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Abstract

During visual spatial perception of multiple items, the left hemisphere has been shown to preferentially process categorical spatial relationships
while the right hemisphere has been shown to preferentially process coordinate spatial relationships. We hypothesized that this hemispheric
processing distinction would be reflected in the prefrontal cortex during categorical and coordinate visual spatial memory, and tested this hypothesis
using functional magnetic resonance imaging (fMRI). During encoding, abstract shapes were presented in the left or right hemifield in addition
to a dot at a variable distance from the shape (with some dots on the shape); participants were instructed to remember the position of each dot
relative to the shape. During categorical memory retrieval, each shape was presented centrally and participants responded whether the previously
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orresponding dot was ‘on’ or ‘off’ of the shape. During coordinate memory retrieval, each shape was presented centrally and participants responded
hether the previously corresponding dot was ‘near’ or ‘far’ from the shape (relative to a reference distance). Consistent with our hypothesis, a

egion in the left prefrontal cortex (BA10) was preferentially associated with categorical visual spatial memory and a region in the right prefrontal
ortex (BA9/10) was preferentially associated with coordinate visual spatial memory. These results have direct implications for interpreting previous
ndings that the left prefrontal cortex is associated with source memory, as this cognitive process is categorical in nature, and the right prefrontal
ortex is associated with item memory, as this process depends on the precise spatial relations among item features or components.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Visual spatial perception of an item (e.g., a face, an object, or
n abstract shape) produces activity in both the ventral cortical
rocessing stream – occipital and ventral temporal cortex – for
tem identification and the dorsal cortical processing stream –
ccipital and parietal cortex – for item spatial localization in non-
uman primates (Ungerleider & Mishkin, 1982; although there
re between stream connections, see Felleman & Van Essen,
991). In humans, neuroimaging evidence indicates that the ven-
ral (‘what’) processing stream extends from occipital cortex to
entral temporal cortex and into ventral prefrontal cortex, while
he dorsal (‘where’) processing stream extends from occipital
ortex to parietal cortex (Haxby et al., 1991; Haxby et al., 1994;
öhler, Kapur, Moscovitch, Winocur, & Houle, 1995).
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There has been a long-standing debate as to whether this
dorsal–ventral visual spatial perceptual processing distinction
also exists in the prefrontal cortex during working memory
(given that this cognitive function has been associated with the
prefrontal cortex; see Baddeley & Della Sala, 1996). There is
now compelling evidence that the ventral prefrontal cortex is
preferentially associated with item working memory and the
dorsal prefrontal cortex is preferentially associated with spatial
working memory (Belger et al., 1998; Courtney, Petit, Maisog,
Ungerleider, & Haxby, 1998; Courtney, Ungerleider, Keil, &
Haxby, 1996; Haxby, Petit, Ungerleider, & Courtney, 2000;
Rowe, Toni, Josephs, Frackowiak, & Passingham, 2000; Sala,
Rämä, & Courtney, 2003). Although some researchers have
failed to find differential item and spatial working memory
effects in prefrontal cortex (D’Esposito et al., 1998; Owen et
al., 1998; Postle, Berger, Taich, & D’Esposito, 2000; Postle &
D’Esposito, 1999), such null results can occur due to a number of
reasons (e.g., a lack of sensitivity or insufficient task demands).
In illustration of this point, a reanalysis of Postle et al.’s (2000)
functional magnetic resonance imaging (fMRI) data was con-
028-3932/$ – see front matter © 2006 Elsevier Ltd. All rights reserved.
oi:10.1016/j.neuropsychologia.2006.01.018
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ducted using event-related timecourse analysis, rather than the
more typically used beta-weight analysis, and revealed spatial
working memory specific activity in dorsal prefrontal cortex,
supporting the dorsal–ventral prefrontal cortex working mem-
ory distinction (Slotnick, 2005). Thus, the significant findings
affirm that the ventral and dorsal visual spatial perceptual pro-
cessing streams extend into ventral and dorsal prefrontal cortex
during item and spatial working memory.

In everyday life, visual spatial perception not only involves
processing items in isolation, but is also engaged in processing
the positions of items relative to one another. Kosslyn (1987) pro-
posed that the left hemisphere is preferentially associated with
between-item categorical processing (e.g., one item is ‘above’
or ‘below’ the other, a discrete judgment) and the right hemi-
sphere is preferentially associated with between-item coordinate
processing (e.g., one item is ‘near’ to or ‘far’ from the other, an
analog judgment). These distinct types of processing can also
refer to the relative positions of parts or features of a single item
(for further elaboration, see Section 4). This left–right hemi-
sphere categorical–coordinate visual spatial perceptual process-
ing distinction has been convincingly supported in a number
of subsequent behavioral studies (Banich & Federmeier, 1999;
Bruyer, Scailquin, & Coibion, 1997; French & Painter, 1991;
Hellige & Michimata, 1989; Koenig, Reiss, & Kosslyn, 1990;
Kosslyn et al., 1989; Laeng & Peters, 1995; Laeng, Shah, &
Kosslyn, 1999; Michimata, 1997; Niebauer & Christman, 1998;
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cortex distinction would be manifested during categorical and
coordinate visual spatial memory. In particular, we focused on
the dorsolateral and anterior prefrontal cortex, as these regions
have been associated with source memory and item memory
(Cansino, Maquet, Dolan, & Rugg, 2002; Nyberg, McIntosh,
Cabeza, Habib, & Houle, 1996; Rugg, Fletcher, Chua, & Dolan,
1999; Slotnick, Moo, Segal, & Hart, 2003). To anticipate the
results, a region in left prefrontal cortex was associated with cat-
egorical visual spatial memory while a region in right prefrontal
cortex was associated with coordinate visual spatial memory.

2. Methods

2.1. Participants

After providing informed consent, 11 right-handed participants took part in
the imaging study, which had been approved by the Johns Hopkins University
institutional review board. Due to excessive head movement in three partici-
pants (i.e. greater than 1 mm), eight participants were included in the analysis
(age range 23–35 years, five females), which was sufficient to conduct the imag-
ing analysis (Friston, Holmes, & Worsley, 1999). A follow-up behavioral study,
approved by the Harvard University institutional review board, was also con-
ducted with eight additional participants that had provided informed consent
(age range 23–37 years, five females). All participants had normal or corrected-
to-normal visual acuity.

2.2. Behavioral protocol
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kubo & Michimata, 2002; Sergent, 1991; Servos & Peters,
990). Some investigators have taken failures to find such cate-
orical and coordinate hemispheric laterality effects as contra-
ictory evidence (Bruyer et al., 1997; Cowin & Hellige, 1994;
ybash & Hoyer, 1992; Sergent, 1991). However, direct sup-
ort for Kosslyn’s hemispheric processing distinction has been
onfirmed with patients that had one hemisphere (usually fol-
owed by the other) temporarily deactivated by injection with
odium amobarbital – the left hemisphere was preferentially
ssociated with categorical visual spatial processing and the
ight hemisphere was preferentially associated with coordinate
isual spatial processing, but only under sufficiently demand-
ng task conditions (which may provide some explanation of
revious null findings; Slotnick, Moo, Tesoro, & Hart, 2001).
urthermore, evidence from patients with focal lesions (Laeng,
994; Laeng, Carlesimo, Caltagirone, Capasso, & Miceli, 2002)
nd neuroimaging (Baciu et al., 1999) suggests that categori-
al and coordinate perceptual processing may be particularly
eliant on the left and right parietal lobes, respectively, although
here is neuroimaging evidence that this hemispheric distinction
lso occurs in the prefrontal cortex during perceptual process-
ng (Kosslyn, Thompson, Gitelman, & Alpert, 1998) and spatial
magery (Trojano et al., 2002). The overall pattern of results
an be taken as strong evidence that the left hemisphere is pref-
rentially associated with categorical visual spatial perceptual
rocessing and the right hemisphere is preferentially associated
ith coordinate visual spatial perceptual processing (see meta-

nalysis by Laeng, Chabris, & Kosslyn, 2003).
Similar to the ventral–dorsal prefrontal cortex distinction

hat has been associated with item and spatial working mem-
ry, we hypothesized that the left–right hemisphere prefrontal
The behavioral protocol is illustrated in Fig. 1. In a blocked design, partici-
ants completed two categorical (A) and two coordinate memory (B) runs (in the
rder ABBA). Immediately before the MRI scanning session, participants were
riefly trained to familiarize them with both tasks. During the encoding phase of
oth types of runs, following a 6 s instruction screen, six abstracts shapes (span-
ing 5.7–7.1◦ of visual angle) were presented every 4 s with equal probability on
he left or right half of the screen (with the nearest shape boundary ranging from
.1◦ to 2.8◦ of visual angle, as measured horizontally, from the display center).
n addition, each shape was paired with a dot 0.3◦ of visual angle in diameter
hat varied in distance from the shape from 0◦ to 1.1◦ or 1.7◦ to 3.3◦ of visual
ngle (where 0◦ distance indicates the dot was centered directly on the boundary
hat defined a shape, and the spatial gap in dot to shape distance was based on
he coordinate retrieval reference distance of 1.4◦, as will be discussed below).
he encoding phase format and instructions were identical for both run types.
articipants were instructed to remember the position of the dot relative to each
hape by visually encoding the shape-dot pair precisely as it appeared on the
isplay, rather than using verbal encoding strategies (all participants reported
sing visual encoding strategies, as instructed). We emphasize here that had
articipants used verbal encoding strategies, similar categorical and coordinate
emory related activity would be predicted, while employment of visual encod-

ng strategies would predict differential activity (as observed; see Section 3).
articipants were not informed as to the type of subsequent retrieval run in an
ffort to enforce consistent encoding strategies. During the retrieval phase of
oth types of runs, following an 8 s instruction screen, the six shapes from the
ncoding phase (without the dots) were presented at the center of the screen every
s, each for a duration of 3 s. Central presentation precluded participants from

emembering dot location based upon cues other than relative position to the
ssociated shape (e.g., the use of the screen as a frame-of-reference; see Banich

Federmeier, 1999) that might have diminished or eliminated differential cat-
gorical and coordinate effects beyond the initial block (Koenig et al., 1990;
osslyn et al., 1989; Laeng et al., 1999; Michimata, 1997). Shapes were never

epeated. When presented with a shape, participants had been encouraged to
etrieve a visual representation of the associated shape-dot pair (all participants
eported doing so). It should again be noted that if participants simply retrieved
erbal labels, similar categorical and coordinate memory related activity would
e predicted; as differential activity was observed (see Section 3), this supported
heir use of visual spatial retrieval. During categorical memory runs, participants
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Fig. 1. Categorical and coordinate visual spatial memory tasks are illustrated to the left and right, respectively. During the encoding phase of both types of tasks,
each shape was presented on the left or right side of the display along with a dot that was placed a variable distance from the shape (either ‘on’ the shape, ‘near’
to the shape, or ‘far’ from the shape). Participants were instructed to remember each shape and dot spatial configuration, but were not informed as to the type of
subsequent retrieval task (to enforce consistent encoding processes). During the retrieval phase of both tasks, shapes were presented at the center (without the dots);
participants responded whether the previously corresponding dot had been ‘on’ or ‘off’ of that shape in the categorical visual memory task, or responded whether
the associated dot had been ‘near’ to or ‘far’ from that shape in the coordinate visual memory task (the coordinate task instructions included a line segment for use
as a reference). Correct responses are shown to the right of each shape.

were instructed to press the right button if the corresponding dot had been pre-
viously presented ‘on’ the shape (i.e. distance of 0◦ of visual angle) and the left
button if the corresponding dot had been previously presented ‘off’ the shape (i.e.
greater than 0◦ of visual angle). During coordinate memory runs, participants
were instructed to press the right button if the corresponding dot was previously
‘near’ the shape (i.e. closer than the reference distance – a horizontal line 1.4◦ of
visual angle in width presented at the center of the screen – shown in the instruc-
tion screen) and the left button if the corresponding dot had been previously
presented ‘far’ from the shape (i.e. farther than the reference distance shown
in the instruction screen). All responses were made with the middle and index
fingers of the left hand (one hand was used to eliminate the potential confound
between hand of response and contrast condition). The six dot-shape pairs during
categorical runs consisted of 2 ‘on’, 2 ‘near’, and 2 ‘far’ configurations, while the
coordinate runs consisted of 1 ‘on’, 2 ‘near’, and 3 ‘far’ configurations. These
configurations aimed at balancing response type (which would push to increase
‘on’ configurations) and bias participants against a categorical encoding strategy
(which would push to decrease ‘on’ configurations), to support the encoding of
the actual spatial configuration of each shape and the corresponding dot.

The proximity of the dot to the reference distance (i.e. within 2◦ of visual
angle) was designed to make the coordinate memory task relatively difficult
in an effort to increase the associated neural effects, given that coordinate

visual spatial processing hemispheric effects have been shown to be greater
during more difficult task conditions (Slotnick et al., 2001). Although pilot
results indicated that six shapes per block consistently produced an interme-
diate level of memory performance for both types of task, avoiding floor and
ceiling effects, the behavioral results corresponding to the imaging session
were corrupted. As such, a follow-up behavioral study was conducted in a
separate group of participants, and indirectly confirmed an intermediate and
similar level of categorical memory performance (69 ± 6.3 S.E.) and coordinate
memory performance (83 ± 5.0 S.E.) (t = 1.82, two-tailed t-test, n.s.). These
results reflect the subjective experience of an intermediate level of memory
reported by participants from the imaging study, and when considered in light
of the significant neural effects reported below (as a general failure in mem-
ory would predict null findings) provide compelling evidence that the imaging
results reflect activity associated with categorical and coordinate visual spatial
memory.

2.3. Imaging acquisition

Imaging data was acquired on a 1.5 T Phillips ACS-NT scanner with a
standard birdcage head coil. T2*-weighted functional images used an echo
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planar imaging (EPI) sequence (TR = 1000 ms, TE = 50 ms, flip angle = 70◦,
field-of-view = 240 mm × 240 mm, acquisition matrix = 64 × 64, slices = 15 (no
gap), slice orientation = axial–oblique parallel to the AC–PC line, slice thick-
ness = 7 mm, i.e. 3.75 mm × 3.75 mm × 7 mm resolution). Although our choice
of TR might be considered relatively short this value is not uncommon
(e.g., Buračas & Boynton, 2002; Christoff, Ream, Geddes, & Gabrieli, 2003;
Dale & Buckner, 1997; Kourtzi, Tolias, Altmann, Augath, & Logothetis,
2003; Zeng, Gatenby, Zhao, & Gore, 2004), and if anything would tend to
decease our signal strength; our robust findings (see Section 3) show that
this was not a concern. In addition, our slices might be considered rel-
atively thick but this value is also not uncommon (e.g., Poldrack et al.,
2001; Ruge et al., 2005; Todd & Marois, 2004), and would tend to increase
our signal strength. Of critical importance, this slice thickness is com-
pletely sufficient to localize neural activity to a given Brodmann area by
gyrus/sulcus intersection (i.e., the spatial resolution necessary to conduct the
present analysis, as is discussed below). T1-weighted anatomic images were
acquired using with the same slice thickness and slice position/orientation
as the functional images but with higher in-plane resolution (TR = 500 ms,
TE = 15 ms, flip angle = 90◦, field-of-view = 240 mm × 240 mm, acquisition
matrix = 256 × 256, i.e. 0.9375 mm × 0.9375 mm × 7 mm resolution), and if
time allowed – which it did for five of the eight participants – additional high-
resolution T1-weighted weighted images were acquired using a multiplanar
rapidly acquired gradient echo sequence (MPRAGE, 12.4 min acquisition time,
TR = 8.1 ms, TE = 3.7 ms, flip angle = 8◦, field-of-view = 256 mm × 256 mm,
acquisition matrix = 256 × 256, slices = 256 (no gap), slice thickness = 1 mm,
i.e. 1 mm isotropic resolution).

2.4. Imaging analysis
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tive epochs, but otherwise a baseline level of no activity is modeled). These
event type models, in an additional to a model of constant value (allowing
for the elimination of nuisance changes in the mean level of activity across
runs), were entered into a general linear model and fit to the functional activity
timecourse on a voxel-by-voxel basis. This produced a magnitude associated
with each event type (i.e. beta-weights), where positive values indicate the
corresponding voxel activity was correlated with a given event type (i.e. the
activity was greater than baseline). As such, voxels with categorical or coordi-
nate visual spatial memory beta-weights that were consistently positive across
participants (where between participant variability was used to estimate vari-
ance) defined regions of visual spatial memory related activity (p < 0.001).
Correction for multiple comparisons to p < 0.05 was enforced using a voxel
cluster extent threshold procedure (see Slotnick & Moo et al., 2003; Slotnick
& Schacter, 2004). This procedure is based upon the fact that the probabil-
ity of observing clusters of activity due to voxel-wise type I error (i.e. noise)
systematically decreases with increasingly large cluster sizes (while signal is
expected to be associated with large clusters of activity). As such, a cluster
extent threshold can be determined to ensure an acceptable level of corrected
cluster-wise type I error. Specifically, a Monte Carlo simulation with 1000 iter-
ations was conducted using the acquisition matrix and number of slices in our
study to model the acquisition/brain volume (64 × 64 × 15), where activity at
each voxel was modeled with a normally distributed random number (mean = 0,
variance = 1) and then spatial autocorrelation was implemented through con-
volution with a 4.5 mm full-width-half-maximum Gaussian kernel (Aguirre,
Zarahn, & D’Esposito, 1997). An individual voxel threshold was then applied
to achieve the assumed voxel-wise type I error rate (p < 0.001). Finally, the
spatial extent of each cluster was computed, the number of clusters of each
size in the acquisition volume was tallied, and the probability of observing a
given cluster extent was computed across iterations. The cluster extent thresh-
old was taken to be the cluster size at or above which the sum of probabilities
were below the desired corrected level of significance (p < 0.05). In the present
s
v

c
w
h
A
a
e
t
e
1
r
f
T
a
b
3
d

g
t
a
c
w
(
u
v
c
w
t
1
c
f
t
w
s

Unless otherwise noted, all pre-processing and data analysis was conducted
sing SPM99 (Wellcome Department of Cognitive Neurology). Functional
mage pre-processing included slice-time correction, motion correction, con-
atenation of runs, and spatial normalization to Montreal Neurological Institute
MNI) space (which included re-sampling at 3 mm isotropic resolution). No
patial smoothing was conducted to maximize the spatial precision of the
esults. A high-pass temporal filter with a cutoff period of 100 s was used.
or each participant, the highest resolution anatomic volume available was
ormalized to MNI space (an automated process which included re-sampling
t 1 mm isotropic resolution), and these normalized images were then aver-
ged to produce a group anatomic image that was used to precisely iden-
ify the anatomic loci corresponding to the group functional results. Note
hat although the anatomic images were not acquired with the same pro-
ocol for all participants, the anatomic location of critical landmarks (e.g.,
he superior and inferior frontal sulci) following normalization to a common
pace was consistent across participants, thus ensuring the group localiza-
ion reflected that of individual participants. For visualization purposes only,
he group functional results were projected onto a surface reconstruction
f a representative individual participant (Slotnick, Schwarzbach, & Yantis,
003).

To identify differential prefrontal cortex activity associated with categor-
cal and coordinate visual spatial memory, a ‘power analysis’ was conducted
hat involved two stages: (1) general linear modeling (i.e. beta-weight anal-
sis) was used to identify neural regions associated with either categorical
r coordinate visual spatial memory and (2) event-related timecourses were
xtracted from beta-weight analysis defined prefrontal cortex regions-of-interest
ROIs) to assess differential activity associated with categorical and coordi-
ate visual spatial memory (i.e. timecourse analysis). For a detailed discussion
f beta-weight versus timecourse analysis, see Slotnick (2005). For the beta-
eight analysis, on an individual participant basis, each of the six event types

encoding instructions, encoding, categorical retrieval instructions, categorical
etrieval, coordinate retrieval instructions, coordinate retrieval) was modeled by
onvolving a canonical hemodynamic response function with a square-wave
eflecting that events stimulus onsets and durations. Note that these models
ncorporate baseline activity by modeling no activity at the beginning of each
un, an absolute measure of baseline, in addition to modeling no activity dur-
ng the other event types, a relative measure of baseline (e.g., the activity
ssociated with categorical retrieval is modeled as high during the respec-
tudy, this translated to a minimum cluster extent threshold of 11 re-sampled
oxels.

The above beta-weight analysis identified all activity associated with the
ategorical or coordinate visual spatial memory tasks, including that associated
ith visual and motor processing. However, as pointed out in the introduction, the
ypothesis under investigation relates specifically to prefrontal cortex activity.
s such, only prefrontal cortex activity (and one medial temporal lobe region,

nalyzed based on its general relevance to memory research) was subjected to
vent-related timecourse analysis. Each prefrontal cortex ROI was located at
he center of each unique Brodmann area and gyrus/sulcus intersection. For
ach ROI, individual participant event-related activity timecourses (from 0 to
0 s after stimulus onset) were extracted from voxels within a sphere of 7 mm
adius. Timecourses were baseline corrected such that activity from 0 to 2 s
ollowing stimulus onset had a mean of zero, and were corrected for linear drift.
he magnitude of timecourse activity was taken as the average of activity at 5
nd 6 s following stimulus onset, given that the expected maximum value was
etween these values (i.e. 5.3 s, based on convolution of a square-wave with
s duration and a canonical hemodynamic response function). For additional
etails on timecourse analysis, see Slotnick and Schacter (2004).

In each ROI, the existence of differential activity associated with cate-
orical and coordinate visual spatial memory was assessed using a paired
wo-tailed t-test (i.e. using between participant variability to estimate vari-
nce). Follow-up assessments to determine whether activity associated with
ategorical or coordinate visual spatial memory was positive in magnitude –
hich was predicted if this activity reflected increases in neural processing

Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001) – were conducted
sing one-tailed t-tests. Hemispheric asymmetry in categorical and coordinate
isual spatial memory was tested using a within participant ANOVA, as indi-
ated by a significant condition × hemisphere interaction. Joint probabilities
ere computed using a Fisher test, where χ2 = −2 ln(p1p2), p1 and p2 are the

wo individual probabilities, and there are four degrees of freedom (Fisher,
973). Gender differences were assessed using a weighted mixed ANOVA (with
ondition as a within participant factor and gender as a between participant
actor), by assessing whether there was a significant condition × gender interac-
ion for left and right hemisphere ROIs. For all statistical tests, p-values < 0.10
ere considered marginally significant and p-values < 0.05 were considered

ignificant.
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Fig. 2. Prefrontal cortex activity associated with categorical or coordinate visual spatial memory retrieval is shown in orange, projected onto the cortical surface
reconstruction of a representative participant. Gyri are colored light gray and sulci are colored dark gray. Lateral views of the left and right hemispheres are illustrated
to the left and right, respectively (superior toward the top and frontal poles toward the sides). Circles (in blue and cyan) demarcate the six prefrontal cortex regions-
of-interest (ROIs). Differential activity was associated with categorical and coordinate visual memory in one left prefrontal cortex ROI (middle frontal gyrus, BA10)
and one right prefrontal cortex ROI (middle frontal gyrus, BA9/10) marked by cyan circles, as revealed by the event-related activity designated by the cyan arrows.
In the left prefrontal cortex (PFC) ROI, categorical (cat) memory related activity was significantly greater than coordinate (coord) memory related activity, while
the opposite pattern of activity was observed in the right prefrontal cortex ROI. These results support the hypothesis that categorical and coordinate visual spatial
memory are associated with activity in the left and right prefrontal cortex, respectively.

3. Results

The power analysis revealed activity in regions associated
with visual spatial perceptual processing, including striate and
extrastriate occipital cortex (right BA17, bilateral BA18 and
BA19) extending into temporal cortex (bilateral BA37, left
BA20 and BA21) and parietal cortex (left BA7 and bilateral
BA40). Activity was also observed in regions associated with
motor response (BA6 including the supplementary motor area
and bilateral premotor cortex, BA24, and the right caudate;
see Picard & Strick, 2001), eye movements (bilateral BA6, the
frontal eye fields; see Paus, 1996), and in left insular cortex
(BA13), a region that has been associated with a number of cog-
nitive processes. A final non-prefrontal cortex region of activity
was observed in the right parahippocampal cortex (BA36) within
the medial temporal lobe, a finding which warrants further eval-
uation given that the medial temporal lobe has been shown to
be critical for explicit memory retrieval (Schacter & Wagner,
1999). The right parahippocampal cortex (BA36) activity was
located at x = 15, y = −4, z = −12 (Talairach coordinates), with
both categorical and coordinate visual spatial memory activat-
ing this region to the same degree (categorical memory t = 2.09,
p < 0.05, coordinate memory t = 3.21, p < 0.01, differential activ-
ity t < 1). This common right medial temporal lobe activity will
be discussed in further detail below.

Apropos the hypothesis under investigation, six ROIs were
i
s
c
i
t
n
v

categorical but not coordinate visual spatial memory evoked
left middle frontal gyrus ROI (BA10) activity that was pos-
itive in magnitude (categorical t = 1.97, p < 0.05; coordinate
t < 1) while coordinate but not categorical visual spatial mem-
ory evoked right middle frontal gyrus ROI (BA9/10) activity
that was positive in magnitude (coordinate t = 2.77, p < 0.05;
categorical t < 1), indicating that these cognitive processes were
associated with increases in neural activity (Logothetis et al.,
2001). The left and right prefrontal cortex hemispheric special-
ization for categorical and coordinate visual spatial memory was
confirmed by a significant condition × hemisphere interaction
(F(1, 7) = 16.26, MSerror = 0.0044, p < 0.01). Of importance, the
differential activity in left and right prefrontal cortex survived
correction for multiple comparisons (post-hoc Bonferroni cor-
rected in left prefrontal cortex, p < 0.05, right prefrontal cortex,
p < 0.10, and joint p < 0.01; one-tailed paired t-tests), as did
the condition × hemisphere interaction (Bonferroni corrected
p < 0.05). These differential prefrontal cortex effects were highly
consistent, as every single participant evinced greater categor-
ical than coordinate visual spatial memory related activity in

Table 1
Prefrontal cortex regions-of-interest (ROIs) associated with categorical or coor-
dinate visual spatial memory

Region BA x y z

L
L
L
L
R
R

B
s

dentified in the prefrontal cortex (Fig. 2 and Table 1). Of these
ix prefrontal cortex ROIs, differential activity associated with
ategorical and coordinate visual spatial memory was observed
n the left middle frontal gyrus (BA10; t = 3.46, p < 0.05) and
he right middle frontal gyrus (BA9/10; t = 2.82, p < 0.05), with
o differential activity in the remaining four ROIs (three t-
alues < 1, one t-value = 1.24, all p-values > 0.20). Furthermore,
eft middle frontal gyrus 10 −45 55 3
eft inferior frontal gyrus 10 −48 43 −7
eft middle frontal gyrus 46 −48 38 6
eft inferior frontal gyrus 46 −50 38 −2
ight middle frontal gyrus 9/10 33 45 31
ight middle frontal gyrus 46 50 41 12

A refers to Brodmann area and coordinates (x, y, z) are reported in Talairach
pace.
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the left prefrontal cortex and evinced greater coordinate than
categorical visual spatial memory related activity in the right
prefrontal cortex. In addition, there was no effect of gender in
either of the differential prefrontal cortex ROIs, as indicated by
non-significant condition × gender interactions (left hemisphere
ROI, F(1, 6) < 1; right hemisphere ROI, F(1, 6) < 1).

4. Discussion

In direct support of our hypothesis, we observed a double dis-
sociation with regard to visual spatial memory related activity in
prefrontal cortex – a region in left prefrontal cortex (BA10) was
associated with categorical visual spatial memory and a region in
right prefrontal cortex (BA9/10) was associated with coordinate
visual spatial memory. Furthermore, a right parahippocampal
gyrus region (BA36) was identified that was associated with
both types of visual spatial memory. The latter finding is consis-
tent with previous results associating the right parahippocampal
gyrus with visual spatial memory (in neuropsychology, Bohbot
et al., 1998; see also, Kopelman, Stanhope, & Kingsley, 1997;
in neuroimaging, Johnsrude, Owen, Crane, Milner, & Evans,
1999; unpublished results from Slotnick & Moo et al., 2003,
where accurate spatial source memory versus correct rejection
was associated with activity in the right parahippocampal gyrus
(BA36) at Talairach coordinates x = 30, y = −15, z = −24). Given
that the parahippocampal cortex has been associated with per-
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frontal cortex activations observed in the previous and present
studies reflect task independent decision processes. Nonethe-
less, as is typically done in the field of memory, we have defined
retrieval as a unitary cognitive process (that includes retrieval
content in addition to decision processes such as post-retrieval
monitoring; for a review, see Slotnick & Schacter, in press); as
such, our results can be considered as retrieval related differen-
tial prefrontal cortex activity.

Our prefrontal cortex results shed light on previous obser-
vations regarding prefrontal cortex hemispheric asymmetries
during long-term memory (i.e. source memory and item mem-
ory). Evidence from previous studies that have investigated
both source memory and item memory indicates that the left
prefrontal cortex is associated with source memory retrieval,
while the right prefrontal cortex is associated with item mem-
ory retrieval (Cansino et al., 2002; Nyberg et al., 1996; Rugg et
al., 1999; Slotnick & Moo et al., 2003; see also, Buckner, 1996;
Tulving, Kapur, Craik, Moscovitch, & Houle, 1994).

The present results are particularly relevant to previous spa-
tial source memory findings, given that spatial source memory
paradigms can be considered directly analogous to our categor-
ical visual spatial memory task. More specifically, participants
in spatial source memory paradigms are presented with studied
items and make a categorical response as to the previously stud-
ied spatial location (e.g., ‘on the left side of the display’ or ‘on
the right side of the display’). As such, it is perhaps not surprising
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eptual processing of visual context (Bar & Aminoff, 2003;
pstein & Kanwisher, 1998), sensory/contextual activity within

his region may reflect the process of visual memory construc-
ion (Slotnick, 2004).

The present differential prefrontal cortex results associated
ith visual spatial memory retrieval are consistent with previ-
us studies showing differential hemispheric activity associated
ith visual spatial perception (Baciu et al., 1999; Kosslyn et al.,
998; Laeng, 1994; Laeng et al., 2002; Slotnick et al., 2001).
his is not surprising, given the extensive history of behavioral

esearch relating memorial encoding and retrieval (Roediger,
allo, & Geraci, 2002; Tulving & Thomson, 1973) and similar
refrontal cortex activity associated with both of these cognitive
rocesses (for a detailed review, see Fletcher & Henson, 2001).
ased on these similarities, it could be asked whether our dif-

erential prefrontal cortex results are due to differences in the
rocess of retrieval per se, or rather differences in perceptual
r decision processes. As the stimuli were well matched across
onditions (see Section 2), perceptual differences can be ruled
ut as an explanation. However, encoding and imagery tasks
ave been associated with differential categorical and coordi-
ate activity in the left and right prefrontal cortex, respectively
BA46, BA47 in Kosslyn et al., 1998; BA9/44 in Trojano et al.,
002). This might be taken to suggest that differential decision
rocesses – which presumably would activate similar prefrontal
egions regardless of the task (encoding, imagery, or retrieval)
may underlie our memory retrieval results. Although this is a

iable possibility, it is important to consider that the differential
refrontal cortex activations in the previous studies were pos-
erior to those found in the present study (i.e., BA10, BA9/10),
hich would argue against the notion that the differential pre-
hat the left prefrontal cortex has been associated with this cogni-
ive function. However, source memory for non-spatial attributes
e.g., color, object size, gender of speaker) has also been asso-
iated with left prefrontal cortex (Dobbins, Foley, Schacter, &
agner, 2002; Fan, Snodgrass, & Bilder, 2003; Lundstrom et al.,

003; Ranganath, Johnson, & D’Esposito, 2000). These findings
uggest that the left prefrontal cortex may be associated with
oth spatial and non-spatial categorical memory. This reformu-
ation underscores the fact that source memory paradigms in
eneral require categorical processing.

To extend our item memory findings, coordinate visual spa-
ial processing is considered on a single item basis, rather
han between items, with reference to spatial relationships
etween parts or features of an item (e.g., the spatial rela-
ions among parts of an imaged object during shift transfor-

ations, Kosslyn, 1987; the relative position of the hands on
clock, Michimata, 1997; the precise position of an eye on a

ace, Cooper & Wojan, 2000). Of particular relevance, Laeng
nd colleagues have shown the right hemisphere is preferen-
ially associated with conventional object processing (while
he left hemisphere is preferentially associated with contorted
bject processing; behavioral evidence, Laeng et al., 1999;
europsychological evidence, Laeng et al., 2002). Moreover,
he right hemisphere (Marsolek, 1995, 1999) and in particular
he right fusiform cortex (Garoff, Slotnick, & Schacter, 2005;
outstaal et al., 2001) has been associated with specific visual
emory, which can be taken to reflect within-item coordinate

ased visual spatial processing. Therefore, item memory may
e associated with the right prefrontal cortex because of the
ssociated within item specific/coordinate visual spatial feature
rocessing.



1566 S.D. Slotnick, L.R. Moo / Neuropsychologia 44 (2006) 1560–1568

5. Conclusion

In the present study, the left prefrontal cortex has been asso-
ciated with categorical visual spatial memory and the right pre-
frontal cortex has been associated with coordinate visual spatial
memory. The left prefrontal cortex categorical memory finding
provides a direct explanation for source memory related activ-
ity in this region given the categorical nature of the associated
decisions, and the right prefrontal cortex coordinate memory
finding suggest item memory related activity in this region may
be due to within-item coordinate visual spatial processing. To
our knowledge, this is the first time that source memory related
activity in left prefrontal cortex has been directly linked to cate-
gorical visual spatial processing and also the first time that item
memory related activity in the right prefrontal cortex has been
directly linked to coordinate visual spatial processing. The pre-
frontal cortex categorical and coordinate visual spatial memory
hemispheric processing distinction parallels the prefrontal cor-
tex item and spatial working memory ventral–dorsal processing
distinction, in that both extend the same processing distinctions
associated with visual spatial perception to the domain of visual
spatial memory. Taken together, the present results and previ-
ous working memory results provide convergent evidence that
visual memory related activity in the prefrontal cortex can reflect
the same functional–anatomic segregation that has been classi-
cally associated with visual perception related activity in more
p
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Köhler, S., Kapur, S., Moscovitch, M., Winocur, G., & Houle, S. (1995).
Dissociation of pathways for object and spatial vision: A PET study in
humans. NeuroReport, 6, 1865–1868.

Kopelman, M. D., Stanhope, N., & Kingsley, D. (1997). Temporal and spa-
tial context memory in patients with focal frontal, temporal lobe, and
diencephalic lesions. Neuropsychologia, 35, 1533–1545.

Kosslyn, S. M. (1987). Seeing and imagining in the cerebral hemispheres: A
computational approach. Psychological Review, 94, 148–175.

Kosslyn, S. M., Koenig, O., Barrett, A., Cave, C. B., Tang, J., & Gabrieli, J.
D. (1989). Evidence for two types of spatial representations: Hemispheric
specialization for categorical and coordinate relations. Journal of Exper-
imental Psychology: Human Perception and Performance, 15, 723–735.

Kosslyn, S. M., Thompson, W. L., Gitelman, D. R., & Alpert, N. M. (1998).
Neural systems that encode categorical versus coordinate spatial relations:
PET investigations. Psychobiology, 26, 333–347.

Kourtzi, Z., Tolias, A. S., Altmann, C. F., Augath, M., & Logothetis, N.
K. (2003). Integration of local features into global shapes: Monkey and
human fMRI studies. Neuron, 37, 333–346.

Koutstaal, W., Wagner, A. D., Rotte, M., Maril, A., Buckner, R. L., &
Schacter, D. L. (2001). Perceptual specificity in visual object priming:
Functional magnetic resonance imaging evidence for a laterality differ-
ence in fusiform cortex. Neuropsychologia, 39, 184–199.

Laeng, B. (1994). Lateralization of categorical and coordinate spatial func-
tions: A study of unilateral stroke patients. Journal of Cognitive Neuro-
science, 6, 189–203.

Laeng, B., Carlesimo, G. A., Caltagirone, C., Capasso, R., & Miceli, G.
(2002). Rigid and nonrigid objects in canonical and noncanonical views:
Hemisphere-specific effects on object identification. Cognitive Neuropsy-
chology, 19, 697–720.

Laeng, B., Chabris, C. F., & Kosslyn, S. M. (2003). Asymmetries in encoding
spatial relations. In K. Hugdahl & R. Davidson (Eds.), The asymmetrical

L

L

L

L

M

M

M

N

N

O

O

Paus, T. (1996). Location and function of the human frontal eye-fields: A
selective review. Neuropsychologia, 34, 475–483.

Picard, N., & Strick, P. L. (2001). Imaging the premotor areas. Current
Opinion in Neurobiology, 11, 663–672.

Poldrack, R. A., Temple, E., Protopapas, A., Nagarajan, S., Tallal, P.,
Merzenich, M., et al. (2001). Relations between the neural bases of
dynamic auditory processing and phonological processing: Evidence from
fMRI. Journal of Cognitive Neuroscience, 13, 687–697.

Postle, B. R., Berger, J. S., Taich, A. M., & D’Esposito, M. (2000). Activity
in human frontal cortex associated with spatial working memory and
saccadic behavior. Journal of Cognitive Neuroscience, 12, 2–14.

Postle, B. R., & D’Esposito, M. (1999). “What”-then-“where” in visual
working memory: An event-related fMRI study. Journal of Cognitive
Neuroscience, 11, 585–597.

Ranganath, C., Johnson, M. K., & D’Esposito, M. (2000). Left anterior pre-
frontal activation increases with demands to recall specific perceptual
information. The Journal of Neuroscience, 20(1–5), RC108.

Roediger, H. L., III, Gallo, D. A., & Geraci, L. (2002). Processing approaches
to cognition: The impetus from the levels-of-processing framework. Mem-
ory, 10, 319–332.

Rowe, J. B., Toni, I., Josephs, O., Frackowiak, R. S. J., & Passingham, R. E.
(2000). The prefrontal cortex: Response selection or maintenance within
working memory. Science, 288, 1656–1660.

Ruge, H., Brass, M., Koch, I., Rubin, O., Meiran, N., & von Cramon, D. Y.
(2005). Advance preparation and stimulus-induced interference in cued
task switching: Further insights from BOLD fMRI. Neuropsychologia,
43, 340–355.

Rugg, M. D., Fletcher, P. C., Chua, P. M., & Dolan, R. J. (1999). The role
of the prefrontal cortex in recognition memory and memory for source.
NeuroImage, 10, 520–529.

Rybash, J. M., & Hoyer, W. J. (1992). Hemispheric specialization for cate-

S

S

S

S

S

S

S

S

S

S

S

T

brain (pp. 303–339). Cambridge: The MIT Press.
aeng, B., & Peters, M. (1995). Cerebral lateralization for the processing of

spatial coordinates and categories in left- and right-handers. Neuropsy-
chologia, 33, 421–439.

aeng, B., Shah, J., & Kosslyn, S. (1999). Identifying objects in conventional
and contorted poses: Contributions of hemisphere-specific mechanisms.
Cognition, 70, 53–85.

ogothetis, N. K., Pauls, J., Augath, M., Trinath, T., & Oeltermann, A. (2001).
Neurophysiological investigation of the basis of the fMRI signal. Nature,
412, 150–157.

undstrom, B. N., Petersson, K. M., Andersson, J., Johansson, M., Fransson,
P., & Ingvar, M. (2003). Isolating the retrieval of imagined pictures during
episodic memory: Activation of the left precuneus and left prefrontal
cortex. NeuroImage, 20, 1934–1943.

arsolek, C. J. (1995). Abstract visual-form representations in the left cere-
bral hemisphere. Journal of Experimental Psychology: Human Perception
and Performance, 21, 375–386.

arsolek, C. J. (1999). Dissociable neural subsystems underlie abstract and
specific object recognition. Psychological Science, 10, 111–118.

ichimata, C. (1997). Hemispheric processing of categorical and coordinate
spatial relations in vision and visual imagery. Brain and Cognition, 33,
370–387.

iebauer, C. L., & Christman, S. D. (1998). Upper and lower visual field
differences in categorical and coordinate judgments. Psychonomic Bulletin
& Review, 5, 147–151.

yberg, L., McIntosh, A. R., Cabeza, R., Habib, R., & Houle, S. (1996).
General and specific brain regions involved in encoding and retrieval of
events: What, where, and when. Proceedings of the National Academy of
Sciences of the United States of America, 93, 11280–11285.

kubo, M., & Michimata, C. (2002). Hemispheric processing of categorical
and coordinate spatial relations in the absence of low spatial frequencies.
Journal of Cognitive Neuroscience, 14, 291–297.

wen, A. M., Stern, C. E., Look, R. B., Tracey, I., Rosen, B. R., & Petrides,
M. (1998). Functional organization of spatial and nonspatial working
memory processing within the human lateral frontal cortex. Proceedings
of the National Academy of Sciences of the United States of America, 95,
7721–7726.
gorical and coordinate spatial representations: A reappraisal. Memory &
Cognition, 20, 271–276.
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