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Abstract

Behavioral evidence suggests that spatial knowledge derived from ground-level navigation can consist of both route and survey

knowledge. Neuroimaging and lesion studies aiming to identify the neural structures responsible for topographical learning in humans have

yielded partially inconsistent results, probably due to the lack of an effective behavioral parameter allowing for a reliable distinction between

different representations. Therefore, we employed a novel virtual reality environment that provides accuracy and reaction time measures

precisely indicating the emergence of route vs. survey knowledge. Functional magnetic resonance imaging (fMRI) was used to localize brain

regions involved in the acquisition of pure route knowledge in the form of associations between consecutive landmark views and the

direction of intermediate movements. Participants were scanned during repeated encoding of the complex environment from a first-person,

ground-level perspective. Behavioral data revealed emerging route knowledge in 11 out of 14 subjects. Overall comparisons between

encoding and control conditions identified activation in medial frontal gyrus, retrosplenial cortex and posterior inferior parietal cortex. Most

importantly, only posterior inferior parietal regions showed increasing activation across sessions, thus paralleling behavioral measures of

route expertise. Given the established role of the posterior parietal cortex in spatial processing, this area is thought to provide the pivotal

spatial link between two landmarks encountered in immediate temporal succession.
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1. Introduction

Human spatial navigation is the expression of a complex

ensemble of cognitive processes based on distinct spatial

representations. Survey representations refer to an enduring,

goal-independent representation of the environment. These

representations—also termed cognitive maps or configura-

tional knowledge—allow the individual to infer spatial

relations between any two places irrespective of his own

position. In contrast, route knowledge conveys information
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about a goal-directed, temporo-spatial sequence of environ-

mental features. Salient objects (i.e. landmarks) in the

environment are linked by their temporal occurrence during

navigation and by spatial relations that determine movement

decisions necessary to get from one landmark to the next

(i.e. turn right). These spatial relations are encoded

predominantly between neighboring objects [21,42], pre-

sumably with respect to a place-dependent local reference

system [40]. In addition, the connections between land-

marks appear to be coded only in the direction experienced

during navigation [45].

Even though different representations can be the result of

experiencing an environment from different perspectives

[46,47], ground-level navigation by itself not only entails

route knowledge [21,34,53], but can also result in survey
21 (2004) 401–411
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representations [43,51]. Hierarchical models have therefore

conceptualized navigational learning as a succession of

landmark, route and survey knowledge, the latter depending

on a qualitative shift in the knowledge representation

[48,51]. However, the importance of both the applied

learning strategy and general spatial abilities for the

resultant representation has been emphasized repeatedly,

arguing for the possibility to develop route or survey

knowledge from the very beginning of a learning experience

[4,28].

Whereas many neuroimaging and lesion studies on spatial

navigation have successfully investigated the retrieval of

previously learned environments [1,24,26,31,32,35], the

neural foundations of learning complex spatial layouts have

received less attention [3,7,33,46]. Even though these studies

have identified a network of areas including frontal, posterior

parietal, retrosplenial andmedial temporal regions the precise

role of these structures remains controversial, particularly

with respect to parietal function. For example, whereas

Barrash et al. [7] did not find a systematic relationship

between parietal lesions and route learning impairment,

Shelton and Gabrieli [46] observed greater inferior parietal

activity in an fMRI study for route as compared to survey

encoding. One reason might be the lack of a behavioral

measure allowing for a clear identification of the type of

knowledge that was acquired, since many spatial memory

tasks can be performed based on either route or survey

representations [16]. In nonhuman primates, the importance

of the posterior parietal cortex for route learning and retrieval

has been demonstrated repeatedly [8,52], arguing for its

involvement in processing the spatial relationship between

local environmental cues instead of representing the allocen-

tric position of a goal or a fixed sequence of movements. In

addition, subdivisions of the posterior parietal cortex have

consistently been associated with general spatial abilities

like mental rotation [6,23,25] or perspective taking [54] in

humans, presumably reflecting the occurrence of mental

spatial transformations. However, it remains unclear to

what extent these areas are implicated in route learning as

well.

In the present study, we aimed to characterize the neural

system involved in one type of navigational learning, the

acquisition of pure route knowledge. Route knowledge was

conceptualized as an association between landmarks

encountered in immediate temporal succession and the

spatial relations connecting them. A complex virtual

environment was designed enabling us to link behavioral

performance directly to the gradual emergence of route

knowledge. Reaction times and performance measures were

obtained from judgments of spatial relations between pairs

of buildings from adjacent intersections. With regard to the

expected brain activation patterns, we formulated the

following hypotheses: One important prerequisite for route

learning consists of storing the temporal sequence of

landmarks. This may entail involvement of medial frontal

areas, given that they repeatedly have been associated with
memory for temporal order and context [27,50]. More

importantly, the spatial relations between neighboring land-

marks constitute the crucial links that can effectively guide

navigational behavior. These relations presumably are

encoded with respect to multiple local reference systems

[40] that are imposed on distinct places within the environ-

ment. Considering the egocentric nature of these reference

systems, we predicted a prominent involvement of the

posterior parietal cortex in coding the spatial relations; an

assumption based on its well-established role in the

processing of spatial positions of external objects in various

egocentric reference frames [5,19,20,22].
2. Materials and methods

2.1. Participants

Fourteen healthy male volunteers (mean age: 29.3 years,

S.D.: 5.4, range: 23–35) with normal or corrected-to-normal

vision gave written informed consent to participate in this

study. The study was approved by the local ethics

committee. All subjects understood the instructions without

difficulty and none were aware of the hypotheses at the time

of testing.

2.2. Experimental stimuli

In order to localize brain regions representing the

emergence of route knowledge, a desktop virtual environ-

ment (Fig. 1) was constructed using Milkshape 3D (Chum-

balum Soft, www.milkshape3d.com) for modeling and Blitz

3D (Blitz Research, www.blitzbasic.com) for animation

purposes. The layout was derived from the bhexatownQ
environment developed by Gillner and Mallot [21]. This

particular design provides the important advantage of

allowing for a route to be planned that covers the entire

town by passing through every road section only once in

each direction. The roads were flanked on both sides by brick

stone walls, thus restricting the view to the immediate

straight ahead; remote road sections or intersections were

invisible. Twelve distinct buildings (e.g. store, court house)

serving as landmarks were placed at four intersections (three

landmarks per intersection). These buildings were hidden

behind walls unless subjects were standing directly in front

of them (see Section 2.3). In order to obtain a control

condition that was carefully matched for perceptual input, we

designed a single corridor with varying landmarks placed

behind walls at both ends of the corridor. The corridor

comprised one road section and two intersections at both

ends; its appearance, which was kept constant across

sessions, was identical to the environment used for encoding.

Stimuli for retrieval sessions were created by taking

snapshots of all buildings from the same viewpoints as were

encountered during navigation. These images were of the

original size; in addition, smaller versions of each image

http://www.milkshape3d.com
http://www.blitzbasic.com


Fig. 1. Example views from the virtual environment. Left panel: Aerial view of the environment (not shown to participants). Buildings were hidden behind

walls unless the midpoint of an intersection was reached. Arrows and numbers indicate one of the three routes; road sections were visited in ascending order.

Letters serve to illustrate the difference between direct, close and remote pairs. Note that during encoding, participants were moved throughout the entire

environment, thereby encountering all 12 landmarks. Upper right panel: Ground-level view of 1 of the 12 landmarks. Lower right panel: Example of a

superimposed image used for retrieval. Subjects were to indicate by button press the relative position of the small building, imagining they were standing in

front of the large building. Given the route depicted in the left panel, six combinations with landmark bAQ as the large building were possible. Direct pair: A–B
(target building visited in immediate temporal sequence). Close pairs: A–C/A–D (target building on an adjacent intersection visited immediately after the large

building). Remote pairs: A–E/A–F/A–G (target building on an adjacent intersection visited not immediately after the large building).
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were also created. In order to test subjects’ ability to retrieve

information about spatial relations between pairs of build-

ings, stimuli were superimposed as shown in the lower right

panel of Fig. 1. These pairs always consisted of buildings

that were located at adjacent intersections in the environ-

ment; none of the trials depicted landmarks from the same

or from remote intersections.

2.3. Procedure

Six encoding, 6 retrieval, 3 encoding control and 3

retrieval control conditions were presented in separate

sessions with a predetermined order, resulting in a total of

18 sessions for each subject. Encoding and retrieval sessions

were administered in alternating order, with the control

sessions taking place in the beginning, in the middle and at

the end of the experiment. During encoding, participants

were moved throughout the entire environment following

the same route in all sessions. Subjects were instructed to

memorize spatial relationships between landmarks to ensure

the best possible performance during retrieval. As noted

above, landmarks were hidden behind walls most of the

time. However, when the midpoint of an intersection was

reached, following a randomized delay between 1000 and

5000 ms, the wall in front disappeared, thereby unveiling

the building behind. After 1500 ms, the subject (i.e. camera)

performed a 608 turn (at 116.58/s) and the wall was

reinstated. This procedure was deliberately chosen to ensure

a tight control over the exact time point at which landmarks

were processed. If the buildings had been visible throughout
navigation, these time points could not be unequivocally

determined. Some buildings may be consciously perceived

from far away whereas others might reach awareness only

shortly before arrival at an intersection. As our primary

interest was to investigate learning-related processes during

encoding of specific sections of the environment in an

event-related design, it was very important to be able to

clearly define decisive time points.

Upon reaching a dead-end, a 1808 turn (at 116.58/s) was
performed and the journey continued to the previously

visited intersection. Three different routes were pro-

grammed and pseudo-randomly assigned to participants.

During control sessions, subjects were moved repeatedly

back and forth through a single corridor. Close to each dead

end, the wall would disappear following a randomized

delay lasting between 1000 and 5000 ms to reveal one of

the 12 buildings encountered during encoding. After 1500

ms, the camera performed a 1808 turn (at 116.58/s), the
wall was reinstated and the virtual movement was

continued towards the opposite wall. Each time a wall

vanished, a different landmark was seen, allowing for the

presentation of all 12 buildings within 6 visits of each wall.

The presentation order was randomized across subjects.

Participants were told to pay attention to all buildings; no

task was to be performed. As we ensured that visual

stimulation was carefully matched between control and

encoding conditions, activation differences could be reli-

ably attributed to the learning of the spatial layout.

During retrieval, pairs of original and small-sized land-

mark images were presented for 4000 ms. Participants were
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instructed to imagine they were facing the large building

and to assess the relative spatial position of the small

building (referred to as target building). This was done by

pressing one of three response buttons (left button-target

building located to the left; right button-target building

located to the right; middle button-target building located

behind). Note that the exact position of the target building

within the adjacent intersection was irrelevant; the task only

required the subject to determine the relative spatial position

of the intersection containing the target building. Subjects

were encouraged to respond as quickly as possible.

Eighteen pairs of buildings and six null events were

presented in randomized order; stimulus onset asynchrony

randomly varied between 7000 and 9000 ms. Six pairs

depicted buildings encountered in immediate succession

during encoding; these pairs will be referred to as direct

pairs (Fig. 1, pair A–B). Six other pairs contained landmarks

that were not encountered in immediate order; however, the

target building was located on an adjacent intersection that

was visited during encoding immediately after the large

building. These pairs will be referred to as close pairs (Fig.

1, pairs A–C/A–D). The remaining six pairs differed from

the close pairs in that the target building was taken from an

adjacent intersection that was not visited immediately after

the large building. These pairs will be referred to as remote

pairs (Fig. 1, pairs A–E/A–F/A–G). In summary, while

spatial distance was held constant across all pairs (the target

building was always located on an adjacent intersection), the

important difference lay in the varying temporal delays

between encountering both landmarks during encoding.

These delays were shortest for direct pairs, followed in

ascending order by close and remote pairs.

The rationale behind this approach was to establish a

behavioral measure allowing for a clear cut distinction bet-

ween acquisition of route knowledge and survey representa-

tions. If subjects were able to infer a cognitive map of the

environment from ground-level navigation, no significant

behavioral differences (response time and accuracy) between

direct, close and remote pairs would be expected, since

spatial distances were identical. However, if the spatial

representations predominantly consisted of temporo-spatial

associations between consecutive landmark views, a differ-

ent outcome would have to be predicted. In this case, direct

pairs should reveal a clear behavioral advantage over both

close and remote pairs, since only direct pairs contained

landmarks encountered in immediate temporal succession

during encoding.

We also included a control condition for retrieval

sessions that did not require the retrieval of spatial

representations. In this condition, all 18 pairs used for

retrieval, plus 6 additional pairs depicting the same building

in regular and small size, were presented along with 6 null

events. Subjects were instructed to indicate by a button

press whether both buildings were identical (right button)

or different (left button). The timing parameters were

identical to those in the retrieval sessions. After fMRI
scanning concluded and without prior knowledge, subjects

were asked to draw a map of the environment as accurately

as possible.

Beforehand, we performed extensive behavioral testing

with different participants to ensure the behavioral validity

of this new paradigm. Whereas the distinction between

acquiring route knowledge and survey representations

turned out to be successful, the majority of subjects reported

silent naming of landmarks during encoding for orientation

purposes. We were thus concerned about the possible

variance related to the presence or absence of silent naming.

As a consequence, prior to fMRI scanning, participants were

presented with all 12 buildings accompanied by names that

had to be memorized. Subjects were then asked to retrieve

the name of each building; in case of failure, the experi-

menter provided the correct name. This procedure continued

until each participant could reliably name each landmark. We

therefore were confident to have minimized the above

mentioned source of interindividual variance.

2.4. MRI acquisition

MR scanning was performed on a 1.5 T MRI Scanner

(Siemens Vision) with a standard headcoil. Twenty-eight

axial slices (slice thickness: 3 mm, 1 mm gap) were acquired

using a gradient echoplanar (EPI) T2*-sensitive sequence

(TR=2.24 s, TE=40 ms, flip angle 908, matrix 64*64, field

of view 192*192 mm). A high resolution (1�1�1 mm

voxel size) T1-weighted structural MRI was acquired for

each volunteer using a 3-D FLASH sequence.

A liquid crystal display video-projector back-projected the

stimuli on a screen positioned on top of the head coil.

Subjects lay on their backs within the bore of the magnet and

viewed the stimuli comfortably via a 458mirror that reflected

the images displayed on the screen (10�158 field of view). To
minimize head movement, all subjects were stabilized with

tightly packed foam padding surrounding the head. Retrieval

sessions were controlled by a PC running the bPresentationQ
package (Neurobehavioral Systems, www.neurobs.com).

Encoding sessions were presented using Blitz 3D.

2.5. Image processing and statistical analysis

Image processing and statistical analysis were carried out

using SPM2 (www.fil.ion.ucl.ac.uk/spm). All volumes were

realigned to the first volume, spatially normalized [17] to a

standard EPI template [14] and finally smoothed using a 10-

mm full-width at half-maximum isotropic Gaussian kernel.

To test the hypothesis of learning associations between

consecutive landmark views and the direction of intermedi-

ate movements, we defined six events during each encoding

session. These events lasted from the beginning of the

presentation of a first building until the end of the

presentation of a second building, thus encompassing the

presentation of both buildings as well as the movement in

between. Encoding during navigation within dead-ends was

http://www.neurobs.com
http://www.fil.ion.ucl.ac.uk/spm
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not modeled. Data analysis was performed by modeling the

onsets of the presentation of the first building as trains of

delta functions convolved with a hemodynamic response

function (HRF). An event-related approach was used since

the stimulus onset asynchrony was randomized and not

constant. Regression coefficients for all regressors were

estimated using least squares within SPM2. Specific effects

were tested with appropriate linear contrasts of the

parameter estimates for the HRF regressor of all trial types,

resulting in a t-statistic for each voxel. These t-statistics

constitute a statistical parametric map (SPM). SPMs are

interpreted by referring to the probabilistic behavior of

Gaussian random fields. Data were analyzed for each

subject individually (first-level analysis) and for the group.

At the single-subject level, we applied a high pass filter to

remove baseline drifts. Design matrices containing nine

separate sessions (six encoding and three encoding control

sessions) were specified, thereby removing session-specific

effects. Separate contrast images for each of the nine reg-

ressors were then generated. At the group level, a random

effects approach [18] was applied to obtain results that could

be generalized beyond the subjects taking part in this study.

This was done by entering the contrast images of the first-

level analysis into a repeated measures analysis of variance,

thus allowing for computing regression coefficients across

subjects for each session separately. The problem of non-

independent data within subjects as well as error variance

heterogeneity was addressed by performing a non-sphericity

correction. The threshold was set to pb0.05 corrected for

multiple comparisons unless otherwise specified. To reveal

performance-related activation decreases across encoding

sessions, normalized mean reaction times obtained during

retrieval were used as contrast weights. To look for

activation increases across encoding sessions, these normal-

ized reaction times were inverted and then used as contrast

weights.
Fig. 2. Behavioral results during retrieval. Performance and reaction time data for 1

reaction times. Significant changes across sessions were obtained for direct pai

knowledge.
3. Results

3.1. Behavioral data

Participants were classified as route learners based on

behavioral performance; in addition, we checked the maps

drawn after fMRI scanning for global and/or local incon-

sistencies. According to our hypotheses, acquisition of route

knowledge should manifest itself in performance improve-

ments only for direct pairs. This behavioral pattern was

observed in 11 out of 14 participants as reflected by

response times and accuracy measures during retrieval (see

Fig. 2). Whereas performance for both close and remote

pairs remained close to chance level, accuracy rates for

direct pairs showed a significant increase across sessions.

These results were confirmed by a 3�6 within-subjects

analysis of variance (factors: type of pair and retrieval

session) with performance measures as the dependent

variable. We observed a significant overall difference

between direct, close and remote pairs (main effect type

of pair: F=10.647, pb0.01), in contrast, nonsignificant

results were obtained for main effect retrieval session

(F=2.092, p=0.116) and type of pair�retrieval session

interaction (F=1.603, p=0.177). The latter was primarily

caused by the absence of significant changes across sessions

for both close and remote pairs as indicated by linear

regression analyses of the learning curves. Planned compar-

isons yielded regression coefficients (representing the slopes

of the regression lines) significantly greater than zero only

for direct pairs ( pb0.001), no significant results were

obtained for close ( pb0.29) and remote pairs ( pb0.37).

The same procedure was applied to response time data

showing learning related decreases across sessions only for

direct pairs. Even though we did not observe significant

effects in the within-subjects ANOVA (main effect type of

pairs: F=1.525, pb0.29; main effect retrieval session:
1 route learners. Only correct responses were included for computing mean

rs only, indicating that learning was restricted to the acquisition of route



Fig. 3. Main effect of learning for route learners. Areas of significant activation for the comparison of encoding vs. encoding control (left inferior parietal cortex

not shown). Results of the random effects analysis are rendered on the MNI template brain ( pb0.05 corrected).

Table 1

Spatial coordinates of the local maxima in the group analysis ( pb0.05

corrected)

Region Coordinate (x, y, z, in mm) Voxel-level

(t-score)
RH LH

Local activation maxima for the main effect of encoding

Medial frontal gyrus �45, 33, 33 3.27

Retrosplenial cortex �3, �39, 33 2.83

Inferior posterior

parietal lobe

�36, �69, 51 2.88

39, �60, 33 3.06

Local activation maxima for performance-related increase

Medial frontal gyrus �45, 33, 33 1.63 (n.s.)

Retrosplenial cortex �3, �39, 33 1.44 (n.s.)

Inferior posterior

parietal lobe

�51, �57, 39 3.82

�39, �63, 33 3.62

�42, �60, 27 3.56

54, �48, 45 3.11

45, �69, 42 3.10

57, �66, 24 3.02

RH—right hemisphere, LH—left hemisphere, n.s.—non-significant.
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F=0.904, pb0.504; interaction: F=0.653, pb0.757), planned

comparisons of regression coefficients that were signifi-

cantly smaller than zero were significant only for direct

pairs ( pb0.001) as opposed to close ( pb0.43) and remote

pairs ( pb0.44). The absence of significant effects in the

ANOVAwas caused by increased variance as reaction times

were only calculated for correct answers. Given that several

subjects did not produce any correct answers for close or

remote pairs in some sessions, this led to a variance increase

due to missing values in several cells.

All 11 subjects were unable to correctly reproduce the

layout of the environment as reflected by the maps drawn

after fMRI scanning. Both global and local inconsistencies

were present; in addition, several subjects even failed to

recall the number of intersections or the angles between

roads. However, we did not perform a quantitative analysis

of map drawing performance given that maps based on

different representations can yield similar quantitative

results [46]. As a consequence, it appears difficult to

identify the nature of a spatial representation based on

bidimensional regression coefficients or related measures.

3.2. Imaging data

3.2.1. Main effect of learning

We first contrasted encoding with encoding control

conditions to look for areas showing an overall activation

due to learning the temporo-spatial relations. Fig. 3 displays

the group results from this contrast, Table 1 shows the

locations of the activation maxima according to Montreal

Neurological Institute space [14]. According to results from

previous studies, multiple regions of interest were defined

(retrosplenial cortex, inferior and superior parietal cortex,

parahippocampal gyrus, hippocampus, medial frontal gyrus,

caudate nucleus) and correction for multiple comparisons

was based on these regions. A network of areas within several

regions of interest was activated, including bilateral posterior

inferior parietal cortices, left retrosplenial cortex and left

medial frontal gyrus. In contrast, we obtained neither

significant clusters of activation outside the regions of

interest nor in the hippocampus or the parahippocampal gyri.
3.2.2. Learning related changes across encoding sessions

To assess whether learning related behavioral effects

were paralleled by systematic changes in cortical activation

during encoding, we modeled activation increases across

encoding sessions. Areas showing a significant main effect

of learning as revealed by the categorical comparison

between encoding and encoding control (see previous

section) were defined as regions of interest and correction

for multiple comparisons was based on these regions.

Elsewhere in the brain, correction for multiple comparisons

was based on the entire search volume. In addition, to

exclude areas exhibiting unspecific time effects unrelated to

learning, the relevant contrast was masked exclusively by

areas revealing increasing activation across encoding con-

trol sessions. Thus, we were able to identify regions

showing increasing activation only across encoding ses-

sions. The results are shown in Fig. 4 along with mean

regression coefficients for the local activation maxima.



Fig. 4. Learning-related changes for route learners. Areas showing a significant activation increase across encoding sessions. Note that the specified contrast

excluded regions with an increase across encoding control sessions. Upper and lower panels display mean regression coefficients of peak voxels in both parietal

regions.

T. Wolbers et al. / Cognitive Brain Research 21 (2004) 401–411 407
Areas with significantly increasing BOLD responses were

found only in bilateral posterior inferior parietal cortices;

none of the remaining regions of interest contained supra-

threshold voxels (t-values of peak voxels from all regions of

interest are presented in Table 1). No further activations

were observed elsewhere in the brain.

To further elucidate the relationship between behavioral

data and changes in BOLD signal, we subjected individual

accuracy measures as predictor variables, and individual

mean regression coefficients of peak voxels in both parietal

regions to linear regression analyses. Regression coeffi-

cients in the left posterior inferior parietal cortex were

significant ([x=�39, y=�63, z=33]: pb0.05), indicating that

higher activation was paralleled by higher accuracy. In the

right posterior inferior parietal cortex, regression coeffi-

cients showed a trend towards statistical significance

([x=54, y=�48, z=45]: pb0.08).

Due to the fact that learning effects are sometimes

paralleled by activation decreases, we also modeled
activation decreases across encoding sessions. Again, to

exclude areas exhibiting unspecific time effects unrelated to

learning, this contrast was masked exclusively by areas

showing decreasing activation across encoding control

sessions. However, we did not obtain areas with significant

activation in this analysis.

In total, whereas overall activations due to route learning

were found in left medial frontal gyrus, left retrosplenial

cortex and bilateral posterior inferior parietal cortices,

significant learning-related activation increases across

encoding sessions mimicking behavioral measures were

confined to the posterior inferior parietal cortex.
4. Discussion

In the present study, our aim was to determine the neural

structures involved in route learning defined as temporo-

spatial associations between consecutive landmarks. There-
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fore, we developed a behavioral paradigm that provided an

objective distinction between route knowledge and survey

representations. Eleven out of 14 participants showed

evidence of pure route learning, reflected by increasing

accuracy and decreasing response times during retrieval.

Importantly, in these subjects, no behavioral evidence was

found for the emergence of allocentric knowledge in terms

of a cognitive map. Neuroimaging results revealed a

network of structures involved in route learning, including

left medial frontal gyrus, left retrosplenial cortex and

bilateral posterior inferior parietal cortices. Most impor-

tantly, only posterior inferior parietal regions showed

increasing activation across learning sessions, thus paral-

leling behavioral measures. Consequently, these areas can

be regarded as crucial for establishing associations between

landmarks encountered in immediate temporal succession.

Both behavioral measures revealed significant learning

effects only for direct pairs, indicating that spatial learning

was confined to forming temporo-spatial associations

between consecutive landmark views. It is important to

note that the observed learning effects cannot be explained

by simple stimulus-response associations. If subjects had

based their decisions during retrieval only on the direction

of the movement associated with a landmark during

encoding, performance improvements for close pairs should

be observable as well. This follows from the fact that in

close pairs, the target building was located on the adjacent

intersection that was visited immediately after the large

building, so choosing the movement associated with the

large building would be a correct answer. Given that no

performance improvements were obtained for close pairs,

the formed associations obviously included not only a

landmark and the direction of the following movement, but

also the subsequently encountered landmark.

When contrasting encoding with the control condition,

we observed activation in left retrosplenial cortex, left

medial frontal gyrus and bilateral posterior inferior parietal

cortices. The retrosplenial involvement in human navigation

has been demonstrated both in neuroimaging and lesion

studies [2,30]. Anatomically, retrosplenial areas are closely

linked to various medial temporal regions, posterior parietal

cortex and mid-dorsolateral prefrontal cortex in the monkey

brain. It has consequently been hypothesized to serve as a

transition zone between inputs in egocentric and allocentric

reference frames [30], allowing for the conversion of

stimulus information into the appropriate reference frame

for the task at hand. Although our study did not address this

conversion process, the retrosplenial activation is in accord

with repeated findings from lesion studies. Patients with

retrosplenial lesions have been described to suffer from an

inability to form or recall links between landmark identity

and directional information [2], which was one of the major

tasks in our experiment.

Activity in the medial frontal gyrus has not only been

observed during encoding or retrieval of large-scale

environments [35,46], but also in spatial-working memory
tasks [29] as well as during retrieval of information about

temporal order and context [27,50]. The latter is especially

important in the present study, as the order in which

landmarks were encountered provides the important tempo-

ral information necessary to form associative links between

subsequent landmarks. Hence, the recruitment of the medial

frontal gyrus in our paradigm might reflect working

memory processes necessary for successful long-term

encoding not only of spatial, but in particular of the

temporal relations between landmarks.

In regard to the performance-independent medial frontal

and retrosplenial activations, these regions appear to be

necessary but not crucial sites for route learning. The

cognitive processes subserved by these areas will presum-

ably also be associated with various kinds of spatial and

nonspatial learning. In contrast, the observed parallel

between posterior inferior parietal activations during

encoding and behavioral measures indicates a crucial role

of the posterior inferior parietal cortex for successful

learning of spatial relations between consecutive land-

marks. In this context, it is important to attempt a more

detailed delineation of the nature of the subserved function.

Even though route knowledge has often been reduced to a

mere sequence of stimulus-response pairs that, in effect, is

demptyT between landmarks, recent evidence suggests the

inclusion of metric information about distance and direc-

tion from early learning stages on (for a review, see Ref.

[36]). Given that landmarks appear to be stored in

viewpoint-dependent snapshots during route learning [44],

the spatial relation between two landmarks presumably is

defined relative to the observer’s heading when facing the

first landmark. Constituting the basis for spatial concepts

such as left/right this information might later be trans-

formed into more abstract or verbal descriptions, but initial

encoding appears to occur in an egocentric reference

frame.

There is ample evidence that the posterior parietal cortex

provides information about location and distance of external

objects in several egocentric reference frames independent

of sensory modality [5,19,20,22]. This information is used

to construct a conscious representation of the extrapersonal

space, to update spatial relationships and to direct move-

ments in space [9,15,22]. Consequently, lesions of the

posterior parietal cortex entail neuropsychological deficits

that can impair space perception and action [10,22,37].

Regarding the parietal involvement in route learning, we

believe that our results may shed light on previous findings

in humans [7,46]. By isolating route learning and by

observing a congruency of parietal activation with behav-

ioral performance, it is fair to assume that the increasing

activation reflects increasingly robust egocentric encoding

of the spatial relation between two landmarks. The better

this spatial link is established in memory, the faster and

more accurate this information can be accessed during

retrieval. This interpretation would be in line with findings

from nonhuman primates, demonstrating that parietal
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lesions entail difficulties in the processing of local spatial

relationships during route retrieval [8,52]. Interestingly,

inferior parietal lesions do not produce a retrograde amnesia

for the allocentric position of a goal, but selectively impair

local visual processing [8]. However, it should be pointed

out that in the context of learning, the posterior parietal

cortex presumably is not exclusively involved in establish-

ing route representations, but may also be important for

extracting survey information. For example, whenever a

landmark is encountered during encoding, computing its

egocentric location may be a necessary step to infer its

position within an allocentric reference system. Further

studies comparing route vs. survey learning from the same

encoding perspective are needed to determine whether the

posterior parietal cortex supports the emergence of other

types of space representation as well.

It is interesting to note that the increasing parietal

activation during encoding associated with better recall

performance can be conceptualized as a subsequent memory

effect. This effect has been demonstrated in various

paradigms [11,38,39], and it is often suggested that higher

activity during encoding in task-relevant areas reflects

deeper levels of information processing, thereby inducing

a more robust representation of a stimulus. Whereas our

paradigm only allowed us to assess item-related effects

given that we employed an event-related design, further

studies are needed to clarify whether state-related effects

also contribute to successful encoding in the context of

topographical learning.

In the present study, we did not observe activation in

either the hippocampus or the parahippocampal gyrus.

Although the null hypothesis (no involvement of these

structures in route learning) cannot be verified, our data are

in line with the idea that the hippocampus may provide an

allocentric representation of the environment. Since our

study exclusively addressed route learning, hippocampal

involvement would not be expected upon the base of the

cognitive map theory. The lack of parahippocampal

activation could be due to the fact that its primary role in

spatial navigation consists of viewpoint-dependent process-

ing of complex spatial layouts [3,12,13]. During control

conditions, all 12 landmarks were presented in an identical

fashion as compared to encoding. Consequently, para-

hippocampal involvement would be expected in both

conditions, with the effect that these activations should

cancel each other out in direct comparisons. In addition,

learning related changes across sessions would also not be

predicted if the above mentioned hypothesis were true.

Even though virtual reality displays provide the unique

opportunity to study topographical orientation in complex

environments during fMRI scanning, caution is appropriate

when transferring the results to real-world navigation. Given

the lack of vestibular and sensorimotor feedback, spatial

updating seems to be hampered. For example, greater

alignment effects and distance estimation errors have been

observed after virtual reality as compared to real-world
navigation, probably due to difficulties with integrating and

scaling information about rotation and locomotion [41,43].

However, these differences appear to decline with extended

navigation experience, leaving virtual reality a valuable tool

for investigating the neural correlates of topographical

orientation in manipulable environments.

A further problem consists of the potential confounds

due to either attentional effects or to eye movements that are

likely to occur in any navigation task. However, it is

unlikely that the amount of eye movements increases across

sessions, as subjects were engaged in acquiring route

knowledge from the very beginning of the experiment.

With regard to attention, one would expect that attentional

effects should be strongest in the early phase of the

experiment, given the virtual environment’s initial high

degree of novelty. With repeated exposure to the identical

environment, these effects should attenuate, thereby leading

to an activation decrease. As a consequence, it seems

reasonable to assume that the most important result of our

study—the learning-dependent, increasing activation

observed in inferior parietal cortex—can be attributed rather

to the spatial learning component of our task than to eye

movements or attention.

Human spatial navigation is based on a dynamic system

of coexisting egocentric and allocentric representations of

the environment. It is highly flexible, as it enables us to

switch between different representations depending on what

is optimal in each situation. However, between-subject

variations have been demonstrated in behavioral experi-

ments, questioning the assumption that identical information

is accessed across participants during navigation in familiar

environments [49]. In addition, even when navigation is

based on a single representation, different sources of

directional information can be used in different situations

[49]. As a consequence, neuroimaging results in studies of

topographical learning and spatial navigation should be

closely tied to behavioral measures that permit a reliable

assignment of cortical activation to cognitive processes. We

believe to have established a paradigm that enables us to

draw a general distinction between route and survey

representations. When subjects showed evidence for pure

route learning bilateral posterior inferior parietal regions

could be identified as crucial for constructing a spatial link

between consecutive landmarks. Within the framework of

route representations, further studies might apply more

finessed tasks to elucidate differences between various

sources of spatial information that can be used to infer

route knowledge.

The results of the current study do not preclude the

involvement of posterior parietal, retrosplenial and medial

frontal regions in other types of navigational learning. The

emergence of survey or map like representations out of

ground level navigation requires precise egocentric encod-

ing of spatial relations in posterior parietal cortex as well;

however, the subsequent transformation into an allocentric

reference frame may crucially depend on retrosplenial and
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medial temporal functioning. One potential prediction

would therefore consist of learning related activation in

these regions, especially against the background of perform-

ance dependent medial temporal activation observed during

retrieval of allocentric representations [24]. In addition, the

complexity of integrating sequential views of an environ-

ment into a unified, coherent representation calls for

dynamic interactions between parietal, retrosplenial and

medial temporal regions.
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