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Abstract

Two experiments are reported that used fMRI to compare the brain activation during the imagery of material and geometric object

features. In the first experiment, participants were to mentally evaluate objects along either a material dimension (roughness, hardness and

temperature; e.g., Which is harder, a potato or a mushroom?) or a geometric dimension (size and shape; e.g., Which is larger, a pumpkin or a

cucumber?). In the second experiment, when given the name of an object and either a material (roughness and hardness) or geometric (size

and shape) property participants rated the object on a scale from 1 to 4. Both experiments were designed to examine the underlying neural

substrate that supports the processing of material object properties with respect to geometric properties. Considering the relative amount of

activation across the two types of object properties, we found that (1) the interrogation of geometric features differentially evokes visual

imagery which involves the region in and around the intraparietal sulcus, (2) the interrogation of material features differentially evokes the

processing of semantic object representations which involves the inferior extrastriate region, and (3) the lateral occipital cortex (LOC)

responds to shape processing regardless of whether the feature being queried is a material or geometric feature.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The mental representation of physical objects in human

cognitive systems has been extensively studied from the

dual perspectives of cognitive science and neuroscience. In

previous research, however, the primary focus in object

representation studies has been on visually perceptible

attributes, even though objects have multiple attributes

and can be recognized using other sensory modalities,

particularly touch [21]. Here, two experiments are presented

that use fMRI to explore memory-based processing not only

for object properties that are salient to vision, such as the

geometric properties of size and shape, but also properties
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that are salient to touch, such as the material properties of

roughness and hardness.

A distinction between geometric and material properties

has been documented in previous studies that contrasted

visual and haptic perception. For example, Lederman and

Klatzky [29] used a haptic search paradigm to demonstrate

faster access to material properties (e.g., roughness, com-

pliance, heat flow) than to geometric properties (e.g., edge

and surface orientation). Additionally, a number of studies

have shown relatively poor shape discrimination by touch

[3,28], whereas cutaneous and kinesthetic cues are essential

for precisely discriminating material properties [42]. It has

also been shown that when sorting objects by similarity,

people place relative emphasis on geometric properties

during sorting by visual similarity (even when touching the

objects without vision) and on material properties during

sorting by haptic similarity [22,24,30]. In a study directly
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related to the present work, Klatzky et al. [23] found that

when asked to report about the properties of an object that

could be seen and touched, people opted to use vision alone

to determine geometric properties and make coarse judg-

ments about material, but they additionally used touch to

perceive material properties when precise discriminations

were required.

Although behaviorally, the processing of geometric and

material properties has been shown to rely differentially on

the visual and haptic systems, recent neuroimaging studies

have suggested considerable overlap in the underlying

neural architecture responsible for visual and haptic

processing, particularly as it relates to object geometry

[1,2,15,16,38]. James et al. [15] found equivalent intra-

modal and cross-modal priming between visual and haptic

presentations within the lateral occipital complex (LOC),

which is located in the occipital-inferior temporal region. It

has been suggested that the two modalities share a common

underlying representation within LOC [1,16], indicating a

role for multi-sensory accessible memory representations.

James et al. [16] argue that this common representation is

related to object shape processing more generally.

Most previous neuroimaging studies of object process-

ing, whether with real or remembered objects, using vision

or touch, emphasized geometric object properties. An

exception is by Servos, Lederman, Wilson, and Gati [41],

who found activation in a common region of the post-central

gyrus when objects were classified by shape, texture and

hardness. Given that behavioral data show clear modality

specialization in the processing of material and geometric

object features, it appears that further emphasis in fMRI

object-processing studies should be placed on differentiating

the processing of geometry and material, in both perceptual

and memory-based tasks.

The present study is particularly concerned with differ-

entiating the processing of material and geometric proper-

ties when information about objects is retrieved from

memory. This processing might or might not take the form

of conscious imagery, be it visual or haptic. Indeed, the

existence of a haptic form of imagery, independent of visual

imagery, is not well documented. For example, in a

previous behavioral study examining haptic judgments

made from memory, Klatzky et al. [23] reported that

subjects reported extensive use of visual imagery. Impor-

tantly, however, when making judgments about material

features, they also frequently reported that their visual

images contained a hand, often performing exploratory

movements appropriate to the judgment being made (e.g.,

for a roughness judgment, rubbing the object’s surface)

[28]. Klatzky et al. conjectured that a form of haptic

imagery might play a functional role in the judgments about

material properties, despite its being manifested as a visual

experience.

Several cortical regions of interest can be identified for

the investigation of memory-based processing of objects, as

follows.
1.1. LOC

As was mentioned above, LOC has been implicated in

the multi-sensory processing of geometric object properties,

particularly shape, using perception and memory tasks.

These findings raise the issue of whether this region is more

generally a multi-sensory object-processing area or whether

it is specifically associated with shape processing. Object

shape is critical to recognizing objects both visually and

haptically, it may be that processing in LOC, an early point

of convergence between modalities, pertains exclusively to

shape. Therefore, LOC may be expected to be more

involved when participants are asked about properties that

can be determined by scrutinizing an object’s shape

regardless of whether it is a geometric or a material

property.

1.2. IPS

Several studies have shown that the region in and around

the intraparietal sulcus (IPS) is involved in visuo-spatial

processing [5,9,14,18,19,33], particularly as it relates to

visual imagery [14,19]. It has been suggested that IPS is part

of a top-down control mechanism during visual imagery that

is primarily involved in maintaining the visual representa-

tion of an object retrieved from memory [14]. The

intraparietal area has also been implicated in haptic/motor

processing. For example, the anterior intraparietal area is

associated with the control of hand movements during

grasping, manipulation and the exploration of three-dimen-

sional objects [4,17]. The posterior IPS, on the other hand, is

thought to serve as a supra-modal integration center,

especially for 3-D information relative to motor control,

and is thought to be responsible for visual mental image

generation [4,17]. Activation of IPS was found in tasks that

required the determination of an object’s length and

curvature [8,39].

1.3. Semantic object representations

When people are queried about the properties of familiar

objects, pertaining either to material or geometry, they are

likely to activate general knowledge about object properties.

Both neuroimaging and lesion studies have implicated

posterior ventral cortex, including inferior extrastriate

(IES, which includes fusiform and lingual gyri), along with

several other regions such as the temporal and prefrontal

regions in semantic object processing [11,13,14,32,43]. In

fact, IES was found to be involved when subjects match

stimuli for semantic meaning as well as for structural

properties suggesting that this occipital region is involved in

a common semantic network [43]. A relative explanation for

the involvement of IES in semantic object processing is that

the region is involved in the processing of high-level

perceptual descriptions of objects [13]. In the current study,

it may be that when asked about properties that cannot be
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easily accessed via vision (or visual imagery), the object’s

perceptual description is searched to obtain the information.

Therefore, one may predict greater involvement of IES for

material compared to geometric queries.

1.4. Somatosensory cortex

Corresponding to the issue of whether visual cortex is

involved in imagery of precise visual details, one can ask

whether somatosensory cortex is activated when material

properties are imagined. While several studies have found

primary [6,31,38] and secondary [38] somatosensory

cortex involved in tactile feature identification, the involve-

ment of primary and secondary somatosensory cortex

during memory-based material judgments has not been

assessed.

1.5. Premotor areas

To the extent that people imagine actively exploring an

object when making judgments about its properties from

memory, one might expect premotor or even motor areas to

become active. This might be particularly likely when

material properties are judged, which has been found often

to invoke an image of the moving hand [23].

1.6. Visual cortex

Memory-based processing of objects is often accompa-

nied by the strong impression of visual imagery. It has been

proposed that visual imagery corresponds to the activation

of neural mechanisms normally involved in visual percep-

tion, although the precise locus has been a matter of some

controversy. At least some studies have found activation in

primary visual cortex, particularly when precise visual

discriminations are required (see Kosslyn and Thompson,

[25]).

Additionally, Sathian et al. have shown an important role

for visual cortex, particularly the occipital/parietal portion,

in tactile discrimination [25,36,40,46]. For example, dis-

ruption of occipital function with transcranial magnetic

stimulation (TMS) was found to interfere with tactile

discrimination of grating orientation [25]. These results

have been taken to indicate a contribution of visual imagery

to tactile discrimination. Visually based processing might

possibly play a similar role in other tactile tasks such as

tactile object recognition, especially when shape processing

is critical.

To summarize the review thus far, a fundamental

distinction has been made between geometric and material

object properties, which differentially tie the processing of

those properties to the visual and haptic modalities. Several

brain areas, particularly those within visual cortex, have

been implicated in the perceptual and memorial (including

imaginal) processing of both haptic and visual inputs.

However, fMRI studies have generally failed to evaluate
the contribution of material properties as distinct from

geometric ones.

The purpose of the current fMRI study is to further

investigate how the brain processes geometric and material

properties of objects from memory. The experimental

approach is derived directly from the previous behavioral

studies of Klatzky et al. [23]. Two experiments are reported

here. The first is a comparison task in which participants

were asked to mentally compare two objects along either a

material dimension (e.g., Which is harder, a potato or a

mushroom?) or a geometric dimension (e.g., Which is

larger, a pumpkin or a cucumber?). The second study is an

object-rating task in which participants were asked to rate

objects on a scale from 1 to 4 along either a material

dimension (roughness or hardness) or a geometric dimen-

sion (size or shape). The goal of these fMRI studies is to

further explore differences in processing geometric and

material properties of imagined objects. Of particular

interest was the involvement of object processing and

visual imagery when the two types of judgments were

made.
2. Experiment 1: comparison task

2.1. Participants

Eleven neurologically normal, right-handed participants

(4 males; mean age = 21) from the Carnegie Mellon

University community completed the current task during a

fMRI session. All of the participants were paid volunteers

who gave informed consent that was approved by the

University of Pittsburgh and Carnegie Mellon Institutional

Review Boards.

2.2. Experimental paradigm

Participants made judgments about either haptic or visual

properties of pairs of objects. Participants were not

explicitly instructed to generate a mental image. In all

cases, the stimuli were written words. There were two

geometric dimensions of comparison (size and shape) and

three material dimensions (roughness, hardness and temper-

ature, i.e., apparent warmth). On all of the dimensions of

comparison, the items required comparisons between two

objects that were perceptually close or distant from each

other, to vary the difficulty of the judgment. Each trial

consisted of a question followed by two object names.

Examples are:
The stimuli were projected onto a transparent screen that

was suspended from the upper surface of the scanner bore.
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Each trial was presented for 4 s with an 8-s delay between

trials to allow for the offset of the hemodynamic response.

The experiment consisted of sixty trials presented in a

random order (i.e., 12 trials for each of the five conditions).

In addition, four 24-s visual fixation periods were inter-

spersed among the trials to obtain a control baseline

measure of brain activation with which to compare the

experimental conditions.

2.3. fMRI procedure

The study was conducted on a GE 3.0-T scanner used in

conjunction with a commercial birdcage, quadrature-drive

radio-frequency whole-head coil. Sixteen oblique-axial

images were selected to maximize the coverage of the

entire cortex. The images were collected using a spiral

interleaved acquisition sequence, with TR = 1000 ms, TE =

18 ms, flip angle = 708, and a 128 � 64 acquisition matrix

with a voxel size of 3.135 � 3.125 � 3.125 mm with a 1-

mm gap. The means of the images corresponding to each of

the functional slices were registered to a high-resolution,

T1-weighted structural volume scan of each participant.

This volume scan was constructed from 124 3D SPGR axial

images that were collected with TR = 25 ms, TE = 4 ms, 408
flip-angle, and a 24 � 18 cm FOV, resulting in 0.9375 �
0.9375 mm � 1.5 mm voxels.

2.4. fMRI data analysis

Image preprocessing (including baseline correction, de-

ghosting, mean correction, motion correction, and trend

correction) was performed using FIASCO [10,26]; further

description and tools are available at www.stat.cmu.edu/

~fiasco/]. The mean of the maximum head motion per

participant did not exceed 0.4 voxels. To ensure that the

fMRI-measured activation was due to changes in cortical

micro-vascular activity rather than changes in the blood-

flow rate of larger vessels, any voxel that showed an

excessively large percentage change in signal intensity

(greater than 6.2%) was excluded from the analyses.

To compare the activation across the experimental

conditions in various regions, anatomical Regions of

Interest (ROIs) were defined individually for each partic-

ipant (this method has been reported previously, see Refs.

[5,18,19]). This method provides more accurate anatomical

localization than does morphing all participants’ brains into

a common space [34]. The ROIs were defined using the

parcellation scheme of Rademacher et al. [7,37]. This

method uses limiting sulci and coronal planes (defined by

anatomical landmarks) to segment cortical regions. For

each participant, a mean of the functional images was co-

registered to the structural volume scan, in parallel align-

ment with the anterior commissure–posterior commissure

(AC–PC) line. The limiting sulci and other anatomical

landmarks were then located by viewing the structural

images simultaneously in the three orthogonal planes, and
the ROIs were defined by manually tracing the regions

onto the axial image of each functional slice. The inter-

rater reliability of this ROI-defining procedure between

two trained staff members was previously evaluated for

four ROIs in two participants in another study. The

reliability measure was obtained by dividing the size of

the set of voxels that overlapped between the two raters by

the mean of their two set sizes. The resulting eight

reliability measures were in the 78–91% range, with a

mean of 84%, as high as the reliability reported by the

developers of the parcellation scheme (see Ref. [18] for

further details).

The principal regions of interest included: (1) the

posterior portion of the inferior temporal region defined

by the parcellation scheme, which closely approximates

LOC [1,2,38], and will be called LOC for clarity; (2) the

inferior extrastriate, which includes the fusiform and lingual

gyri; (3) the intraparietal sulcal region; (4) premotor cortex,

and (5) somatosensory cortex. Because the 16 functional

slices collected covered most of the cerebral cortex, addi-

tional ROIs were drawn, and their data are reported for

completeness.

The current study uses a common baseline approach.

fMRI-measured activation was quantified for each exper-

imental condition by first constructing a t-map comparing

each voxel’s intensity value in each experimental condition

to the value in the baseline condition. Voxels with activation

values exceeding baseline (determined by t tests with t N 4)

were tabulated, providing the mean number of activated

voxels (VC) within each ROI for each condition, a

volumetric measure of activation. A second measure used

was the mean percent increase (DSI) in the intensity of the

activation relative to the baseline condition for those voxels

included in the first measure. A third measure used was a

combination of the first two. It is the sum of the changes in

signal intensity (SSI) computed by adding the DSI for each

voxel activated in a particular condition (see Ref. [45] for

details). The activation measures across conditions are then

submitted to an ANOVA.

The original behavioral study [23] found that imagery

with haptic content (e.g., sight of the hand) was reported

primarily in the difficult condition. The failure to report

imagery during the easy condition does not necessarily

indicate that no images were activated, only that the images

were more salient during the difficult condition. In fact, the

present activation patterns show no reason to separate

difficult and easy items. A preliminary analysis showed high

correlations between difficult and easy item sets with

respect to the pattern of activation across regions for all

five stimulus dimensions tested (average difficult/easy

correlation = 0.87). For that reason, as well as to increase

statistical power in these analyses, difficult and easy items

were combined for computing activation maps. Also, in the

current comparison experiment, participants were not asked

for image reports, therefore, we were unable to determine

their conscious imagery.

 http:www.stat.cmu.edu 
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3. Results

3.1. Behavioral measures

The results support the assumption that the material and

geometric tasks are quite comparable in information-

processing demands. Although there was a trend for the

reaction times to be longer to make the geometric

comparisons than the material comparisons, this did not

reach significance [material: M = 2359.8 ms; geometric:

M = 2441.5 ms; F(1,10) = 4.62, P b 0.06]. The accuracy

of the responses in each condition was measured as the

percentage agreement with norms for the responses in a

previous study [23]. These agreement rates were not

significantly different between property types [material:

M = 80%; geometric: M = 77%; F(1,10) = 1.94, P N 0.1].

3.2. fMRI results

Although both material and geometric conditions acti-

vated a similar cortical network, several regions within that

network revealed different levels of involvement as a

function of condition. One example is IES, a cortical region

associated with semantic object representations, which

revealed greater activation levels when making material

than geometric judgments, as predicted. Conversely, IPS, a

region associated with visual imagery revealed greater

activation for the geometric than material conditions (see

Fig. 1). Other regions that showed differential activation

included somatosensory, premotor, lexical/semantic, and
Fig. 1. Comparison study
executive processing regions. While several regions

revealed a differential response to material and geometric

judgments, the LOC showed similar levels of activation, as

predicted by the multi-sensory hypothesis suggested by

James et al. [16] and Amedi et al. [1,2].

3.2.1. Inferior extrastriate and lateral occipital cortex

(object processing)

The IES and the LOC regions have been implicated in

object processing, with IES being associated with semantic

representations and LOC implicated in multi-sensory shape

processing.

The activation within the IES was found to be

significantly modulated by property type, with the material

condition eliciting more activation than the geometric

condition [left: F(1,9) = 9.95, P b 0.05; right: F(1,9) =

3.13, P = 0.11]. Also, the activation within this region was

found to be relatively bilateral, [F(1,9) = 1.96, P = 0.2], as

shown in Table 1.

Consistent with the multi-sensory role reported in

previous studies [1,2,15], the activation within LOC failed

to show a significant effect of property type [left: F(1,9) =

2.92, P = 0.12; right: F b 1]. The activation was found to be

left lateralized [F(1,9) = 8.59, P b 0.05]. Also, the centroid

of activation within the region is very similar to that found

in Amedi et al. [1], x = 45 F 5, y = �62 F 6, z = �9 F 3.

3.2.2. Intraparietal sulcus (visual imagery)

The IPS region was the only region that revealed

significantly more activation for the geometric conditions
activation results.
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than the material conditions [left: F(1,9) = 4.85, P = 0.055;

right F(1,9) = 9.93, P b 0.05]. This is as predicted by the

association of IPS with visual imagery, together with the

assumption that visual imagery will particularly be evoked

for geometric properties. It should be noted, however, that

the material queries still generated significant activation

relative to baseline in IPS, and the strongest activation level

was actually found for a material property roughness. This is

further consistent with the previous reports [23] that memory

retrieval of material properties evoked visual imagery. The

activation within IPS was also found to be significantly left

lateralized, F(1,10) = 5.76, P b 0.05 (Table 1).

3.2.3. Somatosensory and premotor areas

The activation level within the somatosensory region was

small in magnitude. However, both somatosensory and

premotor regions revealed significant effects of property

type. The activation within somatosensory cortex revealed an
interaction between property type and hemisphere [F(1,9) =

13.27, P b 0.01] with the left hemisphere showing more

activation for the geometric condition [F(1,9) = 8.26, P b

0.05] and the right more activation for the material condition

[F(1,9) = 8.16, P b 0.05]. The main effect of hemisphere was

not significant [F(1,9) = 1.4, P N 0.2].

The premotor cortex, on the other hand, revealed

significant effects of property type, with the right hemi-

sphere revealing more activation for the material condition

than the geometric condition [left: F b 1; right F(1,9) =

5.15, P b 0.05]. Also, the activation within the premotor

cortex was significantly left lateralized [F(1,10) = 6.23, P b

0.05] (see Table 1).

3.2.4. Inferior frontal cortex and posterior, superior

temporal cortex (lexical/semantic processing)

The activation within both the left posterior, superior

temporal and the left frontal pars triangularis region was
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found to be significantly affected by property type, with the

material conditions eliciting more activation than the geo-

metric conditions [left temporal: F(1,9) = 19.39, P b 0.005;

right temporal F(1,9) = 11.7, P b 0.01; left pars triangularis:

F(1,9) = 7.15, P b 0.05; right pars triangularis: F(1,9) =

3.51, P b 0.1]. The activation in both anterior and posterior

regions was also found to be left lateralized [temporal:

F(1,10) = 9.99, P b 0.05; pars triangularis: F(1,10) = 13.80,

P b 0.005] (Table 1).

3.2.5. Dorsolateral prefrontal cortex (executive processing)

The activation within the dorsolateral prefrontal cortex

revealed a significant effect of property type, with the

material condition producing more activation than the

geometric condition [left: F(1,9) = 9.07, P b 0.05;.15 right

F(1,9) = 4.91, P = 0.054]. The activation was also found to

be significantly left lateralized [F(1,10) = 6.75, P b 0.05]

(Table 1).

3.2.6. Within dimension condition effects

The roughness condition generally elicited more activa-

tion than either the hardness or the temperature condition.

Significant differences (P b 0.05) were found in several

ROIs including: the right DLPFC, left and right pars

triangularis and temporal regions, left and right superior

and inferior extrastriate, left and right premotor cortex, right

IT, and left IPS. No such differences were observed for the

two geometric dimensions.
4. Discussion

The primary goal of the current study was to examine

differences in material versus geometric processing which

we have hypothesized is related to IES and IPS activation,

respectively. The findings here suggest that while memory

retrieval of both material and geometric properties tends to

activate the same cortical network, it relies differentially on

the component nodes of that network. The greater activation

in IES for the material than the geometric conditions is

consistent with the idea that access to material features may

rely more heavily on a semantic object representation. By

contrast, the greater activation in the IPS region for the

geometric conditions is consistent with that area’s being

associated with visual imagery and the assumption that

geometric queries lead to greater visual imagery than

material queries. That IPS activation was also found in the

material condition is consistent with the Klatzky et al. [23]

conclusion that both material and geometric conditions elicit

visual imagery.

Statistically equivalent levels of activation for material

and geometric judgments within LOC were found; the trend

was actually toward greater activation for geometry than

material. This result lends support for the hypothesis that the

region is a multi-sensory region, in that it processes

information related to both vision and touch [1,2,15]. It is
important to note, however, that the evident involvement of

LOC in memory-based judgments of material does not rule

out its being specialized for processing shape, as it is

possible that some material properties can be judged by

shape information (e.g., roughness could be indicated by the

visible sharpness of textured elements). We return to this

point below.

There was also limited evidence to support the idea that

primary sensory regions are involved in vivid recall of

properties for which touch is specialized. While the extent

of activation within the regions thought to be responsible

for motor planning and somatosenory processing was

small, the regions did reveal more activation during

imagery of material properties compared to imagery of

geometric properties in the right hemisphere, despite the

absence of any haptic sensory input. The lateralization of

this effect is intriguing, especially considering that the

participants were all right-handed, but has no obvious

explanation at present.

Differential activation was also observed in prefrontal

cortex as well as in lexical/semantic processing regions.

Because participants were asked to compare two objects

and make a forced choice decision between the two, it may

be that some of the differences observed are due to this

decision process. To examine this issue, a second study

was run in which the names of the same objects were

again presented, but instead of comparing two objects

along a given dimension, only one object was presented

and participants were asked to rate the object with respect

to either a material or geometric dimension. We expected

to find diminished involvement of prefrontal cortical

regions related to decision-making and left temporal

regions related to lexical/semantic processing, while still

observing geometric/material differences within the IES

and IPS.
5. Experiment 2: rating task

Again, the purpose of the current fMRI study was to

investigate how the brain processes geometric and material

properties of objects from memory. Experiment 1 revealed

that while memory retrieval of both material and geometric

properties tends to activate the same cortical network, they

rely differentially on the component nodes of that network,

namely IES and IPS. Experiment 2 was designed to

eliminate some of the decision-making processes in Experi-

ment 1 in order to obtain a clearer picture of the cortical

regions necessary for retrieving material and geometric

properties from memory.

5.1. Participants

Seventeen neurologically normal, right-handed partici-

pants (9 males; mean age = 21.1) from the Carnegie Mellon

University community completed the current task during a
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fMRI session. All of the paid volunteers gave informed

consent that was approved by the University of Pittsburgh

and Carnegie Mellon Institutional Review Boards.

5.2. Experimental paradigm

The experiment involved participants making judgments

about either material or geometric properties of objects.

Participants were not explicitly instructed to generate a

mental image. The stimuli were written words. There were

two visual dimensions (size and shape) and two haptic

dimensions (roughness and hardness). The objects were

designed by pretest to be drawn approximately equally from

the whole scale. Each trial consisted of a scale from 1 to 4

and an object name, such as:
Soft Hard

1 2 3 4

pillow
The stimuli were projected onto a transparent screen that

was suspended from the upper surface of the scanner bore.

Each trial was presented for 4 s with an 8-s delay between

trials to allow for the offset of the hemodynamic response.

The experiment consisted of 72 trials presented in a random

order (i.e., 18 trials for each of the four conditions). In

addition, four 24-s fixation periods were interspersed

among the trials to obtain a control baseline measure of

brain activation with which to compare the experimental

conditions.

5.3. fMRI procedure

The data acquisition procedures were similar to that of

the comparison study with the exception of the slice

thickness, which was 5 mm here. The data analysis was

similar to that of the comparison task reported above.
6. Results and discussion

6.1. Behavioral measures

The geometric items did not differ significantly from the

material in reaction time (mean 2430 vs. 2462 ms), [F b 1].

Again, the two sets of items seem to have essentially

equivalent processing demands.

6.2. fMRI results

The results of the rating experiment are very similar to

those reported for the comparison experiment, showing

property differences in several ROIs, including IES and IPS

(see Table 2 and Fig. 2). As in the first experiment, the

cortical region associated with object knowledge, IES,
revealed more activation for the material condition while

the region associated with mental imagery and spatial

relations, IPS, revealed more activation for the geometric

condition. LOC again showed a nonsignificant property

difference, tending toward greater activation by material

than geometry. As expected, when the comparison decision

used in Experiment 1 was eliminated, condition effects

within the lexical/semantic processing regions (i.e., left

temporal cortex and left pars triangularis) and the prefrontal

cortex were eliminated.

The drop-off in lexical/semantic and decision areas is not

due to a decrease in reaction time because the response

times were similar across experiments. It appears to reflect a

change in the task components per se. Below is a description

of the region-specific results.

6.2.1. Inferior extrastriate and lateral occipital cortex

(object processing)

As in the comparison experiment, the activation within

the IES was significantly modulated by property, with the

material conditions eliciting more activation than the geo-

metric conditions [left: F(1,16) = 6.67, P b 0.05; right:

F(1,16) = 5.75, P b 0.05]. The activation within this region

revealed a marginally significant effect of laterality,

[F(1,16) = 3.86, P = 0.067] (Table 2).

The LOC revealed a marginally significant difference

between the material and geometric conditions (see Table 2)

with the material condition eliciting greater activation than

the geometric conditions [left: F(1,16) = 4.46, P = 0.051;

right: F(1,16) = 3.68, P = 0.073]. The activation was also

found to be left lateralized [F(1,16) = 6.77, P b 0.05].

6.2.2. Intraparietal cortex (visual imagery)

As in the comparison experiment, the IPS was the only

region that revealed significantly more activation for the

geometric condition than the material condition [left:

F(1,16) = 4.07, P = 0.06; right F(1,16) = 10.10, P b

0.01]. As before, material judgments generated significant

activation in IPS; however, unlike Experiment 1, judgments

of roughness did not produce stronger activation than

geometric properties. The activation within IPS was also

found to be significantly left lateralized, F(1,16) = 7.52, P b

0.05 (Table 2).

6.2.3. Other regions

As predicted, in contrast to Experiment 1, there were no

significant effects of property type observed in lexical/

semantic processing regions [temporal cortex (left: F(1,16) =

1.46, P = 0.24; right: F b 1), pars triangularis (F’s b 1)] or

prefrontal regions related to decision making [DLPFC (left:

F b 1; right: F(1,16) = 2.08, P = 0.17)] during this rating

experiment. Experiment 2 also failed to show property

effects in somatosensory cortex and pre-motor cortex [both

F’s b 1]. However, like Experiment 1, the levels of activation

of somatosensory and pre-motor areas were low, relative to

IES and IPS.



Table 2

Rating experiment maodality effects (Sum percent signal intensity)
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6.2.4. Within-dimension condition effects

As in the comparison experiment, several ROIs

revealed significant differences (P b 0.05) between the

activation related to roughness and hardness, with rough-

ness showing greater activation. These regions included

left and right DLPFC, left and right temporal cortex, left

and right superior and inferior extrastriate, left IT, left IPS,

left and right premotor cortex, left and right somatosen-

sory cortex, and left and right superior and inferior

parietal cortex. The geometric conditions (shape and size)

revealed significant differences (P b 0.05) within the

following ROIs: the calcarine sulcus, the occipital pole,

left and right IES and left IT, with shape eliciting greater

activation.
7. General discussion

To our knowledge, this is the first fMRI study

contrasting memory-based judgments of material and

geometric object properties, which are more strongly
associated with haptic and visual perception, respectively.

The results are exciting in that they may be the first to

show that a visual processing region, the inferior extras-

triate area (IES), is intimately involved in the processing of

the material properties of objects as well as their geometric

properties. The results also show that, although retrieval of

material and geometric object properties elicit a similar

pattern of cortical activation, they rely differentially on two

different cortical regions. The material condition elicited

significantly more activation within a region that may be

related to the semantic representation of objects, the

inferior extrastriate, than did the geometric condition.

Conversely, the geometric condition elicited more activa-

tion within a region associated with visuo-spatial process-

ing, the region in and around the intraparietal sulcus (IPS).

The lateral occipital cortex (LOC), associated with multi-

sensory processing in perception and memory, was

similarly activated equally by material and geometric

judgments. The discussion below addresses how the results

speak to the manner in which object features may be

stored and/or accessed.



Fig. 2. Rating study activation results.
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7.1. Object processing

All of the objects examined here were familiar and

therefore had a representation stored in memory. One

explanation for the increased involvement of IES when

making material judgments is that IES is involved in the

processing of semantic object representations and activation

of the region was evoked by the retrieval and/or the

evaluation of object attributes. This suggests that the greater

involvement of IES in answering material queries is due to

retrieving information regarding both material and geo-

metric properties while the visual queries entail only

retrieving the geometric information.

Additionally, the involvement of IES in material judg-

ments might also reflect contributions of non-visual

imagery, such as haptic or motor sensations. It is worth

noting that reports of such images were found by Klatzky et

al. [23] only when material properties were judged (e.g.,

participants imagined performing exploratory movements

appropriate to the judgment being made). In any case, the

data do support the idea that IES is involved in the

processing of both material and geometric object features,

at least for familiar objects.

7.2. Visual imagery

There has been some debate related to the dependence of

haptic processing on visual processing, particularly visual

imagery [2,8,16,36,40,46]. The current study found that the

geometric conditions elicited greater involvement of the

intraparietal sulcus (IPS), a region associated with higher
level visuo-spatial processing, particularly with respect to

visual imagery. The greater IPS activation for geometric than

for material judgments suggests, then, a greater involvement

of visual imagery in geometric than in material judgments.

Although IPS activation was greater on average for

geometric judgments, substantial activation was also

observed for material judgments, particularly roughness.

Visual imagery could function in multiple ways in

judgments about material properties. First, it may repre-

sent the layout of geometric features associated with

material, such as the sharpness of elements in a rough

texture or the rounded contours of a soft object (see Ref.

[35]). A second role, which is suggested by the previous

studies of Klatzky et al. [23], is that sight of the hand in

a visual image may provide information about material.

For example, the rate at which a hand is imagined to

deform an object’s contours may provide a cue to

softness. A third possibility is that visual imagery is a

subjective concomitant of non-visual forms of imagery

that contribute to the judgment of object properties.

Examples of non-visual imagery could include cutaneous,

kinesthetic, and/or motor components. Although reports of

imagined haptic or motor sensations were relatively

infrequent in the Klatzky et al. [23] study, some subjects

reported such feelings when material properties were

being judged. The visual imagery in IPS could also

portray movements of the hand, or it could arise in

conjunction with non-visual forms of imagery. For

example, Heller [12] showed that roughness perception

is aided by the sight of the hand, despite having visual

surface texture cues eliminated.
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7.3. LOC: a multi-sensory region

James et al. [15,16], as well as Amedi et al. [1,2], have

argued that LOC is a multi-sensory processing region

responsible for shape processing regardless of the sensory

modality used, visual or haptic. The current study found that

there was little effect of property type (only marginal

significance in Experiment 2, with material producing

greater activation than geometry). The finding that judg-

ments of both material and geometry activate LOC is

consistent with the idea that it is accessed by both the visual

and haptic modalities. A substantial role for LOC in material

judgments does not rule out the idea that the area is

specialized for shape processing. This is because the two

object properties that elicited the greatest amount of

activation from the region are shape and roughness, both

of which may be expected to rely heavily on shape

processing (visible surface properties can lead to reliable

and orderly judgments of roughness magnitude [27]). This

finding extends the function of LOC proposed by James et

al. [16]. James et al. [15,16] did not vary the material

properties of objects so he cannot say what would happen if

material properties were also varied. Here, it has been

shown that LOC becomes increasingly involved when

processing shape information, regardless of whether the

information is more readily accessed visually or haptically.

Further investigation of the association between LOC and

shape processing is needed.

7.4. Differences within the material dimensions

Generally, questions about roughness elicited more

activation than either the hardness or temperature con-

dition, in both IES and IPS. It should be noted in this

regard that material properties are far from uniform.

Within the perceptual system, material properties differ

in the nature of the peripheral receptors that mediate the

perceptual outcome, the pattern of exploratory movements

used to seek the properties, and the nature and time-course

of computations that are done on the basis of peripheral

signals (see Ref. [20], for a review). Considering memory-

based processing, including imagery, haptically accessible

properties differ in the visual cues with which they are

associated. Roughness can be signaled by the fine-grained

micro-geometric surface features of an object, such as the

bumps on an orange peel that differentiates it from a

smooth apple. In contrast, temperature and hardness are

not obviously apparent from an object’s geometric

features. No doubt these differences would affect the

contributions of neural structures to memory retrieval of

material features.

7.5. Sensory activation during vivid remembering

While there have been several studies showing activation

of primary visual cortex during imagery, the current study
found relatively little activation of somatosensory cortex

during material judgments, although Experiment 1 did show

a property type effect favoring the material condition in

right somatosensory and premotor cortex. It should also be

noted that there was no significant difference as a function

of property within primary visual cortex (the calcarine

sulcus). These findings are consistent with others which

found that during vivid recall, it was primarily the secondary

sensory regions that became reactivated, as opposed to

primary sensory cortex [e.g., [44]]. The present results, on

the whole, fail to show strong evidence that vivid recall of

material information leads to activation of cortical areas that

process haptic perceptual information at early stages.

7.6. Summary and conclusions

In summary, our results indicate that when properties of

familiar objects are to be retrieved from memory several

brain regions, most notably IPS, IES, and LOC, are

activated. Considering the relative amount of activation

across the two types of object properties, we find that (1) the

interrogation of geometric features differentially evokes

visual imagery which involves the IPS, (2) the interrogation

of material features differentially evokes the processing of

semantic object representations which involves the IES, and

(3) LOC responds to shape processing regardless of whether

the feature being queried is a material or geometric feature.

The findings reported here also suggest several questions

on which to base future work. A critical issue is the type of

information processed in IPS, IES, and LOC when judg-

ments of material are made. How is material information

represented; that is, is it always structurally mediated? For

example, if asked to imagine softness would we imagine

structural cues to softness such as rounded edges? Or would

we experience the tactile or kinesthetic softness? This issue

is particularly relevant to LOC and IPS, which have been

characterized as shape-processing regions. Another issue is

whether the involvement of these brain regions could be

modulated by the familiarity of the objects and hence the

availability of information in memory, as would be expected

in particular from the semantic region IES. Still another

question is whether material and geometric queries elicit

different processing strategies, promote the retrieval of

different types of information, or both. For example, do you

think the data presented suggest that semantic processing is

more salient for material relative to geometry? The current

study constitutes a first step in investigating these and other

issues related to the cognitive and neural representation of

material properties.
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