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a b s t r a c t

Present evidence suggests that medial temporal cortices subserve allocentric representation and memory,
whereas egocentric representation and memory mainly depends on inferior and superior parietal cortices.
Virtual reality environments have a major advantage for the assessment of spatial navigation and mem-
ory formation, as computer-simulated first-person environments can simulate navigation in a large-scale
space. However, virtual reality studies on allocentric memory in subjects with cortical lesions are rare, and
studies on egocentric memory are lacking. Twenty-four subjects with unilateral parietal cortex lesions
due to infarction or intracerebral haemorrhage (14 left-sided, 10 right-sided) were compared with 36
healthy matched control subjects on two virtual reality tasks affording to learn a virtual park (allocentric
memory) and a virtual maze (egocentric memory). Subjects further received a comprehensive clinical and
neuropsychological investigation, and MRI lesion assessment using T1, T2 and FLAIR sequences as well
nferior parietal cortex
recuneus

as 3D MRI volumetry at the time of the assessment. Results indicate that left- and right-sided lesioned
subjects did not differ on task performance. Compared with control subjects, subjects with parietal cortex
lesions were strongly impaired learning the virtual maze. On the other hand, performance of subjects with
parietal cortex lesions on the virtual park was entirely normal. Volumes of the right-sided precuneus of
lesioned subjects were significantly related to performance on the virtual maze, indicating better perfor-
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. Introduction

Currently, spatial navigation and memory is modelled as a
rocess supported by allocentric (i.e., world-centred) spatial repre-
entations, being independent to the observer, and egocentric (i.e.,
ody-centred) spatial representations, which relate to the body
xes (O’Keefe & Nadel, 1978). Allocentric spatial representations
nclude prominent and salient environmental features (‘places’)
hat may serve as navigationally relevant locations for the pur-
ose of spatial orientation and memory storage. On the other
and, egocentric spatial representations include the sensorimotor
epresentation of whole-body, head and gaze motion, the mental
epresentation of distance, time and number of routes that have

een travelled, and the temporo-spatial relationship of all infor-
ation.
A number of studies have reported that individuals with medial

emporal lobe damage are impaired in finding their way within
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lumes. It is concluded that parietal cortices support egocentric navigation
learning in large-scale environments.

© 2008 Elsevier Ltd. All rights reserved.

heir locomotor environment (‘topographical disorientation and
mnesia’) (Abrahams, Pickering, Polkey, & Morris, 1997; Astur,
aylor, Mamelak, Philpott, & Sutherland, 2002; De Renzi, Faglioni,
Villa, 1977; Landis, Cummings, Benson, & Palmer, 1986; Maguire,

urke, Phillips, & Staunton, 1996; Spiers, Burgess, Hartley, Vargha-
hadem, & O’Keefe, 2001b). Single case studies provided evidence

hat bilateral hippocampal lesions are associated with allocen-
ric memory impairment (Holdstock, Mayes, Cezayirli, Aggleton,

Roberts, 1999; Holdstock et al., 2000; King, Burgess, Hartley,
argha-Khadem, & O’Keefe, 2002; Maguire, Nannery, & Spiers,
006; Spiers, Burgess, Hartley, Vargha-Khadem, & O’Keefe, 2001a),
hereas other studies reported the right parahippocampal gyrus

s the common area of damage across cases (Bohbot et al., 1998;
pstein, DeYoe, Press, Rosen, & Kanwisher, 2001; Habib & Sirigu,
987; Nyffeler et al., 2005).

Topographical disorientation and amnesia were also reported in

he presence of parietal (Barrash, Damasio, Adolphs, & Tranel, 2000;
ogan, 1979; De Renzi et al., 1977; Suzuki, Yamadori, Hayakawa,
Fujii, 1998) and retrosplenial (Maguire, 2001) lesions. However,

ndividuals with topographical disorientation or amnesia vary with
espect to specific spatial deficits (Aguirre & D’Esposito, 1999).

http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:eirle@gwdg.de
dx.doi.org/10.1016/j.neuropsychologia.2008.08.018
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ilateral parietal lesions seem to be frequently related to a form of
gocentric disorientation or amnesia, implying deficits to localize
isual space, to orientate properly towards objects in space, to track
nd reach objects in space, or to form new topographical memories
Cogan, 1979; Kase, Troncoso, Court, Tapia, & Mohr, 1977; Levine,

arach, & Farah, 1985; Stark, Coslett, & Saffran, 1996; Wilson et
l., 2005). Functional imaging studies frequently reported pari-
tal cortex activations in topographic navigation tasks, although
o a larger degree in tasks demanding position judgments when
ompared with tasks demanding landmark recognition (Aguirre &
’Esposito, 1997; Aguirre, Detre, Alsop, & D’Esposito, 1996; Burgess,
aguire, Spiers, & O’Keefe, 2001; Epstein, Graham, & Downing,

003; Maguire, Frackowiak, & Frith, 1997).
So far, the majority of studies investigating topographical ori-

ntation and memory in individuals with brain damage relied on
linical descriptions, or used traditional neuropsychological paper
nd pencil tests. More recently, studies tried to assess topograph-
cal learning using complex real life surroundings (Barrash et al.,
000; Bohbot et al., 1998; Epstein et al., 2001; Maguire et al., 1996).
he development of virtual reality technology has brought a major
rogress to the study of spatial navigation and memory. Virtual
ealities have a major advantage for the assessment of spatial navi-
ation and memory formation, as computer-simulated first-person
nvironments can simulate navigation in a large-scale space. There
re now a large number of studies investigating allocentric mem-
ry in healthy individuals using virtual reality environments and
unctional imaging (e.g., Aguirre & D’Esposito, 1997; Aguirre et al.,
996; Burgess et al., 2001; Iaria, Petrides, Dagher, Pike, & Bohbot,
003). However, studies on egocentric representation and memory
f visual space using virtual reality environments are lacking.

In the present study, we studied neuropsychological and vir-
ual reality task performance of 24 subjects with unilateral parietal
ortex lesions due to infarction or haemorrhage and 36 healthy
omparison subjects. Two virtual reality tasks affording the nav-
gation in a virtual park (allocentric memory) and a virtual maze
egocentric memory) were applied. The goals of our study were (a)
o test the suitability of virtual reality environments for the assess-

ent of spatial memory in subjects with cortical lesions, (b) to
ssess whether subjects with parietal cortex lesions are impaired in
earning the virtual maze, (c) to assess whether subjects with pari-
tal cortex lesions are impaired in learning the virtual park, and
d) to analyse whether lesion characteristics such as size, laterality,
nd the exact location of lesions are related to virtual reality task
erformance of subjects with parietal cortex lesions.

. Methods

.1. Participants

.1.1. Subjects with parietal cortex lesions
The study group comprised 24 subjects with focal parietal cortex lesions (14

eft-sided, 10 right-sided), due to infarction or intracerebral haemorrhage within the
erritory of the medial cerebral artery (Tables 1 and 2). Screening the MRT records
f the neurological department of the University of Göttingen identified subjects.
ubjects older than 70 years, with a native tongue other than German, or with a
istory of psychiatric or other neurological disease were excluded. Only subjects
ith lesions covering substantial parts of the parietal cortex were included. Subjects
ere assessed at least 12 months after onset of clinical symptoms.

.1.2. Healthy controls

Subjects with parietal cortex lesions were compared with 36 healthy control

ubjects recruited for the study by an advertisement in a local newspaper (Table 1).
nly subjects without a history of neurological or psychiatric disorder were studied.
ubjects were paid for their participation and matched subjects with parietal cortex
esions in terms of age, sex, and years of education.

After complete description of the study to the subjects informed written consent
as obtained. The Ethical Committee of the Medical Faculty of the University of
öttingen had approved of the study design.
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.2. Lesion analysis

.2.1. MRI acquisition and analysis
Subjects received MRI scanning using a 1.5-T Philips Gyroscan machine at the

ay of the assessment, including T1, T2 and FLAIR sequences. Scanning parame-
ers of the T1-weighted three-dimensional sequence were as follows: TE = 6.0 ms;
R = 24.0 ms; flip angle = 30◦; FOV = 256; slice plane = sagittal; matrix = 256 × 256;
lice thickness = 1.3 mm; slice number = 130; acquisition mode = three-dimensional.
olumetric analysis was done on the basis of 3D-MRIs. The images were transferred

o a computer workstation and processed using the CURRY® software (version 4.5;
eurosoft Inc., El Paso, Tex.). Images were reformatted into continuous 1-mm thick

lices. Intracranial volume and regional brain volumes were calculated with auto-
ated multistep algorithms and 3D region-growing methods that are limited by

rey value thresholds. Simultaneous 3D visualization of brain structures and man-
al tracings allowed a precise identification and delineation of regions of interest.
ll regions of interest included grey and white matter volumes.

.2.2. Parietal cortex lesion size

.2.2.1. Precuneus. The anterior border of the precuneus was defined by the post-
entral sulcus, the posterior border by the parietooccipital sulcus, the ventrolateral
oundary by the intraparietal sulcus and the inferior medial border by a line pass-

ng through the cingulate/subparietal sulcus that extended into the parietooccipital
ulcus. Manual markings were made on coronal slices by drawing a straight line
etween the intraparietal sulcus and the cingulate/subparietal sulcus and its poste-
ior extension. The resulting volume (Fig. 1) includes precuneus and related superior
arietal cortices (Brodmann areas 5, 7 and 31).

.2.2.2. Postcentral gyrus. The anterior border of the postcentral gyrus was defined
y the central sulcus. On the medial surface, a line vertical to the AC–PC line was
rawn between the central and cingulate sulcus. The posterior border was defined
y the postcentral sulcus, the ventrolateral border by the Sylvian fissure and the
nferiomedial border by the posterior cingulate sulcus. Manual markings were made
n coronal slices by drawing a straight line between the central and postcentral
ulcus. The resulting volume (Fig. 1) includes the primary somatosensory cortex
Brodmann areas 1–3).

.2.2.3. Inferior parietal cortex. The anterior border of the inferior parietal cortex
as defined by the postcentral sulcus, the dorsal border by the intraparietal sul-

us and the ventrolateral border by the Sylvian fissure. A line passing through the
ylvian fissure was extended in the same orientation posteriorly and served as post-
ylvian ventrolateral boundary. An oblique plane orientated along the length of the
arieto-occipital sulcus defined the posterior border. Manual markings were made
n coronal slices by drawing a straight line between the Sylvian fissure/post-Sylvian
oundary and the intraparietal sulcus. The resulting volume (Fig. 1) includes the
upramarginal and angular gyri (Brodmann areas 39 and 40).

In a previous study (Irle, Lange, Weniger, & Sachsse, 2007), sufficient intrarater
nd interrater reliabilities have been obtained. The intraclass correlation coeffi-
ients for this procedure were r = 0.99 (intrarater) and r = 0.95 (interrater) for the
recuneus, r = 0.99 (intrarater) and r = 0.98 (interrater) for the postcentral gyrus and
= 0.96 (intrarater) and r = 0.93 (interrater) for the inferior parietal cortex.

.2.3. Parietal cortex lesion localization
Lesion territories were localized by one of us (E.I.) who was unaware of the

esults of the behavioural assessments. MR scans of the present assessment as well as
R and CT scans obtained at the time of the insult were used for lesion localization.

esion areas were mapped onto appropriate atlas templates (Talairach & Tournoux,
988), and involvement of cortical (Brodmann areas) as well as subcortical regions
as assessed. Table 2 summarizes lesioned cortical areas for individual subjects, and

ives the Talairach coordinates of the lesion centre. In three subjects with parietal
ortex lesions, the T1-weighted three-dimensional sequence could not be obtained.
arietal cortex size reduction in these subjects (Table 2) was estimated by calculating
reas covered by the lesion in each slice using a standard grid, and by summing up
hese areas across slices.

.3. Neuropsychological assessment

Subjects received a comprehensive neuropsychological assessment of intel-
ectual, attentional and mnemonic performance with special emphasis on spatial
unctioning. A short form of the Wechsler Adult Intelligence Scale-Revised (WAIS-
) (Tewes, 1991) was given to derive an estimate of general intellectual capacity.
emory was assessed with the Wechsler Memory Scale-Revised (WMS-R) (Wechsler,

987). Spatial performance was assessed with four subtests (dot counting, posi-

ion discrimination, number location, and cube analysis) of the German version
f the Visual Object and Space Perception Battery (VOSP; Beckers & Canavan, 1992;
arrington & James, 1991), one subtest (remembering a short route, immediate) of

he Rivermead Behavioural Memory Test (RBMT; Wilson, Cockburn, & Baddeley, 1992),
nd one subtest (city map) of the Lern-und Gedächtnistest-3 (LGT-3; Bäumler, 1974),
hich affords to memorize a complex route marked on a city map. Subjects had
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Table 1
Demographic and clinical characteristics of all subjects

Characteristic Subjects with left-sided parietal
cortex lesions (n = 14)

Subjects with right-sided
parietal cortex lesions (n = 10)

Control subjects
(n = 36)

Statistic P

Age (years) 59 ± 9 59 ± 11 58 ± 9 �2 = 0.20 0.931a

Education (years) 9.3 ± 1.3 9.3 ± 2.3 9.6 ± 1.7 �2 = 0.52 0.771a

Handedness, right:left 10:4 8:2 32:2 0.077b

Sex, female:male 5:9 5:5 17:19 0.761b

Lesion aetiology, ischemia:haemorrhage 13:1 8:2 0.550b

Duration since symptom onset (mo) 21 ± 8 19 ± 10 U = 45.5 0.393c

Intracranial volume (ml) 1482 ± 99 1464 ± 103 1499 ± 141 �2 = 0.54 0.764a

Left precuneus volume (ml) 24 ± 7d 24 ± 5d 30 ± 7 T(2) = 10.16 0.006e

Left postcentral gyrus volume (ml) 13 ± 3d 15 ± 3f 16 ± 3 T(2) = 7.17 0.028e

Left inferior parietal cortex volume (ml) 22 ± 3 23 ± 5 24 ± 6 T(2) = 2.85 0.240e

Right precuneus volume (ml) 26 ± 9 25 ± 5 31 ± 8 T(2) = 4.32 0.115e

Right postcentral gyrus volume (ml) 14 ± 2 13 ± 2d 16 ± 2 T(2) = 14.28 0.001e

Right inferior parietal cortex volume (ml) 25 ± 5 19 ± 4d,f 25 ± 6 T(2) = 11.85 0.003e

WAIS-R, verbal IQ 107 ± 13g 107 ± 22 119 ± 13 �2 = 9.09 0.011a

WAIS-R, performance IQ 115 ± 18g 112 ± 11g 126 ± 18 �2 = 6.85 0.032a

WMS-R, verbal memory 99 ± 21g 110 ± 21 118 ± 14 �2 = 8.76 0.013a

WMS-R, visual memory 113 ± 11g 113 ± 14g 123 ± 12 �2 = 10.03 0.007a

WMS-R, delayed recall 107 ± 15g 115 ± 12g 124 ± 16 �2 = 13.11 0.001a

WMS-R, attention/concentration 84 ± 16g 92 ± 18 98 ± 12 �2 = 9.82 0.007a

VOSP, dot counting 9.8 ± 0.4 9.9 ± 0.3 9.9 ± 0.2 �2 = 2.66 0.265a

VOSP, position discrimination 19.1 ± 1.4 19.9 ± 0.3 19.7 ± 0.8 �2 = 4.21 0.122a

VOSP, number location 9.5 ± 0.7 9.4 ± 1.1 9.4 ± 1.5 �2 = 1.55 0.460a

VOSP, cube analysis 9.1 ± 1.2 9.8 ± 0.4 9.6 ± 0.9 �2 = 4.25 0.119a

Block Design (WAIS-R) 10 ± 2g 10 ± 2 12 ± 3 �2 = 8.15 0.017a

Rivermead behavioural memory test
Remembering a short route, immediate 4.8 ± 0.4 4.9 ± 0.3 4.9 ± 0.3 �2 = 0.19 0.911a

Lern-und Gedächtnistest, City map 14.8 ± 4.2 15.3 ± 4.0 15.4 ± 5.6 �2 = 0.57 0.753a

Virtual reality tasks
Virtual park, errors 12.4 ± 6.9 11.7 ± 6.2 11.9 ± 7.3 �2 = 0.12 0.940a

Virtual maze, errors 24.7 ± 7.7g 25.6 ± 6.2g 17.3 ± 9.7 �2 = 10.82 0.004a

Table values are mean ± S.D. unless indicated otherwise. Significant differences are given in boldface type. WAIS-R: Wechsler Adult Intelligence Scale-Revised, Verbal IQ
estimates were derived from Information and Similarities, Performance IQ estimates from Picture Completion and Block Design Scores; WMS-R: Wechsler Memory Scale-
Revised; VOSP: visual object and space perception battery.

a Kruskal–Wallis one-way ANOVA.
b Fisher’s exact test (two-tailed).
c Mann–Whitney U-test.
d -type
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Significantly different when compared with control subjects (one-way ANCOVA
e One-way ANCOVA-type statistic adjusting for intracranial volume.
f Significantly different when compared with subjects with left-sided lesions (on
g Significantly different when compared with control subjects (Mann–Whitney U

o reproduce this route about 20 min later on a similar plan. As a screening instru-
ent for the assessment of spatial inattention or neglect the subtest ‘neglect’ of

he computer-driven Testbatterie zur Aufmerksamkeitsprüfung (TAP; Zimmermann &
imm, 1993) was used. This test affords subjects to detect stimuli in various locations
n the screen while fixating a central target.

.4. Virtual reality tasks

The virtual reality environments were realized using previously described tech-
iques (Weniger & Irle, 2006). The environments were three-dimensional, fully
oloured and textured and presented a first-person view. The tasks were presented
n a 21-in. screen. Subjects controlled their movements with a joystick. Prior to the
asks, subjects underwent a training session in a similar virtual reality environment.
here were two virtual reality tasks (virtual park, virtual maze) each replicated five
imes. The order of the tasks was alternated between subjects.

.4.1. Virtual park and virtual maze
The virtual park environment (Fig. 2c and d) comprised nine points of two-

ay intersection and 11 cul-de-sacs. Each cul-de-sac contained a pot, but only one

ot contained money. Subjects were instructed to find the shortest way to the pot
ith money in it. Landmarks (house, garden, car, tree, lake, river, bridge, playground,
ountain, etc.) were spread throughout the environment, allowing subjects to learn

outes based solely on these landmarks. The virtual maze environment (Fig. 2a and
) comprised six points of two-way intersection and seven cul-de-sacs containing
ots, from which one contained money. The maze consisted of brick walls, a similarly
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statistic adjusting for intracranial volume; P < 0.05).

ANCOVA-type statistic adjusting for intracranial volume; P < 0.05).
P < 0.05).

oloured floor and a blue sky. All intersections appeared identical when approached
rom different directions. As the maze did not include any landmarks, egocentric
avigation strategies were necessary to solve the task.

In each trial of the virtual park and the virtual maze, subjects started at the same
ocation and then had to find the target that remained in the same location across
rials. Subjects were not able to see the target or the survey perspective (cf. Fig. 2a
nd c) from the starting position or from other vantage points in the environments.

.4.2. Data analysis
Subjects learning performance was characterized by the number of errors (vis-

ting a pot not containing money) committed across trials of the virtual park and
he virtual maze, respectively. After finishing the task, subjects completed a ques-
ionnaire indicating what kind of navigation strategies they used in the virtual park
storage of landmarks, or egocentric cues, or survey perspective) and the virtual

aze (storage of egocentric cues or survey perspective), respectively. The ques-
ions described the specific navigation strategies and required a yes/no answer. For
xample, subjects were asked whether they used landmarks like mountain, house,
ridge etc. to find their way to the goal (storage of landmarks), whether they tried
o construct a kind of map of the virtual environment in their mind (survey per-

pective), or whether they tried to memorize their imagined head, body and gaze
otion at different decisions or time points of the virtual environments (egocentric

ues). Subjects were also given the opportunity to describe their navigation strate-
ies in a free field response and were given oral support, since egocentric strategies
re likely to be stored in an implicit manner (Weniger & Irle, 2008), requiring a
ree field format to translate them into verbal frames of memory. Possible side
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Table 2
Lesion characteristics and virtual reality performance of subjects with parietal cortex lesions

Subject
number

Lesion
side

Lesion characteristics Virtual reality performance

Cortical areas with lesions
(Brodmann areas, BA)a

Lesion centre (Talairach coordinates) Precuneus size
reduction (BA 5, 7, 31)b

Postcentral gyrus size
reduction (BA 1–3)b

Inferior parietal size
reduction (BA 39, 40)b

Virtual park:
total errors

Virtual maze:
total errors

X Y Z

297 Left 1–3, 5, 7, 31, 40 −22 −36 43 43 5 0 22 33
090c Left 1–3, 4, 7, 13, 40, 41 −46 −23 26 37 2 26 3 12
270 Left 1–3, 4, 5, 7, 40 −35 −30 35 32 13 13 11 16
103 Left 1–3, 4, 5, 7, 40 −26 −31 39 16 14 10 25 26
258 Left 1–3, 4, 6, 13, 40 −32 −16 33 0 12 26 7 31
239c Left 7, 39, 40 −39 −27 34 14 0 38 17 22
298 Left 13, 22, 39, 40 −50 −40 30 12 4 11 14 17
236 Left 13, 18, 19, 22, 39, 40 −49 −44 30 0 17 40 4 16
099 Left 1–3, 4, 6, 7, 40, 44 −41 −8 35 14 46 42 3 21
205 Left 1–3, 7 −34 −29 54 18 0 0 18 30
094 Left 1–3, 4, 6, 7, 40 −36 −10 38 6 31 0 14 23
299 Left 1–3, 7, 40 −28 −37 32 6 16 4 8 35
311c Left 1–3, 4, 6, 13, 22 −45 −22 25 0 6 0 13 35
108c Left 1–3, 40 −37 −25 50 0 6 12 15 29
288 Right 1–3, 4, 6, 7, 40 40 −26 30 0 33 34 11 21
096c Right 1–3, 5, 7 22 −34 51 16 0 0 19 27
104 Right 1–3, 4, 5, 6, 7 30 −13 49 25 23 0 0 31
254 Right 1–3, 4, 6 36 −15 43 0 42 0 19 24
294 Right 1–3, 13, 22, 40 47 −22 25 0 0 21 13 28
133 Right 1–3, 7, 40 25 −32 40 0 35 17 7 15
324 Right 1–3, 13, 22, 39, 40 45 −39 24 0 18 23 16 34
112c Right 1–3, 4 32 −25 37 0 17 0 5 30
114c Right 5, 7, 39, 40 34 −27 35 0 0 26 11 17
241 Right 7, 13, 22, 39, 40 38 −48 33 19 8 47 16 29

a Areas with substantial lesions are given in boldface type.
b Percentage of volume reduction in the lesioned compared with the non-lesioned hemisphere.
c Subcortical lacunar lesions.
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ig. 1. Boundaries defining the inferior parietal cortex (1), precuneus (2) and postce
abelled with black lines. A = posterior extension of the line passing through the Sy
he central and cingulate sulcus serving as anteriomedial boundary.

ffects like nausea, disorientation or oculomotor symptoms were assessed with
he Simulator Sickness Questionnaire (SSQ; Kennedy, Lane, Berbaum, & Lilienthal,
993). Subjects were further asked to rate their spatial abilities in every day life
on a five-point scale), and to describe their present experience with comput-
rs.

.5. Statistical analysis

Kruskal–Wallis one-way analyses of variance (ANOVA) and Mann–Whitney U-
ests were applied to compare differences between groups on demographic, clinical
nd neuropsychological variables, and on intracranial volume. Regional brain vol-
mes of lesioned subgroups and control subjects were compared by non-parametric
nalyses of covariance (ANCOVA) (Brunner, Domhof, & Langer, 2002) adjusting for
ntracranial volume. Frequencies were compared using the exact test of Fisher. Per-

ormance on the virtual reality tasks was analysed by ANOVAs comparing errors of
ubjects with parietal cortex lesions and controls across tasks and trials. Multivari-
te comparisons with small sample sizes were performed using a non-parametric
ersion of the classical mixed model (Brunner et al., 2002). Regression analyses were
sed to examine the relationship between regional brain volumes and virtual reality
ask performance.

a
a
o

s

ig. 2. Grey scale rendering of subject view (a and c) and aerial view (b and d) of the virtu
For interpretation of the references to colour in this figure legend, the reader is referred
yrus (3) on the lateral (left) and medial (right) brain surface. Sulcal boundaries are
fissure serving as post-Sylvian ventrolateral boundary. B = vertical line connecting

All analyses were two-tailed, and the alpha was defined at 0.05. Statistical com-
utations were performed using the Statistical Analysis System (SAS for Windows,
ersion 8.02; non-parametric ANOVAs and ANCOVAs: http//www.ams.med.uni-
oettingen.de/de/sof/ld/makros.html) and the Statistical Package for the Social
ciences (SPSS for Windows, Version 14.0).

. Results

.1. General

Parietal cortex lesioned subjects and control subjects did not
iffer on age, education, handedness, and sex (Table 1). Left-sided

nd right-sided lesioned subjects did not differ regarding lesion
etiology and regarding the time that had elapsed since the onset
f clinical symptoms.

At the time of the present assessment, residual neurological
ymptoms included weakness or uncoordination (subject nos. 99,

al maze (a and b) and the virtual park (c and d). Actual stimuli were in full colour.
to the web version of the article.)
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08, 239, 258, 288 and 324) and hypaesthesia (nos. 103, 112 and
33). Two subjects developed symptomatic epilepsy (no. 114: focal
ensory seizures; no. 298: secondary generalized seizures). One
ubject (no. 96) presented with mild ataxia and vertigo. Three sub-
ects (nos. 94, 288 and 324) showed symptoms of depression at the
ime of the assessment.

Two subjects (nos. 94 and 298) with left-sided lesions per-
ormed on the subtest ‘neglect’ (TAP) with >2 < 10 omissions in the
eft and right hemifield, respectively. However, neglect could not
e clinically confirmed in these subjects. None of the other subjects
howed signs of neglect on the ‘neglect’ subtest of the TAP. None of
he subjects suffered from apraxia, aphasia, agnosia, or optic ataxia
t the time of the assessment.

.2. Anatomical results

Lesion localization (see Section 2.2.3) confirmed substantial
arietal cortex lesions in all subjects. Eight subjects presented
ith side damage to the temporal cortex (insula, superior tem-
oral gyrus) (subject nos. 90, 258, 298, 236, 311, 294, 324, 241),
nd 11 subjects with side damage to the frontal cortex (premotor,
otor cortex) (nos. 90, 270, 103, 258, 99, 94, 311, 288, 104, 254 and

12). Seven subjects showed subcortical lacunar lesions in the stria-
um, thalamus or brain stem (nos. 90, 239, 311, 108, 96, 112 and
14). Details of lesioned areas for each subject can be seen from
able 2.

Lesioned subjects did not display white matter hyperintensities
WMHs) according to a three-point scale (normal, focal, conflu-
nt) adapted from Fazekas, Chawluk, Alavi, Hurtig, and Zimmerman
1987), except for three subjects (nos. 96, 108 and 239) presenting
ith some focal changes. Mild global cerebral atrophy was observed

n two subjects (nos. 94 and 297).
Volumes of left- and right-sided precuneus, postcentral gyrus

nd inferior parietal cortex (see Section 2.2.2), and intracranial vol-
mes are summarized in Table 1. Intracranial volumes of lesioned
nd control subjects did not differ significantly. Left-sided lesioned
ubjects had smaller volumes of the left precuneus and postcen-
ral gyrus than controls, and right-sided lesioned subjects had
maller volumes of the right postcentral gyrus and inferior parietal
ortex, and left precuneus than controls. Comparisons regarding
ight precuneus and left inferior parietal cortex were not signifi-
ant.

.3. Neuropsychological results

Subjects with left-sided parietal cortex lesions did not dif-
er from subjects with right-sided parietal cortex lesions on any
europsychological measure (Table 1). However, both left-sided
nd right-sided lesioned subjects showed impaired performance
n the WAIS-R when compared with control subjects. Memory
erformance as assessed with the WMS-R was also impaired

n both groups of subjects, however, subjects with left-sided
esions showed somewhat stronger impairments than subjects

ith right-sided lesions on Verbal Memory, Delayed Recall and Atten-
ion/Concentration (Table 1).

Left- and right-sided lesioned subjects did not differ from con-
rols on the four spatial perceptional subtest of the VOSP (cp.
able 1). Three lesioned and two control subjects performed below
he 5% cut off score on one of the four subtests, respectively.
esioned subjects were also unimpaired on the immediate recall

f the subtest ‘remembering a short route’ of the RBMT (Table 1).
he majority of subjects performed with five points (maximum
erformance). Two left-sided, one right-sided lesioned, and three
ontrol subjects performed with four points (borderline perfor-
ance). Results on the LGT-3 (remembering a complex route on a

c
a
e
s
a

ig. 3. Errors performed in the virtual park and virtual maze. Horizontal lines indi-
ate group means and standard deviations. (�) Subjects with parietal cortex lesions;
�) control subjects; (#) significant difference (P < 0.001) between groups.

ity map) were also normal. Only three subjects with left- (no. 297)
r right-sided (nos. 241 and 254) lesions performed more than 1
D below the mean of the control sample.

.4. Virtual reality task performance

All lesioned and control subjects succeeded in navigating within
he virtual environments, and none of them experienced side
ffects (i.e., simulator sickness). Lesioned and control subjects
id not differ on ratings of their every day spatial navigational
ompetence (P = >0.70) and on their experience with computers
P = >0.60). Lesioned as well as control subjects did not display sex
ifferences on virtual maze or virtual park performance (U-tests;
-values > 0.60).

.4.1. Effects of lesion laterality
A non-parametric 2 (hemisphere) × 2 (task) × 5 (trial) ANOVA

omparing the errors committed by subjects with left-sided (n = 14)
nd right-sided (n = 10) parietal cortex lesions across the five trials
n the virtual park and the virtual maze revealed significant effects
f task (QF(1) = 58.62; P < 0.001), trial (QF(3.35) = 12.46; P < 0.001),
nd task × trial (QF(3.19) = 13.70; P < 0.001). The effect of hemisphere
as not significant, as was true for the hemisphere × task, hemi-

phere × trial and hemisphere × task × trial interaction. Therefore,
ubjects with left- and right-sided lesions were combined for fur-
her analyses into one group.

.4.2. Comparison of subjects with parietal cortex lesions and
ontrols across both tasks

The overall 2 (group) × 2 (task) × 5 (trial) ANOVA comparing
he errors committed by subjects with parietal cortex lesions
n = 24) and controls (n = 36) across the five trials in the vir-
ual park and the virtual maze revealed significant effects of
roup (F(1) = 6.96; P = 0.011), task (F(1) = 40.81; P < 0.001) and trial
F(4) = 43.62; P < 0.001), and a significant group × task (F(1) = 6.95;
= 0.011) (cp. Fig. 3), group × trial (F(4) = 5.49; P < 0.001) and

ask × trial (F(4) = 20.46; P < 0.001) interaction. Post hoc analyses
evealed that subjects with parietal cortex lesions were impaired
n the virtual maze (T = 3.37; P < 0.001) but not on the virtual
ark (T = 0.113; P > 0.90). Both lesioned (F(1) = 33.02; P < 0.001) and
ontrol subjects (F(1) = 32.00; P < 0.001) significantly improved

cross trials in the virtual park. On the virtual maze, how-
ver, only control subjects (F(1) = 8.74; P < 0.001) but not lesioned
ubjects (F(1) = 2.36; P = 0.058) significantly improved across tri-
ls.
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ig. 4. Errors performed across the five trials administered in the virtual maze.
roup means and standard errors are given. (�) Subjects with parietal cortex lesions;
�) control subjects; (#) significant difference (P < 0.010) between groups.

.4.3. Virtual maze
A 2 (group) × 5 (trial) ANOVA comparing the errors committed

y lesioned subjects and controls across the five trials of the virtual
aze revealed a significant effect of group (F(1) = 11.38; P = 0.001)

nd trial (F(4) = 4.88; P = 0.001), indicating worse performance of
esioned subjects compared with controls. The group × trial inter-
ction (F(4) = 5.10; P = 0.001) was also significant, indicating less
earning progress across trials of lesioned subjects compared with
ontrols (Fig. 4).

.4.4. Virtual park
A 2 (group) × 5 (trial) ANOVA comparing the errors committed

y lesioned subjects and controls across the five trials of the virtual
ark revealed a significant effect of trial (F(4) = 90.40; P < 0.001),

ndicating a significant learning progress of both groups across tri-
ls. The effect of group and the group × trial interaction was not
ignificant, demonstrating similar performance of lesioned subjects
nd controls (Fig. 5).

.4.5. Navigation strategies

In the virtual park, the majority of subjects reported to have

emorized landmarks (controls: 79%; subjects with lesions: 67%),
ollowed by memorizing a survey perspective (26%; 13%) or ego-
entric cues (18%; 17%). None of the controls, and 8% of lesioned
ubjects reported no specific strategy. In the virtual maze, the

ig. 5. Errors performed across the five trials administered in the virtual park. Group
eans and standard errors are given. (�) Subjects with parietal cortex lesions; (�)

ontrol subjects.
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ig. 6. Relationship between right precuneus volume and errors performed in the
irtual maze of subjects with parietal cortex lesions. (�) Subjects with right-sided
arietal cortex lesions; (�) subjects with left-sided parietal cortex lesions.

ajority of subjects reported to have memorized egocentric cues
controls: 71%; lesioned subjects: 46%), and only some reported to
ave memorized the survey perspective (9%; 13%). However, 24% of
he control subjects and 42% of the lesioned subjects reported that
hey did not use a specific navigation strategy. None of our study
ubjects reported to have verbalized a sequence of left and right
urns.

Subjects with lesions did not differ significantly from control
ubjects on the navigation strategies used for each task (Fisher’s
xact test; Ps > 0.20). The same is true when the use of any strat-
gy vs. the use of no strategy was compared (Fisher’s exact test;
s > 0.16). The amount of errors committed by control subjects in
he virtual park and the virtual maze did not differ depending on
he navigational strategies used (Kruskal–Wallis one-way ANOVAs;
s > 0.60). The same is true for subjects with parietal cortex lesions
Ps > 0.40).

.5. Influence of specific parietal cortex volumes on spatial
erformance

The volumes of left- and right-sided precuneus, postcentral
yrus and inferior parietal cortex of subjects with parietal cortex
esions were entered into multiple regression analyses (method:
tepwise; significance level for selecting variables: ˛ = 0.05).
ntracranial volume was entered as a further predictor to control for
remorbid global brain size. Considering virtual maze performance,
he volumes of the right-sided precuneus (R2 = 0.22, P = 0.010) sig-
ificantly predicted task performance (cf. Fig. 6), and the addition of
he other variables did not significantly improve the prediction. All
ther regression models with the same predictors and virtual park
erformance, or performance on the VOSP, LGT-3, RBMT, WMS-R or
AIS-R as dependent variables were not significant.

.6. Influence of specific lesion locations on virtual task
erformance

Subjects with lesions covering the intraparietal sulcus (n = 8;

os. 297, 270, 103, 239, 94, 288, 114 and 241) did not differ on vir-
ual maze performance from subjects without such lesions (n = 16)
23 ± 6 errors vs. 27 ± 7 errors; U = 40.0; P = 0.213).

Subjects with side damage to the temporal cortex (insula, supe-
ior temporal gyrus) (n = 8; see Section 3.2 and Table 2) did not differ
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n virtual maze performance from subjects without such lesions
n = 16) (25 ± 9 vs. 25 ± 6; U = 59.5, P = 0.787). The same is true for
ubjects with side damage to the frontal cortex (premotor, motor
ortex) (n = 11), which did not differ from subjects without such
esions (n = 13) (25 ± 7 vs. 26 ± 7; U = 66.5, P = 0.776).

White matter hyperintensities (WMHs; n = 3; see Section 3.2) or
ubcortical lacunar lesions (n = 7) were also not related to specific
mpairments on the virtual maze (WMHs: 26 ± 4 vs. 25 ± 7; U = 28.5,
= 0.898; lacunar lesions: 25 ± 8 vs. 25 ± 7; U = 57.0, P = 0.901).

.7. Influence of neurological and neuropsychological deficits on
irtual task performance

Eleven lesioned subjects presented with residual neurological
ymptoms at the time of the assessment (see Section 3.1). How-
ver, performance on the virtual maze did not differ between these
ubjects and lesioned subjects without residual neurological symp-
oms (n = 13) (24 ± 6 vs. 26 ± 8; U = 57.5, P = 0.424).

Two subjects with left-sided lesions (nos. 94 and 298) presented
ith omissions on the ‘neglect’ subtest of the TAP (see Section 3.1).
owever, these subjects performed with fewer errors on the virtual
aze when compared to the average performance of subjects with

arietal cortex lesions (cp. Tables 1 and 2).
In order to assess a possible influence of subclinical hemi-

nattention or neglect on virtual task performance, we compared
he frequency of subjects’ left and right turns on the first trial of
oth tasks, respectively. Each three control subjects turned either
nly left or only right on the first trial of the virtual maze, and two
urther control subjects turned only left on the first trial of the vir-
ual park. One subject with a right-sided lesion (no. 294) made only
ight turns on the first trial of the virtual maze. The average number
f left and right turns of control subjects (virtual park, left turns:
± 3, right turns: 5 ± 3; virtual maze, left turns: 4 ± 3, right turns:
± 2), subjects with left-sided lesions (virtual park, left turns: 6 ± 2,

ight turns: 5 ± 2; virtual maze, left turns: 4 ± 1, right turns: 5 ± 2)
nd subjects with right-sided lesions (virtual park, left turns: 4 ± 2,
ight turns: 5 ± 2; virtual maze, left turns: 4 ± 3, right turns: 5 ± 2)
id not differ significantly (Kruskal–Wallis one-way ANOVAs; �2

etween 0.10 and 2.31, P-values between 0.315 and 0.952).
Seven 2 (group) × 5 (trial) ANCOVAs were performed, com-

aring the errors committed by lesioned subjects and controls
n the virtual maze and Verbal IQ, Performance IQ, Block design
WAIS-R), Verbal Memory, Visual Memory, Delayed Recall and
ttention/Concentration (WMS-R) as covariates, respectively. After
artialing out the respective covariate, the factor group remained
lways significant (F-values between 4.739 and 8.403; Ps < 0.05).

. Discussion

.1. Suitability of virtual reality environments for investigating
patial memory in subjects with cortical lesions

Our results demonstrate the suitability of virtual reality environ-
ents for the study of spatial navigation and memory in subjects
ith cortical lesions. Virtual realities have a major advantage for the

ssessment of spatial memory formation, as computer-simulated
rst-person environments can simulate navigation in a large-scale
pace. The results of our study further demonstrate that assess-
ent of spatial functions in virtual realities yields sensitive and
pecific results. Our subjects presented with focal and unilateral
esions, leading to an unimpaired behaviour on several traditional
europsychological spatial tests (VOSP, LGT-3, RBMT). However,
ubjects were strongly impaired in the virtual maze and unimpaired
n the virtual park, lending support to the idea that spatial memory

(
2
A
(
v

ologia 47 (2009) 59–69

s subserved by separable ventral and dorsal cortical areas (Aguirre
D’Esposito, 1997; Burgess et al., 2001).
All of our subjects succeeded in navigating within the virtual

nvironments. The majority of subjects reported to have used allo-
entric navigation strategies in the virtual park, and egocentric
avigation strategies in the virtual maze. None of our subjects
xperienced side effects (‘simulator sickness’). We have already
emonstrated that normal volunteers (Kesztyues et al., 2000;
eniger et al., submitted for publication), individuals with tem-

oral lobe epilepsy (Weniger & Irle, 2006) and individuals with
chizophrenia (Weniger & Irle, 2008) succeed to navigate in the
ame virtual reality environments as used in the present study, and
hat none of them experienced simulator sickness.

So far, only few studies used virtual reality environments to
ssess spatial mnemonic functions of individuals with medial tem-
oral lobe damage (Astur et al., 2002; King et al., 2002; Maguire et
l., 2006; Spiers et al., 2001a, 2001b), or to improve spatial func-
ions in subjects with unilateral neglect (Ansuini, Pierno, Lusher,

Castiello, 2006; Castiello, Lusher, Burton, Glover, & Disler, 2004;
lover & Castiello, 2006). The vast progress of computer technolo-
ies now offers practical and economical opportunities to assess
patial memory and cognition of clinical samples by using virtual
eality paradigms.

.2. Impaired egocentric memory after parietal cortex lesions

Our results demonstrate a strong impairment of subjects with
arietal cortex lesions to learn their way in a virtual maze lack-

ng any topographical landmarks (Figs. 3 and 4). To our knowledge,
he present study is the first to investigate egocentric learning and

emory storage in a virtual maze and to test the effects of pari-
tal cortex lesions on task performance. Egocentric memory deficits
f subjects with parietal cortex lesions could not be explained by
ure navigational deficits, as they were similarly efficient as control
ubjects to navigate within the virtual park.

Our subjects with parietal cortex lesions presented also with
ome general memory problems (as assessed with the WMS-R; cp.
able 1). Our finding of a role of the parietal cortex for egocentric
patial memory thus adds to the many other parietal lobe contribu-
ions to human memory, as more recently highlighted in lesion and
unctional imaging studies (for review see Cabeza, 2008; Cavanna

Trimble, 2006; Ciaramelli, Grady, & Moscovitch, 2008; Vilberg &
ugg, 2008).

The present results are supported by a recent fMRI study
Weniger et al., submitted for publication) that applied the same
irtual maze as used in the present study in healthy volunteers. Dur-
ng learning the maze, we found activity increases within the most
osterior temporal lobe, along the parieto-occipital sulcus (includ-

ng the precuneus), in the postcentral gyrus and the retrosplenial
ortex. Activity changes were bilateral, but more pronounced on
he right side.

Currently, spatial representation is modelled as a process
upported by a network of cerebral cortical regions. Whereas
llocentric representation of spatial context is considered to
rincipally depend on medial temporal cortices, posterior and
edial parietal cortices are thought to provide the representation

nd encoding of egocentric coordinates. Lesion studies using rats
nd monkeys have suggested that posterior parietal cortices are
nvolved in the encoding and long-term retention of kinaesthetic
nformation playing an important role in spatial learning tasks

McDaniel et al., 1995; Quintana & Fuster, 1993; Rogers & Kesner,
006; Save & Moghaddam, 1996; Save, Guazzelli, & Poucet, 2001).
recent study on patients with right middle cerebral artery stroke

Grimsen, Hildebrandt, & Fahle, 2008) suggests that egocentric
isual search deficits are associated with fronto-parietal lesions,
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hereas allocentric search deficits are rather related to ventral
emporal lesion sites.

However, it must be kept in mind that the virtual reality
asks used in the present study are not pure egocentric or allo-
entric tasks. In every day practice, conjoint usage of allocentric
nd egocentric information in spatial navigation and learning
s likely (Burgess, 2006). This applies also to large-scale virtual
nvironments being used for the investigation of spatial naviga-
ion and learning. Even if a virtual environment is specifically
esigned to assess allocentric processing, a person may learn to
avigate within this environment by using egocentric informa-
ion instead of the provided objects and landmarks. Vice versa, a
irtual maze might be solved by constructing a survey perspec-
ive, which is an allocentric frame of memory. However, most of
ur subjects reported to have memorized egocentric cues. Fur-
hermore, subjects were forced to learn the maze by egocentric
ues, because the maze did not contain any landmarks and all
ntersections appeared identical when approached from different
irections. Translation of egocentric memories into a survey per-
pective of the maze should be possible only in later trials of
he task, when most or the entire maze has already been stored
n an egocentric frame of memory. Thus, we think it justified
ssuming that the virtual maze impairments or our parietal cor-
ex lesioned subjects were predominantly caused by egocentric

emory deficits.

.3. Preserved allocentric memory after parietal cortex lesions

In contrast to the results of the virtual maze, subjects with
arietal cortex lesions were unimpaired on the virtual park
Figs. 3 and 5). We are not aware of previous studies investigat-
ng allocentric navigation and memory storage of subjects with
arietal cortex lesions in a virtual park. So far, only few studies

nvestigated allocentric memory of individuals with medial tempo-
al lobe damage by use of virtual realities, and consistently reported
mpairments in these subjects (Astur et al., 2002; King et al., 2002;

aguire et al., 2006; Spiers et al., 2001a, 2001b). Functional imaging
tudies in healthy volunteers also suggest that medial temporal cor-
ices, i.e. the hippocampus and parahippocampal cortex subserve
llocentric navigation and memory storage (Aguirre & D’Esposito,
997; Aguirre et al., 1996; Burgess et al., 2001; Epstein et al., 2003;
aria et al., 2003; Maguire et al., 1997). Thus, we assume that
he virtual park used in our study can be principally solved with
ntact medial temporal cortices. In none of our subjects lesions
ncroached upon cortices of the medial temporal lobe (see Section
.2 and Table 2).

We included two spatial memory tests (‘remembering a short
oute’ of the RBMT and ‘city plan’ of the LGT-3) in our neuropsycho-
ogical test battery. ‘Remembering a short route’ (RBMT) affords the
ubject to repeat the way the experimenter has gone through a real
nvironment (a room). The test may be classified as testing allocen-
ric memory. The rather difficult test ‘city plan’ (LGT-3) affords one
o memorize a complex route on a city plan, and to reproduce it later
n a similar plan. Memorizing allocentric survey knowledge may
est solve this test. In none of the tests we could observe consis-
ent impairments of subjects with parietal cortex lesions (Section
.3). As assumed for the virtual park, subjects with parietal cortex

esions were possibly able to solve these tests because their intact
edial temporal lobes were sufficient for normal allocentric task

erformance.
.4. Intraparietal cortex and egocentric memory

Single unit recordings in monkeys and lesion studies in mon-
eys and humans have suggested that the posterior parietal cortex

a
e
t
p
u

ologia 47 (2009) 59–69 67

round the intraparietal sulcus (bordering superior parietal BA
and inferior parietal BA 40) is involved in an eye- and head-

entred representation of visual space (Andersen, Essick, & Siegel,
985; Andersen, Bracewell, Barash, Gnadt, & Fogassi, 1990; Heide &
ömpf, 1998; Heide, Blankenburg, Zimmermann, & Kömpf, 1995;
i & Andersen, 2001; Medendorp, Goltz, Vilis, & Crawford, 2003;
ullette-Gillman, Cohen, & Groh, 2005; Ventre-Dominey & Vallee,

007), suggesting a gaze-centred updating of visual space during
patial navigation. We have analysed the lesions of our subjects
ith regard to intraparietal sulcus involvement and identified eight

ubjects. However, these subjects did not perform differentially to
ubjects without lesions of the intraparietal sulcus (see Section 3.6).

e assume that differential effects of localization subgroups possi-
ly may have been obscured by the fact that subjects with parietal
ortex lesions displayed extraordinarily strong impairments on the
irtual maze (‘floor effect’; cp. Fig. 4).

.5. Precuneus and egocentric memory

Using regression analyses, we found a significant relation-
hip between right-sided precuneus volume and performance on
he virtual maze (Fig. 6), indicating larger precuneus volumes in
arietal cortex-lesioned subjects with better performance on the
irtual maze. Other regression models using virtual park perfor-
ance or performance on the other spatial tests as dependent

ariables, were not significant (cp. Section 3.5).
Functional imaging studies have highlighted the role of medial

nd posterior parietal cortices in computing egocentric spatial
epresentations (Burgess et al., 2001; Neggers, van der Lubbe,
amsey, & Postma, 2006; Rosenbaum, Ziegler, Winocur, Grady, &
oscovitch, 2004; Spiers & Maguire, 2007), and route encoding

Janzen & Weststeijn, 2007; Shelton & Gabrieli, 2002; Wolbers,
eiller, & Büchel, 2004). The role of the precuneus may be seen

n gathering an imaginable representation of the world around and
ithin us, thus enabling a continuous perspective of the organism

elative to its environment (Gusnard & Raichle, 2001). Accordingly,
he precuneus was shown to be activated during tasks requiring
isuo-spatial and motor imagery, episodic memory retrieval, and
elf-processing operations, namely first-person perspective tak-
ng (for review see Cavanna & Trimble, 2006). Vogeley and Fink
2003) suggested from a review of the literature that the gen-
ral pattern of activation evoked by first-person perspective taking
ncludes medial parietal, inferior parietal, and medial frontal cor-
ices.

However, it must be kept in mind that functional imaging studies
nvestigating first-person perspective taking regularly demonstrate
ecruitment of the very medial aspects of the precuneus (medial
arts of BA 7, and BA 31) (for review see Cavanna & Trimble, 2006).
n the other hand, human lesion studies involving medial parietal
ortices are rare (we are aware of one case study; see Suzuki et al.,
998), as is true for the present study, in which only one subject
no. 297) presented with lesions encroaching the medial surface of
he parietal cortex (Table 2).

.6. Methodological considerations

We have carefully controlled for possible effects of general cog-
itive and mnemonic disturbance, residual neurological symptoms
nd unspecific neural lesions on virtual reality task performance of
ubjects with parietal cortex lesions, and did not find evidence for

n influence of all these factors. However, we cannot completely
xclude that these factors exerted some influence on virtual reality
ask performance. As well, lesion size and coverage (see Table 2)
retended a rigorous test of localization subgroups. Future studies
sing more homogeneous and focal lesion groups should elucidate
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he role of specific parietal cortices in egocentric representation
nd memory formation.

Specifically, it could be speculated that hemi-inattention or
eglect may have contributed to virtual task impairment of subjects
ith parietal cortex lesions. However, we consider this possibil-

ty rather unlikely for the following reasons: First, neglect could
ot be clinically confirmed in any subject, and two subjects per-

orming with omissions in the ‘neglect’ subtest of the TAP showed
irtual task performance comparable to that of other lesioned sub-
ects. Second, it seems unlikely that virtual maze performance, but
ot virtual park performance, should have been influenced by sub-
linical hemi-inattention or neglect. Third, by analysing the routes
ravelled through the virtual park and maze, we could not find evi-
ence for a left or right preference of lesioned subjects, meaning
hat subjects most probably explored the left and right hemifield
f the virtual environments equally. Nevertheless, future studies
hould record gaze direction and saccades of subjects with parietal
ortex lesions in order to elucidate perceptional and attentional
ontributions to large-scale virtual task performance.

For control subjects, the egocentric task might have been more
ifficult than the allocentric task (cf. Fig. 3). This raises the con-
ern that the egocentric task simply detected unspecific deficits in
arietal cortex lesioned subjects due to high sensitivity. However,
eniger and Irle (2008) using the same virtual environments as

he present study found intact egocentric and impaired allocentric
emory in schizophrenia subjects, indicating a double dissociation

f spatial memory in parietal and schizophrenia subjects. There-
ore, we consider our main results truly due to specific egocentric
eficits and specific parietal cortex lesions, and not due to simple
ask differences.

We found a significant relationship between right-sided pre-
uneus size of lesioned subjects and performance on the virtual
aze. However, the strength of this relationship is modest, and

olumes of the affected and unaffected hemispheres were com-
ined, respectively (see Section 3.5). Thus, the resulting correlation
ontains normal interindividual, as well as pathological, variance.
urthermore, precuneus size showed a greater variability than
ostcentral or inferior parietal cortex size (cf. Table 1), thus ques-
ioning the specificity of this brain–behaviour relationship. In line
ith this, our current fMRI study with healthy volunteers (Weniger

t al., submitted for publication) revealed not only precuneus, but
lso postcentral gyrus activation during virtual maze performance.
n the other hand, an exploratory analysis of the control group

evealed no correlation between precuneus size and virtual maze
erformance (but similar variance of precuneus size; Levene test;
= 0.372), indicating that precuneus lesions were a powerful pre-
ictor of virtual maze performance in lesioned subjects. Taken
ogether, we consider the present result preliminary and hope that
MRI studies presently done in our department elucidate in more
etail the roles of specific parietal cortices in egocentric navigation
nd memory formation.

Our study assessed spatial memory in a large-scale environ-
ent. As a consequence, the tasks differed with respect to visual

ues and complexity. Current evidence indicates complementary
oles of allocentric and egocentric representations depending on
he number of landmarks remembered and the size and familiarity
f the environment (Burgess, 2006). Future studies using more spe-
ific virtual reality paradigms are needed to elucidate the influence
f intrinsic task structure on allocentric and egocentric memory
erformance.
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