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ABSTRACT: The 4-on-8 virtual maze provides evidence for variability
in spontaneous strategy use during navigation. Functional magnetic reso-
nance imaging (MRI) confirmed that these spatial and response strat-
egies rely on the hippocampus and caudate nucleus memory systems,
respectively. We asked whether the spontaneous use of a particular nav-
igational strategy was associated with a particular ability to navigate in
one’s environment. We tested 30 young participants on the 4-on-8 vir-
tual maze and we assessed their way finding ability in a virtual town.
As expected, spatial learners performed well in the virtual town and the
response learners, who never used external landmarks and relied purely
on an egocentric strategy, performed poorly. Interestingly, a group who
used the most efficient response strategy based on external landmarks in
the 4-on-8 virtual maze, switched to the most efficient spatial strategy
in the virtual town. Our data suggest that the best navigators are those
who appropriately use spatial or response strategies depending on the
demands of the task. VVC 2007 Wiley-Liss, Inc.
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INTRODUCTION

Successful navigation can be achieved with two known strategies, each
dependent on separable brain areas. One strategy involves using knowl-
edge of the relationships between environmental landmarks represented
in the form of a cognitive map of the environment; the other strategy,
termed stimulus-response learning, leads to automatic behavioral
response, independent of the spatial relationships between external land-
marks (Tolman, 1948; O’Keefe and Nadel, 1978). This study investi-
gates the natural variability in the flexible use of spatial and response
strategies according to the task requirements.

We previously developed the 4-on-8 virtual maze (Iaria et al., 2003),
a task used to identify spontaneous navigational strategies. Participants

were asked to retrieve objects from fixed locations in a
virtual 8-arm radial maze located in an environment
containing landmarks. The task could be performed
using a spatial memory strategy or a nonspatial strategy
thought to lead to automatic responses with practice
(termed response strategy in the current paper). After
three trials, a probe trial was presented where the land-
marks were no longer visible in the environment; result-
ing in altered performance of spatial learners. We found
that, in a cohort of 50 participants, 50% spontaneously
used a spatial strategy (using landmarks) as found in
rodents (McDonald and White, 1994) and, as expected,
spatial learners performed poorly in the probe trial.
Half of them shifted to a response strategy with repeti-
tive training as previously reported in rats (Packard and
McGaugh, 1996), whereas the other half persevered
with a spatial strategy despite their poor performance at
the time of the probe. The 50% remaining participants
performed well in the probe trial as they used a response
strategy. This latter group includes the participants
using a pure egocentric strategy (i.e., ignoring all exter-
nal landmarks and using a series of left and right turns
from their own starting position as a reference) and
those using a series of turns from an external landmark.
Associated fMRI data showed that the hippocampus
(HPC) was active only in spatial learners, whereas the
caudate nucleus (CN) of the striatum was active in
response learners (Iaria et al., 2003) as we had hypothe-
sized based on research with rats. This was further sup-
ported by additional data showing that patients with
damage to the medial temporal lobes who used a spatial
strategy in the 4-on-8 virtual maze were significantly
impaired on the training trials relative to patients who
used a response strategy (Bohbot et al., 2004a). This
was the first report extending conclusions originating
from animal studies dissociating the role of the HPC
and CN in spatial and response learning respectively.

Beyond these conclusions, a point of particular inter-
est in this study was that spatial learners were slower
and made significantly more errors at performing the
task than response learners (basing their strategies on an
external landmark or their own starting position), sug-
gesting that the most efficient strategy on the 4-on-8
virtual maze was the response strategy. Whether or not
they used external landmarks, response learners dis-
played a behavior that was adapted to the task demands
whereas the spatial learners did not.
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In line with these findings, Hartley et al. (2003) differenti-
ated between tasks that could be solved using a response strat-
egy (route following) and those that require the use of a cogni-
tive map (i.e., way-finding). They showed that the HPC was
significantly correlated to performance in way-finding requiring
the use of a cognitive map in order to create shortcuts to a tar-
get location. In contrast, activation of the CN was significantly
correlated to response learning in the route following task. Of
particular interest, they showed that the best navigators showed
optimal activation of the HPC in the way-finding task and an
optimal activation of the CN in the route following task. Con-
sistent with our results, this suggests that some participants
were particularly more flexible, shifting efficiently from one sys-
tem to another (HPC vs. CN) and used the adapted strategy
according to the task demands (spatial vs. response strategy).
Altogether, these studies suggest a natural interindividual vari-
ability in the use of the most efficient strategy (response vs.

spatial) according to the cognitive requirement of a task. We
further assessed the ability to flexibly use spatial and response
learning by examining the performance of a cohort of 30
healthy participants in the 4-on-8 virtual maze, involving the
use of a response strategy for optimal performance, and in the
wayfinding version of the virtual town, requiring a cognitive
mapping strategy for optimal performance (Fig. 1) (Hartley
et al., 2003).

The debriefing reports (Table 1, translated from French)
indicated that 20 of the 30 participants initially solved the 4-
on-8 virtual maze using a spatial strategy. However, by the end
of the test, 11 of these 20 participants shifted to a response
strategy (shift group). The remaining 10 participants used a
response strategy throughout the entire task. Among these 10
response learners, we identified half using their own starting
position as a reference (the response-SP group), the other half
used an external landmark as a reference point (the response-

FIGURE 1. Two views of the virtual town showing a shop (top) and buildings (bottom). [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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EL group). During the probe trial, most of the participants
had the impulse to look around before making their selection
and lost their initial heading. Consequently, the pattern of vis-
ited arms was used to score errors on the probe trial instead of
using the actual arms in absolute space. This was assessed by
rotating the pattern of visited arms until we obtained the best
match. This method allowed us to differentiate the individuals
who had learned the pattern of arms, the response learners,
from those who had used the spatial strategy. The analysis per-
formed on these probe errors revealed significant main effect of
group [analysis of variance (ANOVA), F(3,26) 5 3.38; P <
0.05]. As expected, the spatial group made more errors than
both the response-SP (post hoc comparison: P < 0.05) and the
response-EL (post hoc comparison: P < 0.05) groups (Fig. 2a).
On the other hand, the shift group was not different from the
spatial group or from the two response groups. As we can see
in Figure 2a, this group was composed of participants who
changed their strategy before the probe and behaved as
response learners during the probe (i.e., making fewer errors)
and participants who modified their strategy after the probe
and behaved as spatial individuals during the probe, (i.e., mak-
ing more errors).

We then analyzed performance on the virtual town according
to the strategy that was identified in the 4-on-8 virtual maze.
The ANOVA revealed a significant main effect of group
[F(3,26) 5 5.59; P < 0.01]. Detailed post hoc comparisons
indicated that those who spontaneously used a spatial strategy
throughout the 4-on-8 virtual maze made significantly fewer
errors when navigating in the virtual town (Fig. 2b) than the
participants qualified as response-SP in the 4-on-8 virtual maze
(P < 0.05). Interestingly, the participants using the response-
EL strategy performed as well as the spatial participants in the
virtual town and significantly better than the response-SP strat-
egy group (P < 0.05).

Our study examined the participants’ flexibility in their abil-
ity to use spatial memory in the virtual town, which is the best
strategy to reach a target in the shortest path, and their ability
to use response learning in the 4-on-8 virtual maze, which is
the most efficient strategy in terms of latencies and errors.

Response learners were further dissociated into those who used
landmarks and those who used the starting position, the only
egocentric group (response-EL vs. response-SP).

We found that the best navigators in the virtual town were
the spatial learners and the response-EL learners. In contrast,
the response-SP learners were significantly worse relative to the
response-EL learners and to the spatial learners. The partici-
pants who shifted from a spatial strategy to a response strategy
on the 4-on-8 task did not perform statistically differently from
the best navigators in the virtual town (i.e., the response-EL
participants); however, the mean number of errors made was
larger in absolute value and is associated with a higher inter-
individual variability suggesting that this group is composed of
participants who did not use the most efficient strategy in the
way-finding task.

In sum, the spatial learners showed less flexibility because
they used the spatial strategy in both tasks, although the
response strategy was more efficient in the 4-on-8 virtual maze.
The response-SP learners were also less flexible because they
used the response strategy in both tasks, although it was not ef-
ficient in the virtual town as indicated by poor performance. In
contrast to spatial learners and response-SP learners, the indi-
viduals in the shift group were able to use either a response or
a spatial strategy but not always with an appropriate manner
according to the task requirements. Finally, the individuals
belonging to the response-EL group were the only participants
to flexibly use the most adaptive strategy in either task: They
used a response strategy, efficient in the 4-on-8 virtual maze
and they performed accurately in the ‘‘way-finding task’’ using
an efficient spatial strategy. In both tasks, the response-EL
group used external landmarks but in different ways. Specifi-
cally, they used directional from a landmark in order to de-
velop a response strategy adapted to the 4-on-8 task or they
established relationships between several landmarks to build a
cognitive map and navigate in the town. The use of external
landmarks played a major role in distinguishing the response-
EL group from the response-SP group who did not use external
landmarks and used a purely egocentric strategy. The response-
EL group also dissociated themselves from individuals that

TABLE 1.

Example of the debriefing reports collected at the end of the 4-on-8 task allowing a categorization of the participants according

to the strategy they used to solve the task

Classification Debriefing reports

Spatial ‘‘I used the mountain and the small tree. In front of me, the path was closed, as well as the path to the right of the pine

tree and the one in front of the sunset. When the landscape disappeared, I tried to reconstitute the scene in my head.

After that, I continued using the same elements of the scenery to find my bearings.’’

Shift ‘‘I used the pine tree, the other tree and the yellow sky. It was closed at the right of the pine tree, on both sides of the tree

and in front of the yellow sky. After the landscape was gone, I learned the sequence of closed–opened.’’

Response-SP ‘‘The starting position was always the same, the two paths in front of me were closed, at the left it was opened, then two

paths were open, and the other again at the left was closed, finally I counted.’’

Response-EL ‘‘I learned the sequence starting from the pine tree: closed, closed, open, and so on. I did not retain the [path] number.’’
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shifted strategies they used the most adaptive strategies in either
task, whereas the shift group did not.

These data corroborate the observations made by Hartley
et al. (2003) suggesting that the best navigators were those
using one memory system or another (spatial/HPC vs.
response/CN) according to the task requirements. The next
question consists in exploring the factors contributing to the

variability in the flexible use of a given strategy. Maguire et al.
(2000) found that experienced taxi drivers in London had
greater gray matter density in the posterior HPC relative to
non taxi drivers. On the other hand, the best navigators in the
virtual town did not show greater gray matter density in the
HPC (Maguire et al., 2003). In a preliminary report, we
showed that the inflexible groups, the spatial and the
responses-SP group, were biased towards a given strategy due
to higher gray matter in the HPC and CN, respectively
(Bohbot et al., 2004b). Altogether, these studies suggest that
the best navigators in our study, the response-EL group, may
show greater flexibility due to average levels of gray matter in
the HPC and CN.

DETAILED METHODS

A commercially available computer game (UT2003, Epic
Games) was used to create a new version of the virtual tasks,
which were administered on a 19-in. computer screen. Partici-
pants used a keypad with forward, backward, left, and right
turn buttons to navigate.

4-ON-8 Virtual MAZE

For the most part, the administration of the task remained
the same as the original study (Iaria et al., 2003). During train-
ing trials, participants were told to retrieve objects from four of
eight arms and were told to remember which arms they visited
in order to avoid them in the next trial. After three training tri-
als, a probe trial was administered. The objective remained the
same (retrieve the four objects); however the landscape was
concealed to hide the landmarks. If participants were using a
spatial strategy (requiring landmarks) this change in the envi-
ronment should impair performance. In contrast, this change
should not affect the performance of nonspatial learners. A fifth
training trial was administered after the probe to identify those
who would shift strategies.

At the end of the experiment, participants were debriefed
and were asked how they solved the task. They were then cate-
gorized as using a response strategy if they associated the arms
with numbers or letters, or counted the arms from a single
starting point. If they used at least two landmarks and did not
mention a response strategy, they were categorized as using spa-
tial memory. Participants who mentioned using several land-
marks at the start and later shifted to counting were placed
into the ‘‘shift group’’. We measured the errors made during
the test and the time spent to perform the tasks in each
section.

Way-finding in the Virtual Town

This protocol was modeled after the virtual town published
by Hartley et al. (2003). The virtual town we built (see Fig.
1) was composed of different buildings, houses, and alleys,
including eight distinct landmarks (e.g., shops, cinema). The
landmarks were arranged in such a way that from each land-

FIGURE 2. (a) Behavioral results of the 4-on-8 virtual maze:
The number of errors made while performing the probe trial aver-
aged across participants in the spatial, shift, response-start position
(SP) and response-external landmark (EL) groups. *: P < 0.05 vs.
spatial group. Note that the probe errors were scored by rotating
the pattern of visited arms until we obtained the best fit, reducing
the maximum number of errors to 2. Probe errors of the shift
group show two distinct clusters: those who shifted from the spa-
tial to the response strategy before the probe making fewer errors
than those who shifted after the probe. (b) Performance on the vir-
tual town as a function of the strategy used in the 4-on-8 virtual
maze. Error was calculated as distance traveled beyond the shortest
route. This figure shows that the response-EL group (i.e., the
group that counted open and closed paths from an external land-
mark) and the spatial group performed well dissociating them-
selves from the response-SP group (i.e., the group that counted
from their own starting position). *: P < 0.05 vs. response-SP
group. The bars show the standard error of the mean.
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mark, no other landmark was visible. This prevented the use
of a strategy based on sequential stimulus-response associa-
tions. A two-dimensional map of the town was used to calcu-
late ‘‘ideal paths’’ (i.e., most direct routes) between pairs of
landmarks.

Acquisition

To learn the topography of the town, participant freely
explored for at least 20 min. Occasional verbal direction from
the experimenter was necessary to ensure that (1) participants
attended each landmark (2) each location was visited more
than once, and (3) all the roadways were fully explored.

Probes trials

To assess their spatial representation of the town, participants
were placed in front of a particular landmark location and were
instructed to navigate to another indicated landmark taking the
shortest path. Different probe trials were made so that any two
landmarks were paired only once during the experiment. In
addition, each of the eight landmarks was used only once as a
starting position and once as a destination. This prevented the
development of familiar routes. Participants completed eight
probe trials. Performance was measured by comparing the path
taken in each probe with the ideal path.

Research Participants

Thirty normal participants (18 females and 12 males
matched in age; mean age: 26.8 6 3.94 yr) were tested.
None of the participants had a history of neurological disor-
ders. The participants were graduate students, postdoctoral
fellows, and medical doctors recruited at the Douglas.
Informed consent was obtained in a manner approved by the
local ethics committee. Participants were all given the two

tasks and the order of task administration was counterbal-
anced across participants.
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