from the group
eb survey) in the shape retrieval task. At the beginning of each run there were 10
ractice shape retrieval trials that were not included in the analyses. These practice
rials were included to allow the subjects time to reacquaint themselves with the
ask while the scanner reached steady state magnetization.

.3.1. Scanning procedure
Subjects were scanned using a 2.89 T Siemens scanner with a standard

ead coil and foam padding to secure the head in position. For each sub-
ect, T1-weighted anatomical images (TR = 1620 ms, TE = 3 ms, TI = 950 ms, voxel
ize = .75 mm × .75 mm × 3.0 mm) were acquired prior to functional imaging. Next,
ubjects performed the shape retrieval task and the lexical decision task while
ndergoing blood oxygen-dependent (BOLD) imaging (Ogawa et al., 1993). One
undred and ten sets of 33 slices were collected every 2 s using interleaved,
radient echo, echoplanar imaging (TE = 30 ms, FOV = 19.2 cm × 19.2 cm, voxel
ize = 3 mm × 3 mm × 3 mm). This fMRI sequence was repeated three times. All stim-
li and instructions were presented over headphones (Avotec Inc.), using MATLAB
The Mathworks Inc.) with the psychophysics toolbox (Brainard, 1997) and responses
ere collected using a fiber optic response pad (Current Designs Inc.).

.3.2. Image processing
Voxbo software (www.voxbo.org) was used to process the functional data.

pecifically, the images were reconstructed and a slice acquisition correction was
pplied. A six-parameter, rigid-body transformation was applied to correct for
otion (Friston et al., 1995). Subjects with more than 6 mm of translational or 6

egrees of rotational motion were removed from the analysis, resulting in the exclu-

ion of one subject. The data were normalized and smoothed with an 8 mm Gaussian
lter using SPM2 (http://www.fil.ion.ucl.ac.uk/spm).

Each participant’s data were subjected to a general linear model for serial cor-
elated error terms (Worsley & Friston, 1995) that included an estimate of intrinsic
erial autocorrelation (Zarahn, Aguirre, & D’Esposito, 1997). This model included a
iagonal set for the two tasks (shape retrieval and lexical decision) and a covari-

T
d

o
s

able 1
actile experience, general exposure and lexical frequency effects (t-values) by region and

ocal maxima Number of voxels Mode

Tactil

eft ROIs
−30 −39 −21 (fusiform gyrus) 4 –
−54 −57 −12 (middle temporal gyrus) 37 –
−48 −57 −9 (occipital lobe)
−51 36 15 (inferior frontal gyrus) 2 –
−39 −81 33 (precuneus) 4 –
−42 −45 42 (inferior parietal lobule) 4 –
−30 −78 48 (superior parietal lobule) 29 –
−42 −48 51 (inferior parietal lobule) 4 1.93
−42 −54 63 (inferior parietal lobule) 4 –

ight ROIs
36 −78 33 (precuneus) 7 –
39 −36 42 (inferior parietal lobule) 20 –
57 −21 45 (postcentral gyrus (BA3)) 11 1.82
48 −33 51 (postcentral gyrus) 7 2.04

ote: The local maxima of each region for the localizing contrast of shape retrieval relativ
ithin each region. Effects significant at p < .05 are shown in bold font, .05 < p < .10 is sh

actile covariates in Model 1 and Model 2 are identical.
ogia 47 (2009) 239–247 241

te describing the typical amount of tactile experience associated with the items
n the shape task. This tactile experience covariate was generated from the group

eb-survey means for each item. In addition, this model also included the follow-
ng covariates of no interest: scan effects, global signal, movement parameters for
ach of the six directions of movement, and the square root of reaction time (i.e., the
quare root of each subject’s own reaction time for each trial). The data were mean
ormed to correct for differences across scans and the data were filtered to remove
ariance occurring at the three lowest and one highest frequencies of the scan.

. Results

.1. Behavioral results

There was a significant difference in reaction time between
he shape retrieval condition (mean = 1202 ms, S.D. = 87 ms) and
he lexical decision baseline task (mean = 1106 ms, S.D. = 66 ms),
(11) = 7.8, p < .0001. However, there was no difference in accuracy
etween the two tasks, t(11) = 1.48, p = .17, with shape retrieval accu-
acy (mean = 77%, S.D. = 11%) similar to lexical decision accuracy
mean = 72%, S.D. = 5%).

.2. fMRI results

In order to characterize activation patterns associated with
hape retrieval, a whole brain analysis was performed. Candidate
shape responsive” regions of parietal cortex were identified as any
luster of voxels responding more for shape retrieval than lexical
ecision; the false positive rate was controlled at � = .05, corrected
or multiple comparisons, by performing 2000 Monte Carlo permu-
ations of the data to derive the critical threshold (t = 8.29) (Nichols

Holmes, 2002). While these regions were significantly active for
ur shape retrieval task relative to lexical decision, there are a num-
er of other differences between the two tasks that would not be
xpected to vary with tactile experience. Each cluster within pari-
tal cortex was then identified as a region of interest (ROI) and
ested for the effect of tactile experience (see Table 1 for all regions
ocalized by this contrast and Fig. 1 for images of the regions of
nterest showing effects of tactile experience). The localization of
hese regions was identified by converting the MNI coordinates to

alairach coordinates and identifying regions based on these coor-
inates using the Talairach Daemon (Lancaster et al., 2000).

A mean time series was calculated for each subject by averaging
ver all of the suprathreshold voxels in each ROI. The average time
eries across the voxels within each region of interest was used

model

l 1 Model 2

e Tactile General exposure Word frequency

– – –
– – –

– – –
– – –
– – –
– – –
1.81 – 1.94
– – –

– – –
– – 1.37
1.48 – –
1.98 1.76 –

e to lexical decision are shown along with the t-value corresponding to the effects
own in regular typeface and non-significant findings (p > .10) are noted as ‘–’. The

http://www.voxbo.org/
http://www.fil.ion.ucl.ac.uk/spm
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ig. 1. Panels (A)–(C) represent regions of interest localized by comparing the sha
MNI coordinates: −42 −48 51) localized at the permutation corrected threshold of
7 −21 45 and 48 −33 51) for the contrast of shape retrieval relative to lexical decisi

o calculate a variance-normalized effect size measure for tactile
xperience. These values were then subjected to a random effects
nalysis across subjects, using a one-sample t-test to determine
hether each contrast was significantly greater than 0. The results

rom these t-tests are reported in Table 1 (under Model 1) for each
egion showing a significant effect of shape retrieval relative to
exical decision, and are described in more detail below.

The procedure that was used to localize regions of interest
id not identify any regions in right parietal cortex; however, a
rior study from this group investigating shape retrieval (Oliver
Thompson-Schill, 2003) reported a role for the right IPL in shape

etrieval. To explore the role of tactile experience in this a priori
egion of interest right parietal ROIs were defined by lowering the
hreshold for the contrast of shape retrieval compared to lexical
ecision until the number of positively activated voxels present
n the right parietal lobe matched the total number of voxels
45) present in the left parietal lobe at the permutation-defined
hreshold corresponding to p < .05. For the right parietal lobe, the
hreshold that yielded 45 voxels was t = 3.07. Each cluster of voxels
dentified in the right parietal lobe using this procedure was then

t
o
r
t
e

trieval task to the lexical decision task. (A) Activity in the inferior parietal lobule
(t = 8.29). (B and C) Activity in the right postcentral gyrus (BA 2, MNI coordinates:

educed threshold of t = 3.07.

ested for effects of the covariates of interest. Results of the one-
ample t-tests performed within each region of the right parietal
obe are included in Table 1 (under Model 1) and described below.

In one shape responsive portion of the left IPL (MNI coordinates:
42 −48 51, region size = 4 voxels), the magnitude of activation
uring shape retrieval was correlated positively with tactile expe-
ience, t(11) = 1.93, p < .05. No other significantly shape-responsive
egions were modulated in this way. Two of the subthreshold
OIs in right parietal cortex showed a pattern of effects similar
o the left IPL region. Activity in two adjacent regions in right
ostcentral gyrus showed a positive relationship with tactile expe-
ience (MNI coordinates: 57 −21 45, BA3, region size = 11 voxels),
(11) = 1.82, p < .05 and (MNI coordinates: 48 −33 51, region size = 7
oxels) t(11) = 2.04, p < .05.

An effect of the amount of tactile experience on recruitment of

hese regions is interesting to the extent that it is truly an effect
f the amount of tactile experience associated with the objects
ather than an effect of other variables that are correlated with
actile experience. The web survey that was used to assess tactile
xperience was designed to separately assess tactile experience and
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eneral sensorimotor experience. Specifically, subjects were asked
o assess the total amount of experience that they had with the
bjects through any sensory modality and then separately to esti-
ate the proportion of their total experience with the object that
as tactile in nature. Perhaps not surprisingly these two measures

re correlated with one another, r = .61. To establish whether the
ffect of tactile experience on recruitment of left IPL and right post-
entral gyrus is specifically due to tactile experience rather than
eneral sensorimotor experience, the same data were tested in a
odel that was identical to the one presented thus far, but that

lso includes a covariate describing the general amount of sen-
orimotor experience associated with the objects and a covariate
escribing the lexical frequency associated with the object names.
he covariate describing general sensorimotor experience was gen-
rated based on the mean responses of all subjects who participated
n the web survey. The lexical frequency covariate was generated
sing log-transformed Kucera and Francis (1967) ratings for the

tems in the shape task when available. The results of this analysis
re presented in Table 1 (under Model 2) and are described below.

In the context of this model, the tactile covariate was found
o be significant in left IPL t(11) = 1.81, p < .05 (MNI coordinates:
42 −48 51, region size = 4 voxels), indicating that the effect of

actile exposure continues to explain unique variance when gen-
ral sensorimotor experience and lexical frequency are modeled.
he effect of the general sensorimotor covariate in this region
as not significant, t(11) = .01, p > .10. However, the effect of lexi-

al frequency was significant in this region, t(11) = 1.94, p < .05. No
ther effects of these three covariates approached significance in
ny of the other regions tested in the left parietal cortex. In this
odel, one of the right postcentral gyrus regions (described in

ection above) was significantly modulated by tactile experience
(11) = 1.98, p < .05 (MNI coordinates: 48 −33 51) while the other
as only marginally modulated t(11) = 1.48, p = .08 (MNI coordi-
ates: 57 −21 45, BA3). The first of these regions was also marginally
odulated by general sensorimotor experience, t(11) = 1.76, p = .05

MNI coordinates: 48 −33 51). The second region did not show a
ignificant effect of general sensorimotor experience, t(11) = 1.23,
> .10. Neither of these regions was significantly modulated by the

exical frequency of the items, p’s > .10. However, a separate region
howed a marginal effect of lexical frequency, t(11) = 1.37, p = .098
MNI coordinates: 39 −36 42, IPL, region size = 20 voxels).

While regions outside of parietal cortex were activated for the
ontrast of shape relative to lexical decisions, none of the other
egions was modulated by the level of tactile exposure associated
ith the objects tested.

. Discussion

Previous studies of shape knowledge retrieval in our lab (Oliver
Thompson-Schill, 2003) and others (Newman et al., 2005) have

dentified regions in parietal cortex, bilaterally, that play a role in
ong-term object shape knowledge. In the current study, regions

ere localized for their involvement in retrieving object shape
nowledge from auditorily presented names relative to a lexical
ecision task. The response of these regions was tested for mod-
lation by prior tactile experience with the objects tested. Three
egions displaying this pattern of effect were identified—one in the
eft IPL, near the anterior IPS, and another two in the right postcen-
ral gyrus. We review the relevance of each of these activations to
he prior literature on tactile and action processing below.
.1. Left inferior parietal lobe (IPL)

In the current study we observed that the left IPL’s involvement
n object shape retrieval was positively associated with prior tactile
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xperience with the objects. The particular location of the activity in
eft IPL (BA40) is within 6 mm of the more anterior of two dorsal IPS
egions identified as shape sensitive (Sawamura, Georgieva, Vogels,
anduffel, & Orban, 2005 coordinates: −39 −48 57; coordinates

rom this study: −42 −48 51). The anterior, left sided area described
n the current study seems to be very near, but slightly superior to
he area that has been called the human homologue of monkey AIP
based on coordinates range compiled by Johnson-Frey, Newman-
orlund, & Grafton, 2005). In non-human primates, AIP has been

hown to be important in processing the size, shape and orien-
ation of objects for grasping (Murata, Gallese, Kaseda, & Sakata,
996; Murata, Gallese, Luppino, Kaseda, & Sakata, 2000; Sakata,
aira, Murata, & Mine, 1995; Taira, Mine, Georgopoulos, Murata,

Sakata, 1990) and disruptions to the processing in this region
as been linked to deficits in grasping (Gallese, Murata, Kaseda,
iki, & Sakata, 1994). In humans, this area is thought to reside
ear the intersection of IPS and the postcentral gyrus (Binkofski et
l., 1998, 1999; Culham et al., 2003; Grefkes et al., 2002; Jancke,
leinschmidt, Mirzazade, Shah, & Freund, 2001; Shikata et al.,
001). Human IPS has also been linked to processing of object prop-
rties, like size and shape, that are utilized to grasp an object but
ot to merely reach for it (Culham et al., 2003). This region not
nly selects for object form, similar to ventral region LOC, but also
elects for the grasp posture (Shmuelof & Zohary, 2005). A group
esion-deficit analysis linked damage to the anterior intraparietal
ulcus with impairments in forming the correct grip aperture for
bjects (Binkofski et al., 1998). In addition, observation of actions
hat involve objects (e.g., reaching and grasping a ball) are asso-
iated with greater activity in aIPS cortex than are pantomimed
ctions (e.g., mimicking reaching and grasping a ball) (e.g., Buccino
t al., 2001).

The location of activation in the current study was near that
bserved for object-related hand actions (Talairach coordinates:
uccino et al., 2001: −36 −40 52 and for the current study:
42 −45 49) and to the location of the activity reported by Johnson-
rey et al. (2005) for planning tool gestures with either hand. This
rea has been associated with activity in many tasks involving tool
timuli and other objects with strong motor associations (Chao &
artin, 2000; Creem-Regehr & Lee, 2005; Grezes & Decety, 2002;
kada et al., 2000; Weisberg, Van Turennout, & Martin, 2006) and
as been thought to represent attribute information associated
ith performing actions on objects (Chao & Martin, 2000). There-

ore, the current study suggests that semantic representations of
bject shape recruit action-processing regions to the extent that
he representation may have been acquired through tactile and/or
ction processing.

As noted earlier, we cannot discriminate on the basis of this
ataset alone whether the correlation of shape sensitive IPL activ-

ty with amount of tactile experience with objects is due to prior
actile experience per se or to prior experience performing actions
n the objects. Tactile shape matching elicits activity in the con-
ralateral postcentral gyrus extending into the SPL and in anterior
PS and the supramarginal gyrus of the IPL (Hadjikhani & Roland,
998). A recent study characterizing the regions involved in tac-
ile form processing relative to tactile texture processing identified
he following five regions: postcentral sulcus (PCS), anterior intra-
arietal sulcus (aIPS), posterior intraparietal sulcus (pIPS), ventral

ntraparietal sulcus (vIPS), and the lateral occipital complex (LOC)
Peltier et al., 2007). By comparing processing of visually perceived
orm to visually perceived texture, these authors determined that

OC and IPS are likely to be multisensory shape processing regions
hile PCS mainly processes shape haptically. This result is consis-

ent with a number of haptic shape processing studies that have
lso localized activity to portions of IPS (e.g., van de Winckel et al.,
005; Zhang, Weisser, Stilla, Prather, & Sathian, 2004). For example,
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oth the anterior supramarginal gyrus and the cortex around the
PS (near our left IPL activation) were reported to respond to tactile
hape perception compared to rest, but not for lower level feature
iscrimination (e.g., discrimination of edges, curvature, roughness
nd brush velocity using mechanical stimulation; Bodegard et al.,
001). Supporting a role for representing shape long term, bilat-
ral activation of the IPL has been observed during tactile object
ecognition of familiar objects compared to tactile exploration of
nfamiliar objects (Reed, Shoham, & Halgren, 2004).

Taken together, these results suggest that the area of activity
bserved in this study may show significant modulation by tac-
ile history either because it is a region sensitive to action relevant
bject features or because it is important in deriving object shape
hrough the tactile modality. However, given that it appears to be
nvolved specifically for the higher level representation of tactilely
erceived object shape (Bodegard et al., 2001), this region may pro-
ess shape, from both tactile and visual inputs (Peltier et al., 2007),
or the more general purpose of performing actions including tac-
ile object recognition. Therefore, the question of whether this area
epresents tactile experience with object shapes relative to action
xperience with objects may be less critical.

Lexical frequency also was correlated with activity in this por-
ion of left IPL. It is unclear from this experiment whether the
exical frequency effect is attributable to language processing that is
ompletely separate from sensorimotor representation or whether
epeated exposure to the object names (as one would have for
bject names with high frequencies) strengthens existing senso-
imotor representations. Importantly, the observed effect of tactile
xperience on the involvement of this region persists even when
he lexical frequency of items is included in the model.

.2. Right postcentral gyrus

The effects of tactile processing and general exposure that we
bserved in the postcentral gyrus for shape retrieval are consis-
ent with the involvement of this region in haptic shape perception
Bodegard et al., 2000, 2001; Servos, Lederman, Wilson, & Gati,
001). As mentioned above, PCS may process shape mainly hap-
ically, as opposed to other regions such as anterior IPS that may
rocess shape multimodally (Peltier et al., 2007). This result is not
urprising given that PCS (BA3), is a part of the primary somatosen-
ory cortex (van Westen et al., 2004).

While it is not possible to separately test for the effects of prior
actile experience and action experience with the objects tested,
he fact that this shape sensitive region is located in a primary
actile processing region and activity within it is modulated by
he tactile history of the objects suggests that this region may
epresent shape information gleaned through tactile processing.
owever, even the activity we observed in postcentral gyrus has
een observed in studies that focus on action representation. For
xample, activity in or near the postcentral gyrus has been observed
hen listening to tool sounds relative to animal sounds (Lewis,

hinney, Brefczynski-Lewis, & DeYoe, 2006) and during prepara-
ion of motor actions (Krams, Rushworth, Deiber, Frackowiak, &
assingham, 1998). Therefore, it is still not clear that the pattern of
ctivity observed here can be attributed entirely to the tactile his-
ory of the object per se. Still, given that the right postcentral gyrus
s within primary sensorimotor cortex and is proposed to be ear-
ier in the tactile object processing stream than anterior IPS (Peltier

t al., 2007), this activation may be more likely than our left IPL
egion to represent the tactile history of the objects. Still further
xperimentation is required to tease apart the contribution of each
rocess (tactile processing and action processing) to the ultimate
epresentation of shape in these regions.

e
e
i
i

ogia 47 (2009) 239–247

One might expect effects of sensory experience to appear in the
omatosensory cortex contralateral to the dominant hand of the
ubjects. However, right somatosensory cortex activation might be
xpected in this study given that a subset of the objects tested
ere most likely handled bimanually. In addition, prior research
as supported bilateral involvement of primary somatosensory cor-
ex even in unimanual stimulation (Nishashi et al., 2005). To be
lear, we do not wish to claim that this effect is right lateralized.
t is quite possible that a similar effect would be present in the
eft postcentral gyrus if this region were to be tested in isolation.

hile this region was not identified using the corrected thresh-
ld for the region-defining contrast, it is clear that at the reduced
hreshold used to define regions of interest on the right (t = 3.07),
he left postcentral gyrus is included in a continuous swath of activ-
ty that extends along the left intraparietal sulcus (see Fig. 1). The

odulation of activity within the left postcentral gyrus was not
pecifically investigated given that this region was not separately
solated at the corrected threshold. Future research could focus on
his region using a different type of region of interest approach such
s growing a sphere based on coordinates or anatomically defining
his structure.

.3. General discussion

Prior research has found that retrieval of knowledge about gras-
able objects (i.e., imagining grasping tools) and viewing pictures
f graspable objects are associated with parietal activity (Chao &
artin, 2000; Creem-Regehr & Lee, 2005; Faillenot, Toni, Decety,
regoire, & Jeannerod, 1997; Grezes & Decety, 2002; Martin, Wiggs,
ngerleider, & Haxby, 1996; Okada et al., 2000; Weisberg et al.,
006). It is possible that the correlation we observed between activ-

ty in parietal regions during shape retrieval and amount of tactile
xperience with objects may be partly attributable to the inclusion
f graspable objects like tools in our set of items. In fact, we would
xpect these items to be associated with greater motoric and tac-
ile experience and produce increased activity in the parietal cortex
or this reason. Due to the fact that our stimuli were not selected
o as to be clear examples of “tools” or “non-tools” it is difficult to
stablish a set of criteria that can be used to divide them into these
ategories to be separately tested for the effects of tactile experi-
nce. However, tools are thought to activate parietal regions due to
heir status as objects that are the targets of actions (Creem-Regehr

Lee, 2005) and, given that this is not at odds with what we argue
n this paper, we did not feel it was necessary to test for category
ffects beyond effects of sensorimotor experience in this dataset.

Our stimuli exhibited a moderate correlation between tactile
xperience and general exposure (r = .61). However, after account-
ng for variance in the fMRI data that can be uniquely attributed to
verall sensorimotor exposure and lexical frequency, the effect of
actile experience is still significant in the left IPL and right postcen-
ral gyrus near IPL and marginally significant in area BA3. Thus, the
ffect of tactile experience is not likely to be due to greater general
xposure with the objects. The observation that activity associated
ith shape retrieval can be modulated by the amount of tactile

xperience suggests that a history of spatial processing of objects
e.g., making point to point comparisons within the object) is not
he only reason for the involvement of the IPL in shape retrieval.
f shape retrieval recruited parietal regions due to a history of spa-
ial processing alone, then this activity should not be modulated by
actile experience.
In the current experiment we used a functional region of inter-
st approach. When a functional region of interest approach is
mployed, regions are defined based on a task comparison that
s orthogonal to the comparison of interest and then a threshold
s set to define the regions to be probed for experimental effects.
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ypically, this threshold is set to be below the Bonferroni corrected
hreshold to ensure that patches of cortex that show the experi-

ental effect of interest are not overlooked. When an uncorrected
hreshold is used to define regions one runs the risk of intro-
ucing voxels into the experimental comparison that were only
resent in the region defining comparison due to noise and, thus,
re unlikely to be involved in the process of experimental interest.
n addition, by utilizing an uncorrected threshold, one limits the
laims that can be made regarding the data. Any observed signifi-
ant effects of the experimental comparison are still valid, but they
annot be described as occurring in regions significantly involved
n the region defining contrast. Instead, they must be described as
ffects occurring in regions that show a trend for involvement in
he region defining contrast. Still, the technique of using an uncor-
ected threshold to define regions of interest is useful because it
elps prevent important results from going unnoticed. In the cur-
ent experiment we first probed regions that showed a significant
ffect of our region-defining comparison (shape retrieval relative
o lexical decision) at the corrected threshold. This analysis identi-
ed regions that were significantly involved in this shape retrieval
ask that also showed significant modulation by tactile experience.
owever, the corrected threshold yielded only regions of interest

n the left parietal cortex and prior work from this lab suggested
hat right parietal regions may play a role in shape retrieval (Oliver

Thompson-Schill, 2003). Given that right parietal cortex was
f interest a priori, we also performed an analysis in which we
elected an uncorrected threshold (for the region-defining con-
rast) to define regions in the right parietal cortex. The particular
hreshold we selected equated the number of voxels active in the
ight parietal cortex to that present in the left parietal cortex for
he comparison thresholded at the Bonferroni corrected level.

One important aspect of the shape task performed in this exper-
ment is that it does not involve visual stimuli. This is important
ecause our interest is in the pattern of activity evoked during
etrieval of appearance information. Our proposal is that by answer-
ng a question about an object’s shape in the absence of an image
f the object the network of brain regions that represent shape,
hether they be visual, tactile or otherwise, will become engaged.

f the object were visually present then we would not know whether
ctivity was due to reengagement of visual regions during retrieval
r due to current visual processing. In this experiment regions were
ocalized for responding more to a shape retrieval task than to a lex-
cal decision task. The selection of the lexical decision baseline was

otivated by a desire to ensure that the effect of interest, tactile
xperience, would not vary during the baseline trials as this would
educe our power to detect this effect. However, given that there
as no other task involving concrete objects to use as a comparison

n this dataset, one should not conclude that these regions respond
xclusively during retrieval of object shape. Future research will
e needed to determine the specificity of the response of these
egions. In particular, it would be interesting to identify shape
esponsive regions that become consistently engaged across a vari-
ty of shape retrieval tasks. While an attempt was made to select
shape retrieval task that was not biased toward vision or tac-

ile processing, we can not know for certain which areas would be
ctive across a variety of shape tasks until such an experiment is
erformed. It is also possible that by asking subjects to retrieve the
hape of objects without the objects present subjects may engage
n tactile imagery that is not part of the long-term representation
f object shape. While this is a possibility, we do not suspect that

his task is more susceptible to this imagery than other non-visual
hape retrieval tasks. To the extent that other non-visual tasks also
ngage tactile imagery without instruction one might consider such
magery to be an important part of how shape is retrieved and
epresented.

B
B
B
B
B
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Sensorimotor models of conceptual representation (e.g., Allport,
985; Martin et al., 2000) are ambiguous with respect to whether it
s the absolute or the relative amount of a particular type of sensori-

otor experience that is critical in determining the degree to which
hat modality is involved in representation. For some objects this
istinction predicts different outcomes during our shape retrieval
ask. For example, objects with a high proportion of tactile experi-
nce relative to total sensorimotor experience but with a low total
mount of tactile exposure (e.g., a shoehorn) would be expected
o recruit tactile and/or action processing regions more if the crit-
cal variable is the proportion of total experience that is tactile

hile they would be expected to recruit these regions less if the
bsolute amount of tactile experience is the critical variable. We
esigned our experience survey specifically to separate out gen-
ral sensorimotor experience from tactile experience. However, if
t were the case that absolute tactile experience is the relevant vari-
ble to explain involvement of a region during retrieval then we
ight expect to observe general exposure effects as well as tactile

ffects. Only one of the regions showing the tactile effect, in the
ight postcentral gyrus near the IPL, was found to have a marginal
ffect of general exposure. Therefore, this study does not clearly
iscriminate between the absolute experience versus proportion
f experience characterizations of sensorimotor models. It would
e interesting to specifically address this distinction in the future.

In summary, activity associated with shape retrieval was mod-
lated by prior tactile experience in regions, such as the IPL and
ostcentral gyrus, that may be used to process shape information
uring tactile perception and action. This contributes to the pre-
ious literature by elucidating the role of parietal cortex in the
etrieval of semantic knowledge about the appearance of objects
e.g., Oliver & Thompson-Schill, 2003) and supports domain spe-
ific distributed models of semantic memory (e.g., Allport, 1985;
artin et al., 2000).
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ppendix A (Continued )
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ppendix A (Continued )

hape retrieval items Lexical decision
nonwords

Lexical decision
abstract words
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