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Abstract

Spatial working memory entails the ability to keep spatial information active in working memory over a short period of time. To study the areas of
the brain that are involved in spatial working memory, a group of stroke patients was tested with a spatial search task. Patients and healthy controls
were asked to search through a number of boxes shown at different locations on a touch-sensitive computer screen in order to find a target object.
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n subsequent trials, new target objects were hidden in boxes that were previously empty. Within-search errors were made if a participant returned
o an already searched box; between-search errors occurred if a participant returned to a box that was already known to contain a target item. The
se of a strategy to remember the locations of the target objects was calculated as well. Damage to the right posterior parietal and right dorsolateral
refrontal cortex impaired the ability to keep spatial information ‘on-line’, as was indicated by performance on the Corsi Block-Tapping task
nd the within-search errors. Moreover, patients with damage to the right posterior parietal cortex, the right dorsolateral prefrontal cortex and the
ippocampal formation bilaterally made more between-search errors, indicating the importance of these areas in maintaining spatial information
n working memory over an extended time period.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Working memory is an important cognitive process, in which
nformation is held active during a short time period. It is thought
o be a multi-component system, including two subsidiary slave
ystems, the ‘phonological loop’ and the ‘visuospatial sketch-
ad’ that hold limited amounts of information active, respec-
ively of verbal and visuospatial nature (Baddeley, 2002). These
lave systems are under attentional control of the ‘central exec-
tive system’, which is responsible for efficient planning and
rganizing. Over the last years, much attention has been paid
o the areas in the brain that are involved in keeping informa-
ion active in working memory, specifically the prefrontal cortex
Fletcher & Henson, 2001). Different parts of the prefrontal
ortex are thought to be involved in specific working-memory
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processes. For example, keeping object information active in
working memory would rely on ventral areas of the lateral pre-
frontal cortex, whereas processing spatial information is thought
to depend on dorsal areas of the lateral prefrontal cortex, as
has been shown in animal studies (e.g. Wilson, Scalaidhe, &
Goldman-Rakic, 1993), functional Magnetic Resonance Imag-
ing (fMRI) studies in children (Nelson et al., 2000) and fMRI
studies in adults (Smith & Jonides, 1997). Furthermore, neu-
roimaging studies have shown that in addition to the dorsolateral
prefrontal cortex, the posterior parietal cortex may play a role
in spatial working memory as well (Jonides et al., 1993; Nelson
et al., 2000; Walter et al., 2003). In monkeys performing a spa-
tial working memory task, concurrent metabolic activation of
the parietal and prefrontal cortex has been observed (Friedman
& Goldman-Rakic, 1994), suggesting that these are important
areas of the previously hypothesized network mediating spatial
working memory (Goldman-Rakic, 1988). In humans, several
studies have also shown concurrent activation of the prefrontal
and parietal cortices in working memory (e.g. Constantinidis &
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Wang, 2004; Glabus et al., 2003; Jonides et al., 1993; Owen et
al., 1998).

Patient studies have provided further information about brain
areas involved in spatial working memory. These studies have
not only corroborated the involvement of the left and right
prefrontal cortex in spatial working memory (Miotto, Bullock,
Polkey, & Morris, 1996; Owen, Downes, Saahakian, Polkey, &
Robbins, 1990), but have also implicated a role for the medial
temporal lobe, in particular the hippocampus. Presumably, this
brain area is involved in the transition of information from work-
ing memory into long-term memory. Patients with a lesion in the
right medial temporal lobe have been shown to be impaired on
a spatial search task (Abrahams, Pickering, Polkey, & Morris,
1997; Feigenbaum, Polkey, & Morris, 1996), which appeared
predominantly the result of damage to the right hippocampal
region (Abrahams et al., 1999). However, Kessels, Hendriks,
Schouten, Van Asselen, and Postma (2004) showed that patients
with left or right amygdalohippocampectomy were not impaired
on any aspect of spatial working memory as measured with
a search task, indicating a limited role for the hippocampal
formation in spatial working memory (see also Bohbot et al.,
2002).

Thus, although neuroimaging and patient studies have
stressed the importance of brain areas such as the dorsolateral
prefrontal cortex (DLPFC), the posterior parietal cortex (PPC)
and possibly the hippocampal formation (HF), the exact role
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to be more profound for the right hemisphere than for the left
hemisphere. Moreover, strategy use might be related to gen-
eral “central-executive” aspects of working memory (Baddeley,
2002), possibly related to the dorsolateral prefrontal cortex.

2. Methods

2.1. Participants

Thirty stroke patients who were admitted to the University Medical Cen-
ter Utrecht (UMCU) were examined. Sixteen patients had a lesion in the left
hemisphere (LH), 13 patients had a lesion in the right hemisphere (RH) and one
patient had a large lesion in the RH accompanied by a small lesion in the LH.
All patients were examined at least 6 months after the stroke, were mobile and
did not suffer from unilateral neglect or severe visual impairments at the time
of testing (one patient reported mild hemianopsia, but after careful examination
was found to see the display normally). Patients were all between 21 and 75 years
of age and did not suffer from other neurological or psychiatric diseases. The
study was approved by the medical ethics committee of the UMCU and written
informed consent was obtained according to the declaration of Helsinki. We
also examined 36 age- and education-matched, healthy control participants who
were recruited through an advertisement in the local newspaper and were paid
for their participation. Characteristics of the patients and comparison group are
shown in Table 1. Handedness was assessed with a Dutch version of the Annett
Handedness Inventory (Briggs & Nebbs, 1975). Education level was measured
using seven categories (1 being the lowest and 7 the highest; Hochstenbach, den
Otter, & Mulder, 2003). No differences were found between the three groups
for education level [F(2,62) = 2.1], age [F(2,63) = 0.1], or gender distribution
[χ2(2) = 4.4].
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f these areas in humans remains unclear. Therefore, the goal
f the present study was to further examine the importance of
hese areas in spatial working memory by examining patients
ith focal lesions caused by cerebral stroke. A spatial search

ask (Van Asselen, Kessels, Wester, & Postma, 2005) was used,
equiring subjects to search for target objects that are hidden in
number of boxes shown on a computer screen. Importantly,

his task enables us to distinguish between processes that are
elated to keeping spatial information ‘online’ in memory over
very short time period (i.e. tapping on the visuospatial sketch-
ad) and the transfer of information from working memory into
ong-term memory. Moreover, the use of a strategy that can be
pplied to relieve the memory load can be determined. In addi-
ion to the spatial search task, a commonly used spatial working

emory task was administered, i.e., the Corsi Block-Tapping
ask, which also requires participants to keep spatial informa-

ion on-line in the visuospatial sketchpad. To study the effect of
amage to the DLPFC, the PPC and the HF on these different
rocesses, the spatial extent of the lesions was defined by trans-
orming individual CT or MR images of the patients to a standard
rain template, using lesion cost function masking (Brett, Leff,
orden, & Ashburner, 2001). Mapping the patients’ brains with
arked lesions to standard brain coordinates enables the com-

arison of lesions across patients and the correlation with the
mount of damaged tissue in a brain area of interest with the
bserved behavior in standard neuropsychological tests.

We hypothesized that damage to the PPC and DLPFC impairs
he ability to keep spatial information in working memory over
short time period, whereas damage to the HF might hamper

he ability to keep spatial information in working memory over
more extended time period. These effects were hypothesized
Standard neuropsychological tests were used to assess overall intelligence
nd memory performance. Verbal intelligence was estimated with the Dutch
ersion of the National Adult Reading Task (Schmand, Bakker, Saan, &
ouman, 1991); non-verbal intelligence with the 12-item short form of the Raven
dvanced Progressive Matrices (Raven, Raven, & Court, 1993). Verbal mem-
ry was assessed with the Dutch version of the Rey Auditory Verbal Learning
est (RAVLT, Rey, 1964). The Letter Number Sequencing task (WAIS-III) was
sed as an index of verbal working memory (Wechsler, 1987). No differences
ere found on any of the standard neuropsychological tests between the patients

nd controls, except on immediate reproduction of the RAVLT [F(2,58) < 7.1,
< 0.01]. Patients with a lesion in the RH or LH performed worse than the control
articipants [t(48) = 3.2, p < 0.01, t(48) = 2.8, p < 0.01, respectively]; whereas no
ifference was found between patients with a lesion in the RH or to the LH
t(24) = 0.2].

able 1
haracteristics and neuropsychological test results of patients with lesions in

he right (RH) and in the left hemisphere (LH) and of control participants

RH (n = 14) LH (n = 16) Controls (n = 36)

ge (years) 57.8 (3.1) 57.8 (2.8) 56.9 (1.8)
ducation level (1–7) 4.7 (0.4) 5.3 (0.3) 5.5 (1.0)
nnett handedness
inventory (−24/24)

15.2 (4.2) 17.8 (2.9) 15.3 (2.2)

ex (m:f) 12:2 11:5 20:16
LV-IQ 107.5 (6.1) 105.6 (5.6) 107.2 (3.7)
AVLT: immediate recall 36.5 (2.8)* 37.5 (3.1)* 46.9 (1.7)
AVLT: delayed recall 8.5 (1.1) 7.8 (1.5) 9.6 (0.6)
aven APM (short form) 7.0 (0.9) 8.0 (0.7) 12.0 (2.8)
etter number sequencing
task

9.5 (0.8) 8.5 (0.7) 9.8 (0.3)

orsi Block-Tapping Task 45.8 (4.6) 43.6 (3.5) 42.4 (2.5)

ote: NLV = Dutch version of the National Adult Reading Task, RAVLT = Rey
uditory Verbal Learning Test, Raven APM = Raven Advanced Progressive
atrices.

* Significant difference with the controls (p < 0.05).
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2.2. Material and procedure

2.2.1. Corsi Block-Tapping task
The Corsi Block-Tapping Task is a widely used neuropsychological test

of spatial working memory (Berch, Krikorian, & Huha, 1998; Kessels, Van
Zandvoort, Postma, Kappelle, & De Haan, 2000). A recently introduced sensitive
measure of the Corsi task is used in the current experiment, which is the product
of the total number of correct trials and the length of the largest sequence (Kessels
et al., 2000).

2.2.2. Box task
In this spatial working memory task (Kessels et al., 2004; Van Asselen et

al., 2005), pictures of closed boxes were randomly displayed on different loca-
tions within a square of 19 × 19 cm on a 15 in. touch-sensitive LCD computer
monitor. An easy-to-name, colored target object (e.g. ball, tomato) was pre-
sented (approximately 1 cm × 1 cm) at the bottom of the square. Participants
were instructed to find the target object, which was hidden in one of the boxes
and could not be seen when the boxes were closed. The boxes could be opened
by touching them, after which either an empty box or the target object was shown
at the same location. An empty box remained open for 2 s, whereas the target
object was shown until the participant initiated a new search. After successfully
locating a target object, a new target appeared below the square. Importantly, the
target object that was found before remained in the box where it was found until
the end of the trial and no second object could be added to this box. Thus, the
participant not only had to remember which box was searched, but also in which
box a previous target object was found. After locating the second target object,
a third target appeared below the square. This would continue until all boxes
contained a target object. Which box was filled with an object was randomly
determined and not dependent on the participants’ response. The experiment
began with two practice trials of three boxes, after which two trials of 4, 6 and
8
i
8
F
t

Three dependent variables were included: (1) within-search errors were
scored when a participant returned to an already opened box within a search; (2)
between-search errors were scored when a participant returned to a box where a
target object was found in one of the previous searches; (3) efficient use of strat-
egy was defined by counting the number of times a participant started searching
for a target object with a different box (within one trial). Strategy use is con-
sidered more efficient if a participant follows a predetermined search sequence,
since this relieves memory load. Thus, a low score on the strategy index would
indicate efficient use of strategy (see also Feigenbaum et al., 1996; Van Asselen
et al., 2005).

2.3. Lesion location

CT or MR images were available for 26 patients (12 RH, 13 LH and
one patient with a lesion in both hemispheres). For five patients no digi-
tal scans were available, who were excluded from further lesion analyses.
The Corsi Block-Tapping Task was not performed by one patient, and in
another patient the Box task was not administered. In order to define the
locations of the lesions, an experienced neurologist who was unaware of
the clinical status of the patients, manually delineated for all patients the
regions of interest (ROI) covering the lesion in all slices, using the MRI-
cro software (http://www.psychology.nottingham.ac.uk/staff/cr1/mricro.html).
ROIs were saved as image volumes containing 1 for voxels inside the lesion area
and 0 for voxels outside the lesion area. CT images were skull stripped by only
including voxels with a CT-intensity value between 0 and 100. All images were
then normalized to standard brain coordinates (MNI) according to the method
described by Brett et al. (2001) using the software package Statistical Paramet-
ric Mapping (SPM2) (http://www.fil.ion.ucl.ac.uk/spm/software/spm2/). CT or
MRI-scans were normalized to a T1-weighted template, using cost function
masking with smoothed masks (FHWM = 8 mm) based on the ROI (Fig. 2). By
d
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boxes were used. No time limit was set. A single search through the boxes
n order to locate a target object took approximately 5–11 s and a trial (4, 6 or

searches together) 20–88 s, depending on the set size and number of errors.
ig. 1 shows an example of the layout of the Box task when making a search

hrough 6 boxes.
Fig. 1. Example of the display of a search through 6 boxes,
oing so, voxels in the lesioned tissue do not contribute to the calculation of the
patial transformation from the patients brain to MNI (standard brain) coordi-
ates, which results in a standardized map of the pathological brain images (Brett
t al., 2001). Finally, the ROI images and CT/MRI scans were resliced with a
mm × 1 mm × 1 mm voxel size. The lesion size of each patient was calculated
including presentation of two different target objects.

http://www.psychology.nottingham.ac.uk/staff/cr1/mricro.html
http://www.fil.ion.ucl.ac.uk/spm/software/spm2/
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Fig. 2. An example of a CT scan before (01) and after (02) transforming it to standard brain template and an example of an MRI scan before (03) and after (04)
transforming it to standard brain template.

as defined by the number of voxels that were above threshold (threshold = 0.5),
since due to interpolation artefacts at the reslicing stage voxels in the normalized
images could have values between 0 and 1. Importantly, no difference was found
between the lesion sizes of the group of patients with a lesion in the RH and
those with a lesion in the LH [t(24) = 1.3]. Normalized brain scans including the
lesions are shown in Fig. 3 for each patient separately.

Volumes of interest (DLPFC, PPC and HF) were used that were estab-
lished by probability density estimates of locations from the BrainMap database
(Nielsen & Hansen, 2002). For each patient it was determined whether the lesion
included one or more of these areas and subsequently the size of the lesion in the
target area was calculated as defined by the number of voxels of the lesion that
were above threshold and located within the target region divided by the total
number of voxels in the target region (lesion overlap ratio). Twelve patients had
a lesion in the DLPFC (Fig. 3: nos. 02, 06, 07, 08, 09, 12, 13, 14, 18, 20, 24,
26), 16 patients had a lesion in the HF (Fig. 3: nos. 01, 04, 05, 06, 07, 10, 11,
12, 13, 15, 17, 18, 22, 23, 24, 25) and five patients had a lesion in the right PPC
(Fig. 3: nos. 05, 07, 10, 11, 12). Since there was only one patient with damage to
the left PPC, the effect of damage to this brain area on spatial working memory
was not studied.

2.4. Analyses

First, to examine general lateralization effects, performances of LH and RH
patients were compared with the performances of control participants (overall
hemispheric differences) by means of a one-way ANOVA (Corsi task) (RH, LH,
controls) or a 3 × 3 Repeated Measures analysis (within- and between-search
errors) with between-subject variable group (RH, LH, controls) and within-
subject variable set size (4, 6, 8 boxes). For the strategy-index of the Box task
lateralization effects were analysed by means of a 2 × 3 Repeated Measures
analysis with within-subject variable set size (6 and 8 boxes) and between-
s

P

of specific brain areas), 3 × 3 Repeated Measures analyses were performed with
between-subject variable group (RH, LH, controls) and within-subject variable
set size (4, 6 and 8 boxes). ANOVA was performed to study the effect of damage
to a specific target area (RH, LH, controls) on the Corsi Block-Tapping task.
Patients with limited damage to the target region were included in group 1 or 2.

Third, to study the influence of the extent of damage within a particular
area on the different spatial memory tasks, one-tailed Pearson or Spearman
correlations were performed between the lesion overlap ratio of a target area
and performance on the working memory tasks (correlations).

3. Results

3.1. Corsi Block-Tapping task

3.1.1. Overall hemispheric differences
No difference in the total score between RH patients, LH

patients and the control group (Fig. 4) was found [F(2,65) =
0.26].

3.1.2. Analyses of specific brain areas
ANOVA did not show group differences for patients with

damage to the DLPFC [F(2,46) = 0.1], the PPC [t(39) = 0.3], or
the HF [F(2,49) = 1.0] (Fig. 5).

3.1.3. Correlations
Significant negative correlations were found between

performance on the Corsi Block-tapping task and the lesion
o
r

ubject variable group (RH, LH, controls).
Second, to study the effect of damage to a specific target area (HF, DLPFC or

PC) in either the LH or RH on the within- and between-search errors (analyses
verlap ratio of the right DLPFC [r = −0.43, p < 0.05] and the
ight PPC [r = −0.42, p < 0.05]. No correlations were found
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Fig. 3. CT and MRI scans of the 26 patients after transformation to standard brain template.



1190 M. van Asselen et al. / Neuropsychologia 44 (2006) 1185–1194

Fig. 4. (a) The average number of within-search errors (set sizes 4, 6, 8) of the patients with a lesion in the right (RH) or left hemisphere (LH) and control participants;
(b) average number of between-search errors (set sizes 4, 6, 8) of the patients with a lesion in the right or left hemisphere and control participant; (c) total score on
the Corsi Block-Tapping task of the patients with a lesion in the right hemisphere or left hemisphere and control participants.

between performance on the Corsi Block-Tapping task and the
left DLPFC (r = 0.05), or the HF (r < 0.25). It should be noted,
that of the six patients with damage to the right DLPFC, two
patients had severe damage (Fig. 3: nos. 07 + 24), and four
patients had only minor damage. Importantly, the patients with
large lesions were severely impaired, whereas the others were
not. Since the patients with minor damage to the right DLPFC
were unimpaired on the Corsi test, no difference was found in a
group comparison. Similarly, of the five patients with damage
to the right PPC, only one patient had a large lesion (Fig. 3: no.
07) and this patient was clearly impaired.

3.2. Box task: within-search errors

3.2.1. Overall hemispheric differences
More within-search errors (Fig. 4) were made with increas-

ing set size [F(2,126) = 13.6, p < 0.001]. A test of within-
subject contrasts showed that more errors were made with
increasing set size (4–6 boxes [F(1,63) = 7.3, p < 0.01] and
8–6 boxes [F(1,63) = 5.7, p < 0.05]). Moreover, a main effect
for group was found [F(2,63) = 3.7, p < 0.05]. Contrast anal-
ysis showed that RH patients made significantly more errors
than the control participants [p < 0.01], whereas no differ-
ence was found between LH patients and the control group.

No interaction effect between group and set size was found
[F(4,126) ≤ 1.1].

3.2.2. Analyses of specific brain areas
Repeated measures analyses including patients with dam-

age to the DLPFC revealed a significant effect for set size
[F(2,90) = 4.4, p < 0.015], indicating that more within-search
errors were made in the condition with 6 boxes than the condition
with 4 boxes [F(1,46) = 11.3, p < 0.005], whereas no difference
was found between the condition with 8 boxes and the condition
with 6 boxes [F(1,45) = 0.8] (Fig. 5). No significant effect was
found for the variable group [F(2,45) = 2.6], nor was an interac-
tion effect between group and set size found [F(4,90) = 2.6].

Repeated Measures analyses including the patients with
damage to the right HF, patients with damage to the left
HF and controls demonstrated a significant effect for set
size [F(2,96) = 14.2, p < 0.001], indicating that more errors
were made with increasing set size (4–6 boxes [F(1,50) = 4.4,
p < 0.05], and 6–8 boxes [F(1,48) = 11.6, p < 0.001]). However,
no effect for group [F(2,48) = 1.2] was found, nor an interaction
effect between group × set size [F(4,96) = 0.8].

Similarly, Repeated Measures analyses including patients
with damage to the right PPC and controls revealed a significant
effect for set size [F(2,39) = 11.5, p < 0.001], but not for group
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Fig. 5. (a) Average number of within-search errors (set sizes 4, 6, 8) of the patients with a lesion in the dorsolateral prefrontal cortex, posterior parietal cortex and
hippocampal formation (left and right hemisphere lesions separately) and control participants; (b) average number of between-search errors (set sizes 4, 6, 8) of the
patients with a lesion in the dorsolateral prefrontal cortex, posterior parietal cortex and hippocampal formation (left and right hemisphere lesions separately) and
control participants; (c) total score on the Corsi Block-Tapping task of the patients with a lesion in the dorsolateral prefrontal cortex, posterior parietal cortex and
hippocampal formation (left and right hemisphere lesions separately) and control participants.

[F(1,39) = 2.5]. No interaction effect between group × set size
[F(2,78) = 1.7] was found.

3.2.3. Correlations
No significant correlations were found between the lesion

overlap ratio of the left and right DLPFC (r < 0.29), the right
PPC (r < 0.10), or the left and right HF (r < 0.17) and the mean
number of within-search errors of the 4, 6 and 8 boxes.

3.3. Box task: between-search errors

3.3.1. Overall hemispheric differences
For the between-search errors (Fig. 4) a significant main

effect was found for set size [F(2,126) = 74.2, p < 0.001]. A
test of within-subject contrasts showed that the errors increased
as a result of increasing set size (4–6 boxes [F(1,63) = 44.2,
p < 0.001] and 6–8 boxes [F(1,63) = 64.4, p < 0.001]). Addition-
ally, a significant effect for group was found [F(2,63) = 5.1,
p < 0.01]. Contrast analysis showed that RH patients made
more between-search errors than control participants (p < 0.01),
whereas no difference was found between the LH patients
and control participants. Moreover, an interaction effect for
group × set size [F(4,126) = 3.6, p < 0.01] was found. Tests of

within-subjects contrasts showed a significant group × set size
effect for the 4 and 6 boxes [F(2,63) = 5.6, p < 0.01], but not
the 6 and 8 boxes [F(2,63) = 2.1]. The 2 × 3 repeated measures
analysis showed that RH patients were more impaired by the
increasing set size than the comparison group [F(2,96) = 7.6,
p < 0.01]. The same analysis comparing LH patients with con-
trols did not reveal a significant interaction effect [F(2,100) =
0.04].

3.3.2. Analyses of specific brain areas
Fig. 5 shows the between-search errors of the patient groups

with damage to the PPC, the DLPFC and the HF (left and right
separately). A significant effect was found for group, reveal-
ing a difference between right DLPFC patients, left DLPFC
patients and controls [F(2,45) = 3.9, p < 0.05]. Contrast analy-
sis indicated that patients with a lesion in the right DLPFC
performed worse than the controls (p < 0.01), whereas no dif-
ference was found between patients with a lesion in the left
DLPFC and controls. A significant effect for set size was found
[F(2,90) = 25.8, p < 0.001], indicating that the errors increased
as a result of increasing set size (4–6 boxes [F(1,46) = 26.3,
p < 0.001] and 6–8 boxes [F(1,46) = 18.9, p < 0.001]). Addition-
ally, a significant interaction effect between group × set size was
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Table 2
The mean total scores of the patients with a lesion in the right (RH) and left
hemisphere (LH) and the controls of the 6 and 8 box conditions separately on
the strategy index

6 boxes 8 boxes

Mean S.E. Mean S.E.

RH (n = 14) 3.9 0.2 4.6 0.2
LH (n = 16) 3.7 0.2 4.7 0.2
Controls (n = 36) 3.4 0.1 4.7 0.2

found [F(4,90) = 3.5, p < 0.05]. Separate 2 × 3 Repeated Mea-
sures analyses indicated that right DLPFC patients deteriorated
more than the controls with increasing set size [F(2,80) = 3.3,
p < 0.05], as well as the left DLPFC patients [F(2,80) = 3.1,
p < 0.05].

Patients with a lesion in the right PPC performed worse than
control participants [F(1,39) = 15.6, p < 0.001]. A significant
effect for set size was found [F(2,78) = 69.0, p < 0.001], indicat-
ing that the errors increased as a result of increasing set size (4–6
boxes [F(1,59) = 19.1, p < 0.001] and 6–8 boxes [F(1,57) = 15.7,
p < 0.001]). Additionally, a group × set size effect was found,
revealing that right PPC patient deteriorated more with
increasing set size than the healthy controls [F(2,78) = 12.6,
p < 0.001].

A group effect was found between patients with a lesion in
the right HF, patients with a lesion in the left HF, and con-
trols [F(2,48) = 7.4, p < 0.005]. Contrast analysis showed that
patients with a lesion in the right HF performed worse than con-
trols (p < 0.005), as well as patients with a lesion in the left HF
(p < 0.05). Additionally, a significant effect for set size was found
[F(2,96) = 94.2, p < 0.001], indicating that the errors increased
as a result of increasing set size (4–6 boxes [F(1,50) = 37.0,
p < 0.001] and 6–8 boxes [F(1,48) = 83.4, p < 0.001]). Finally,
a group × set size effect was found [F(4,96) = 6.8, p < 0.001].
Performance of RH patients deteriorated more with increasing
set size [F(2,88) = 8.1, p < 0.005], as well as performance of LH
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3.4.2. Analyses of specific brain areas
ANOVA revealed no significant difference with respect to

the involvement of the DLPFC in the use of a strategy between
patients with damage to the right DLPFC, patients with damage
to the left DLPFC, and control participants [F(2,44) = 2.0].

3.4.3. Correlations
No correlation was found between the extent of damage

to either the left or the right DLPFC and the strategy index
(r < 0.31). Moreover, to analyse whether applying a strategy
indeed resulted in fewer between-search errors the correlation
between the strategy index and the within- and between-search
errors for the 6 and 8 box conditions was calculated based on the
group as a whole (patients and control participants). A significant
correlation was found for the between-search errors (r = 0.28,
p ≤ 0.01), but not the within-search errors (r = 0.15). However,
when performance of the patients and controls was analysed
separately no correlation was found with both within- (r < 0.16)
and between-search errors (r < 0.25).

3.5. Lesion size and performance

In order to study the effect of lesion size on performance
on the different tasks, correlations were calculated between the
lesion size in the right or left hemisphere and the different depen-
dent variables. Only a single significant correlation was found
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atients [F(2,78) = 8.2, p < 0.005].

.3.3. Correlations
A significant correlation was found between the mean number

f between-search errors of the three conditions (set size 4, 6,
) and the lesion overlap ratio of the right DLPFC [r = 0.56,
< 0.005] and the right PPC [r = 0.42, p < 0.05]. No correlations
ere found between the right and left HF (r < 0.16) and the
ean number of between-search errors over the conditions with

, 6 and 8 boxes. A negative correlation was found with the left
LPFC [r = −0.36, p < 0.05].

.4. Strategy use

.4.1. Overall hemispheric differences
No difference in strategy-index (Table 2) was found between

H patients or LH patients and controls [F(1,62) = 0.7]. How-
ver, a significant effect was found for set size [F(1,62) = 43.8,
< 0.001], indicating that strategy index increased with more
oxes.
etween lesion size in the right hemisphere and the number of
etween-search errors in the condition with 6 boxes (r = 0.44,
< 0.05). All of the other correlations were nonsignificant. This
ould be taken as an indication that in general a larger lesion
oes not necessarily implies lower performance.

. Discussion

The aim of the current study was to examine in more detail
he neural correlates of spatial working memory in a group of
troke patients. The Corsi Block-Tapping task is a commonly
sed test of spatial working memory, which requires participants
o passively keep spatial information in working memory over a
ery short period of time without any kind of manipulation. The
urrent study revealed no difference in performance on this task
etween patients with a lesion in either the LH or the RH and
ontrol participants. However, when performance was correlated
ith damage to the right DLPFC and the right PPC, a significant

orrelation was found, indicating that these areas serve to keep
sequence of locations in working memory. Damage to the left
LPFC or the HF did not impair this aspect of spatial working
emory.
The spatial search task enabled us to examine various

spects of spatial working memory, that is, within-search errors,
etween-search errors and use of strategy. Patients with dam-
ge to the RH made more within-search errors than controls,
hereas no difference was found between patients with a lesion

n the LH and controls. Similar to the Corsi Block-Tapping Task,
ithin-search errors reflect the ability to keep a sequence of loca-

ions in spatial working memory over a very short time period.
lthough previous studies have shown mixed results concerning
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lateralization effects for within-search errors (Miotto et al.,
1996; Owen et al., 1990), the current study provides evidence
that the RH is more specialised in this aspect of working mem-
ory. Importantly, this is not a result of a difference in the size of
the lesions in the LH and RH or a difference in general cogni-
tive ability and memory function as was assessed with standard
neuropsychological tests. Looking at the relation between the
number of within-search errors and damage to specific brain
areas, we found no increase in within-search errors due to dam-
age to the right or left DLPFC, the right PPC or the right or
left HF. Thus, in contrast to the Corsi Block-Tapping task, dam-
age to the right PPC and right DLPFC did not lead to more
within-search errors. It should be noted, however, that only few
within-search errors were made by both the patients and the
healthy controls, indicating that this aspect of the search task
might not be very sensitive.

With respect to the between-search errors we found that
patients with damage to the RH, but not those with lesions in
the LH, were impaired in comparison to the controls. This later-
alization effect supports previous findings of RH-specialisation
for spatial aspects of working memory (Feigenbaum et al., 1996;
Miotto et al., 1996; Nelson et al., 2000). Moreover, as expected,
overall performance deteriorates with increasing set size. This
deterioration, however, was stronger in the case of RH lesions
than of LH lesions. Furthermore, it was found that patients with
damage specifically to the right DLPFC, the right PPC, or the
l
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information can be used as well (remembering the positions of
the boxes in relation to external landmarks in the test room).
Future research will have to focus on using tasks that are more
strict measures of either egocentric or allocentric spatial working
memory.

Finally, an index was calculated assessing the use of an
efficient strategy to remember the target locations and the pre-
viously opened empty boxes. Using a strategy could therefore
help to overcome memory problems, and thus would be espe-
cially important with larger set sizes. No difference in the use
of a strategy was found between the entire patient group and the
control participants. However, the strategy-index may not be a
very sensitive measure, since a correlation between the strategy
index and the within- and between-search errors was only found
when both the patients and controls were taken together.

It should be noted that the results of this study are not caused
by a general right hemisphere effect, in which larger lesions
in the right hemisphere lead to larger impairments, irrespec-
tive of the lesion location. That is, no correlations, except one
(larger lesions in the right hemisphere resulted in more between-
search errors in the condition with 6 boxes) were found between
the size of the lesions and performance on the dependent vari-
ables (between-search errors, within-search errors and Corsi
Block-Tapping task). This indicates that a larger lesion in the
right hemisphere does not necessarily imply lower performance.
Additionally, although a general right hemisphere lateralisation
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eft or right HF made more between-search errors than control
articipants. Moreover, a significant correlation of the between-
earch errors with lesion size in both the right DLPFC and
he right PPC was found, but not with lesion size in the HF.
his can be explained by the fact that the HF is less crucial

or spatial working memory than the right PPC and the right
LPFC.
When interpreting these results it is important to consider

hat in order to avoid between-search errors, spatial information
as to be kept in memory over a longer time period (possibly
eflecting transfer into long-term memory), whereas the Corsi
lock-Tapping Task requires spatial information to be kept in
emory over a short time period. Interestingly, this would sug-

est that the DLPFC and the PPC are essential for keeping spatial
nformation in memory over a short time period, whereas the HF
s involved in the transfer from working memory into long-term

emory. However, it cannot be excluded that the HF is also
nvolved in the reverse process, i.e. transferring spatial infor-

ation from long-term memory into working memory, in order
o use this information during a search. The current results are
n line with observations from neuroimaging and animal stud-
es suggesting that brain areas that are active in spatial working

emory, including the DLPFC, PPC and HF, serve different
oles (Constantinidis & Wang, 2004; Friedman & Goldman-
akic, 1994; Glabus et al., 2003; Inoue, Mikami, Ando, &
ideo, 2004). However, the current study does not allow a con-

lusive decision about the nature of spatial information that
s processed, i.e. egocentric (viewer-dependent) or allocentric
nformation (viewer-independent). That is, the Box task can
e solved with solely egocentric information (remembering the
osition of the boxes in relation to the viewer), but allocentric
ffect was found, clear selective effects were found within the
ight hemisphere, e.g. damage to the right DLPFC and right
PC but not the right hippocampal formation results in more
ithin-search errors.
The Corsi Block-Tapping Task revealed no lateralization

ffects, whereas impairments were found when specific brain
reas were studied. This underlines the disadvantage of studying
eterogenic groups of patients. By defining the exact locations
f the lesions of our patients, we were able to study the effect of
amage to specific areas in the brain on spatial working memory.
oreover, defining the sizes of the lesions in specific areas of the

rain enabled us to calculate correlations between the extent of
amage and performance on the working memory tasks. This is
n even more accurate measure, since impairments are expected
o be larger when more tissue is damaged. Additionally, this
artly resolves the problem of overlap of lesion sites in patients.
hat is, patients can have a lesion that involves more than one

arget area. In the current study this problem was limited, since
nly four patients had damage to two target areas, and one patient
ad damage to three target areas. Usually damage to one of the
arget areas was significantly larger than damage to the other
arget area, which is noted in the correlations. A possible limi-
ation of the current study, however, is that MRI and CT scans
ere not made at the moment of testing. Therefore, the size of

he lesions may have changed in the period between making the
can and testing the patient or new lesions could have developed.
lthough the current study clearly underlines the importance of

xploring new methods of studying the effect of brain dam-
ge on cognitive processes such as spatial memory, it should be
oted that while the present results show clear relations between
rain areas and spatial working memory function, they should
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be studied in larger samples. In order to allow a more explorative
study of the neural correlates of spatial working memory, further
research should focus on testing larger patient groups.

In conclusion, the current study demonstrated that in partic-
ular the right DLPFC and the right PPC are involved in keeping
spatial information in memory over a short time period, as was
assessed with the Corsi Block-Tapping task. Moreover, both
right and left HF seem to have a fundamental role in maintaining
spatial information in working memory over an extended time
period, as was assessed with the between-search errors.
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