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a b s t r a c t

Topographical orientation relies on the integrity of several cognitive functions and different strategies
that individuals may adopt while navigating in the environment. Although previous studies have shown
an age-related decline in navigational ability, these have not clarified the precise function or strategy
that is affected. We hypothesized that aging may have an adverse effect on the ability to form and use a
‘cognitive map’, a mental representation of the environment. We had young and older participants solve
a navigational task in a virtual environment designed to assess cognitive map use. Older participants
required more time to form a cognitive map of the environment than young individuals and required
more time and made more errors when subsequently using the cognitive map for orientation. These
results suggest that decreased efficacy in both forming and using cognitive maps makes a significant
contribution to the age-related decline in orientation skills.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Several behavioural studies have documented an age-related
decline in the human ability to orient and navigate in the environ-
ment [1–5]. In most studies, participants solve a virtual version of
the Morris Water Maze task, in which they learn to reach a location
hidden in the environment [6]. This task was originally designed to
assess the use spatial information in the environment and shown
to depend on hippocampal function. In other studies, orienting
skills have been assessed with more ecological paradigms, such
as mazes with hallways leading to target locations in virtual envi-
ronments [4], or the performance of routes from memory in real
surroundings [5]. These studies consistently report that elderly sub-
jects take longer to reach a target location and make more errors
than younger individuals. These behavioural results have parallels
in neuroimaging findings. In a recent functional magnetic reso-
nance imaging (fMRI) study [7], elderly volunteers performing a
navigational task had less neural activity than young participants
in the hippocampal complex, parietal cortex and retrosplenial cor-
tex, regions involved in spatial navigation [8–13]. Another study
[14] revealed that the age-related impairments while performing
spatial and non-spatial hippocampus-dependent tasks were signif-
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icantly correlated with both reduced volume and neurochemical
properties of the hippocampus. Thus, with normal aging the brain
may undergo structural and functional changes that impair cogni-
tive components important for navigation and orientation.

While navigating in the environment, however, one may use dif-
ferent strategies that in turn may rely on different brain regions.
Studies in human and non-human animals [15–19] have shown
that at least two different memory systems with differing anatomic
substrates are involved in orientation. The striatum subserves pro-
cedural memory, which individuals use when they navigate by
following habitual paths in a fairly automatic manner [15,16]. On
the other hand, the hippocampal complex subserves spatial mem-
ory, which individuals use when they orient by using landmarks
in the environment and their spatial relationships [12,13,20,21].
When learning to navigate in a new environment, subjects may
either over-learn a habitual route, thus relying on the procedural
memory, or develop a “cognitive map” [22], a mental representa-
tion of the landmarks and paths in the environment, thus relying on
spatial memory. (The latter strategy has the advantage of allowing
individuals to reach any target location by any route available, not
just a habitual one [18].)

Many elderly individuals develop a coping strategy of avoiding
unfamiliar routes and places [23]. This raises suspicion that aging
may have particularly adverse effects on the use of a cognitive map
of the environment. Although several studies have shown that aging
affects the ability to orient and navigate, it is not yet known whether
aging specifically affects the ability to form and use cognitive maps.

In this report, we asked young and older participants to perform
a virtual navigation task designed to assess both formation and use
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of cognitive maps, by limiting the utility of other strategies. The
independent assessment of both formation and also usage of cog-
nitive maps is also important since these two processes may have
distinct anatomic substrates [10,24]; an fMRI study has shown that
these may involve the left anterior and right posterior hippocampi
differently [10]. We hypothesized that older participants would be
impaired in both forming and subsequently using a cognitive map
of the environment.

2. Methods

2.1. Participants

Participants were 55 healthy right-handed volunteers (30 young participants: 15
females and 15 males; 25 older participants: 10 females, 15 males). The mean age of
the young participants was 23.9 years (range 19–30 years), and the mean age of the
older participants was 55.8 years (range 50–69 years). Since the experimental tasks
involved interaction with a computerized virtual environment, we included only
older participants who have or had a job that required the use of computers. In both
young and older samples, we included participants who had played video games
only a few times in their lives. Thus we excluded both computer gaming experts
and computer novices from the samples. At the time of testing, no participants were
taking medications, and none had a history of mental illness or a neurological dis-
order. Older participants were questioned regarding memory skills and any change
in cognitive function in the preceding months: none reported memory problems
or change in the ability to perform their daily-life and work-related activities. This
was done to exclude subjects with early dementia or mild cognitive impairment:
the relatively low variance in the performance of the older group is also reassuring
that the sample was not heterogenous with respect to the presence or absence of
cognitive dysfunction. The study conformed with The Code of Ethics of the World
Medical Association (Declaration of Helsinki), printed in the British Medical Journal
(18 July 1964), and all subjects gave informed consent.

2.2. Experimental protocol, procedure and tasks

The virtual environment, created with the editor of a three-dimensional game
software (Game Studio A6, La Mesa, CA, USA), was composed of several buildings of
different sizes and shapes, but the same texture: thus the buildings could not easily
be distinguished from each other. However, there were six clearly identifiable land-
marks: a cinema, a restaurant, a bar, a hotel, a pharmacy and a flower shop (Fig. 1).
This virtual environment is not a large city but a relatively small neighborhood in
which all routes can be traveled in about 2 min. This environment was presented on
a 17-in. computer laptop display, and participants moved within it by using three

arrow keys on the computer keyboard, which corresponded to left-turn, forward-
movement, and right-turn. Turning rate and movement velocity were constant and
not under the control of participants. This ensured that all subjects navigated within
the environment at the same velocity, excluding differences in performance that
might arise from age-related differences in motor performance.

Before starting the experiment, the participants were required to navigate freely
for 15 min within a “practice virtual environment” different from the experimental
one. This allowed them to practice the motor and perceptual aspects of the task and
familiarize themselves with a similar virtual environment. In this practice virtual
environment, there were the same general buildings but no identifiable landmarks.
After 15 min, subjects were administered three control trials that required them
to navigate three routes defined by arrow signs present along the pathways. The
training phase ended only when the participants performed the three control tri-
als with 100% accuracy, i.e., following the defined pathways without interruptions,
walking in the middle of the route, and reaching the end of the path without stop-
ping along the way. If participants did not meet criteria in any of the three control
trials, they were given extra training until they were able to achieve this. This train-
ing was designed to ensure that both young and older participants were equivalent
in the basic motor and perceptual processes needed for navigating in the virtual
environment during the experiment. This was particularly important since speed is
known to decline with age [25,26]. Given the single constant velocity while navigat-
ing and the requirement to complete routes without stopping, accurate performance
on the control trials helped ensure that, during the experiment, differences between
groups in the time spent to perform the tasks reflected differences in the efficiency
of solving the orientation tasks, rather than differences in the ability to control the
experimental tools, or differences in motor or perceptual speed. After completion of
the training phase, participants were given the instructions for the following tasks,
shown the identity of the landmarks available within the environment, and the
experiment was started.

The experimental design probed two functions, first learning and then retrieval
of a cognitive map. During the learning task, participants were instructed to explore
freely the virtual environment, and learn the locations of the six landmarks and
their spatial relationships within the environment. They were told that they would
need to create a mental representation of the environment including the locations
of the six landmarks (i.e. a cognitive map), and that they would later need to use
this mental representation to solve the retrieval task. Participants were also told
that during their exploration the examiner would stop them every 2 min and ask
them to report the locations of the landmarks on a schematic map representing the
virtual environment from a top-view perspective (Fig. 1A). If they failed to indicate
all six locations correctly, they continued in the learning task. In addition to the
examiner’s timed assessments, subjects could stop at any time if they felt that they
had attained an accurate mental representation. At that “terminal moment” the
examiner asked them to report the locations of the landmarks on the schematic map.
The 2-min interval between assessments were chosen based on a pilot study using
young participants that showed that this was enough time to visit all six landmarks.

Fig. 1. Outline of the virtual environment. (A) Structure of the virtual city in which the participants performed both the learning and the retrieval tasks. ( ) The locations of
the six landmarks. Same map, but with no indications of landmarks’ locations, was used to assess individuals’ formation of the cognitive map. (B) View of the participants’
starting position while performing one trial of the retrieval task: in this example, subjects were asked to reach the cinema (C) (target location) from the flower shop (starting
position).
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Given the standardized speed of movement, the older group would not differ in this
respect. The learning task was considered complete when a participant was able
to indicate the correct locations of all six landmarks, on either one of the every 2-
min examiner-initiated assessment or at the subject-initiated terminal moment. The
time to completion (not including the time used for the assessments) was considered
the time required to form the cognitive map. After completion, subjects were given
3 min of rest, following which they performed the retrieval task.

The retrieval task consisted of 12 trials that required the subject to use the mental
representation they had formed to reach the location of specific landmarks. On each
trial, the subjects started by facing one of the six landmarks and a sign that indicated
the target location they needed to reach as quickly as possible by the shortest path
(Fig. 1B). Both starting places and target locations varied across trials, so that the only
efficient way to perform the task correctly was to use the cognitive map that they had
formed. Procedural memory would be of no assistance given that in each trial a new
path was always required. Indexing the efficiency of performance needed to take into
account the fact that the optimal route differed in length between trials. To do this,
we determined the ‘ideal time’ to complete each path by using a computerized script
that followed the shortest paths as quickly as possible without stopping. This ideal
time was then subtracted from the time a participant actually used for that path, to
give the ‘additional time’ they required for that trial. Averaging the ‘additional time’
across trials gave us each participant’s ‘mean time delay’ in reaching target locations,
which would inversely reflect their efficiency in using their cognitive map. Since the
velocity of movement is kept constant, delay in reaching the target location may be
due to either following a path that was not the shortest or by stopping along the
way, both of which would reflect inefficient use of the cognitive map. In addition,
we measured the number of errors made while solving the retrieval task, an error
being a trial in which the participants made a detour to reach the target location,
instead of following the most direct route.

At the end of the experiment, the examiner interviewed the participant for
information regarding the strategies used during both the learning and the retrieval
tasks.

3. Results

3.1. Learning task

Most of both young (27 out of 30) and older (20 out of 25)
participants exhibited a similar systematic strategy in exploring
the environment: they defined the northern, southern, western
and eastern sides of the environment first, then navigated from
one side to the opposite until all landmarks were found and all
routes explored. The few subjects that did not define the sides
of the environment followed a different but equally systematic
strategy, moving around the perimeter first and then exploring
the environment in the same fashion described above. These
strategies were confirmed by the individuals’ reports, indicating
that they were conscious of the exploratory strategies they had
adopted.

Anaylsis using t-test comparisons between the groups showed
that older participants (mean time (S.D.) = 1173.6 s (422.52))
required significantly more time than young participants (mean
time (S.D.) = 896 s (453.93)) to complete formation of a cognitive
map of the environment (t(1,53) = 2.33, p = 0.0237) (Fig. 2A).

3.2. Retrieval task

All participants were able to reach the target locations (100%
accuracy). Analysis of the ‘mean time delay’ using t-test compar-
isons between the groups showed that older participants (mean
time (S.D.) = 53.32 s (28.3)) needed more time than young individ-
uals (mean time (S.D.) = 9.6 s (9.4)) to reach the target locations
(t(1,53) = 7.96, p < 0.0001). Thus, they were less efficient in making
use of the cognitive map they had previously formed for the pur-
pose of orientation (Fig. 2B). Similarly, t-test comparisons between
groups of the number of errors made while performing the task
(i.e. the number of trials in which participants deviated from the
shortest route), showed that older participants made more errors
(mean errors (S.D.) = 7.28 (2.37)) than young participants (mean
errors (S.D.) = 1.3 (1.15)) (t(1,53) = 12.21, p < 0.0001) (Fig. 2C).

To determine if age-related differences in the ability to use the
map in the retrieval phase could be accounted for solely by the
efficiency of cognitive map formation in the learning phase, we per-
formed an ANCOVAs, with mean time delay and error rate in the
retrieval phase as dependent variables, time required to complete
the cognitive map in the learning phase as a co-variate, and sub-
ject group as independent factor. The results showed that the main
effect of group was still significant, with older participants spend-
ing more time (F(1,51) = 4.25, p = 0.0443) and making more errors
(F(1,51) = 8.419, p = 0.0055) compared to young participants. Thus,
even after the results are adjusted for the time to form a cognitive
map, a significant age-related difference remains (F(2,50) = 4.436,
p = 0.0168).

4. Discussion

Compared to young participants, older individuals both required
more time to form a cognitive map of the environment and also
were less efficient in using the map for orientation. This confirms
our hypothesis that an effect of age on processing cognitive maps
contributes to the age-related decline in navigational skill previ-

Fig. 2. The histogram displays the mean time (s) required by young and older participants to form the cognitive map of the environment (A) and their time-delay in reaching
the target locations (B). Error bars indicate standard errors of the means. Panel C displays the mean errors (bars indicate standard deviations) made by young and older
participants while reaching the target locations during the retrieval task.



Author's personal copy

190 G. Iaria et al. / Behavioural Brain Research 196 (2009) 187–191

ously shown in both human and non-human animals [3,4,7,27–29].
These prior studies, however, did not distinguish between the dif-
ferent strategies that individuals might adopt while navigating (see
discussion in [7]). Our study used a paradigm designed to maxi-
mize reliance on a cognitive map and minimize the contribution
of procedural memory, to show an age-related difference in one
specific component of navigational ability, the formation and use
of a cognitive map. Difficulty with cognitive map processing may
explain why elderly individuals particularly report difficulties with
learning to orient in new surroundings [23], a situation in which
cognitive maps are more important than procedural memory.

Two prior studies have used a maze test to show similar age-
related impairments in navigation. First, Newman and Kasznicak
[30] used a real environment (a large tent-like enclosure), and asked
younger and older healthy participants to learn and remember the
location of a target relative to a series of environmental cues—in
essence, a human version of the Morris Water Maze used in rodents.
Moffat and Resnick [28] used a virtual version of the Morris Water
Maze, allowing greater control of the environmental stimuli and
computerized measures of performance.

Both of these studies suggested that their results may reflect
age-related declines in cognitive map use. However, there are
several aspects of the Morris Water Maze task that limit such a con-
clusion. In the maze task, subjects learn to reach a hidden platform
located in the environment, which also contains visual cues, usu-
ally coloured shapes, one of which is associated with the platform’s
location. During these learning trials, subjects repeatedly start from
the same location, meaning that they could learn either a habitual
route (procedural memory) and/or a cognitive map. Intermittently
there are probe trials in which the subjects start from a differ-
ent location and must reach the location of the platform, which
has been removed, although the coloured shape associated with
the platform is still present. The time spent in the correct location
despite the absence of the platform is taken as an indirect measure
of the ability to locate the target.

This type of maze protocol has several limitations. First, the time
spent in the target vicinity does not directly measure the efficiency
of the route followed to the target, and second, such an index may
also reflect in part the strength of the learned association between
the visual cue and the platform, which may reflect object memory
rather than spatial memory. Third, while having the subjects start
from a different location during these probe trials does emphasize
cognitive map use rather than procedural memory, the fact that
either procedural or spatial memory could have been used during
the learning trials means that failures on probe trials could reflect
either (a) inability to form a cognitive map or (b) a spontaneous bias
in the choice of the subject to rely on a procedural strategy during
learning [16], limiting the development of such a map. Finally, the
alternation of probe and learning trials means that the measures
on the probe trials reflect performance while the subject is still
learning the environment, meaning that the processes of formation
and use of navigational strategies are not assessed independently.

Our study attempted to address each of these issues. Our learn-
ing phase emphasized the memory of the location of a number of
target locations, not a route between a single starting place and
a single target location. Our assessment of use of the cognitive
map did not begin until after subjects had demonstrated formation
of an accurate cognitive map, allowing us to distinguish between
learning and retrieval of such a map. During the retrieval phase,
subjects were given different starting locations and different tar-
gets to reach, and our measure of performance was the time taken
to travel, not the time spent at the target. For these reasons, we
believe that our study provides stronger support for the conclusion
that cognitive map formation and use are specifically affected by
aging.

One limitation of our results is that it may be difficult to
conclusively demonstrate that use of a cognitive map is affected
independently of age-related effects on formation of a cognitive
map. Although both young and older participants could reach the
same criterion for successful formation of a cognitive map, we can-
not exclude the possibility that the need for more time in the older
group may be associated with a less robust mental representation
of the environment. Allowing them more time to reach criterion
was meant to compensate for any inefficiencies in cognitive map
formation, but may have been only partially successful in doing so.
Thus a difference in the quality of cognitive maps formed could
have contributed to the reduced efficiency in map usage during the
retrieval task. Qualitative inspection of performance during the task
revealed that older participants sometimes headed in the wrong
direction initially, detoured to other landmarks along the way, or
stopped several times while getting to the target locations, all of
which increased time they spent in solving the task. In contrast,
young participants generally headed in the correct direction and
reached targets by the shortest pathway. We conclude that retrieval
difficulties can reflect either cognitive maps of limited quality or
problems with accessing such maps.

It is worth noting that our finding of an age-related differences
occurred with an older group of participants that is not usually
defined as elderly, since their mean age was of 56.7 years. We
selected this age because older individuals may lack familiarity and
skills with the computer technology used in our task. Also, general
motor, attention and perceptual skills decline at older ages [31–34],
leading to slower reaction times and manual responses, which
can confound temporal measures in any cognitive task. By using
subjects who could attain similar measures of basic exploratory
performance by the end of the training task, and by using a protocol
that keeps velocity constant and under the control of the computer
rather than the subject, we can be more confident that the age-
related differences in our temporal parameters are related more
to differences in the efficiency of cognitive map processing than to
differences in motor skills, an inference that is supported by the dif-
ference in a non-temporal parameter, namely the number of errors
made.

Of course, limiting the impact of low-level sensorimotor fac-
tors does not exclude a possible contribution of other higher-level
cognitive functions to age-related declines in a complex task like
cognitive map usage. Using functional magnetic resonance imag-
ing, we have shown activation in the hippocampal complex, parietal
lobe and retrosplenial cortex with the same tasks and stimuli
used in this study [10]. These cortical regions have been impli-
cated in functions such as attention, space-perception and memory
[11,35–38], all of which likely contribute to efficient navigation.
A functional neuroimaging study of aging effects on navigation
[7] showed age-related reductions in the activation of these same
regions. Hence the wide network of cortical regions recruited by
navigation tasks supports assertions that other cognitive functions
such as mental rotation [1,39] may be involved in cognitive map
processing. If so, the age-related decline in forming and using cog-
nitive maps we report may reflect a convergence of aging deficits
in multiple cognitive abilities. Such a convergence may render tests
of a complex phenomenon such as navigating in the environment
particularly sensitive to the effects of age. Thus, while we provide
evidence that aging affects the formation and use of cognitive maps,
we do not exclude the possibility that a decline in other cogni-
tive functions also contributes to a deterioration in navigational
and orientation skills with age. Cognitive map use is only one of
several orientation strategies that individuals can adopt in naviga-
tion. Following routes in both familiar and unfamiliar surroundings
can also be accomplished by remembering either a sequence of
motor displacements or a series of behavioural responses (right or
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left turns) related to the recognition of single familiar landmarks.
In a taxonomy of topographical orientation disorders, Aguirre and
D’Esposito [40] showed that these different orientation strategies
may be affected by lesions to different brain regions. For instance,
the ability to remember and derive directional information (left and
right) from a specific landmark is affected by lesion in the retros-
plenial cortex, resulting in “egocentric disorientation”. Since aging
may affect the functional and structural organization of different
brain regions at different stages, it is reasonable to believe that the
cognitive strategies available for orienting may be affected at dif-
ferent times in life. Further studies are needed to shed more light
on the development and decline of the complex and fascinating
cognitive skill of spatial orientation.

In summary, our findings suggest that decreased efficiency in
the formation and use of cognitive maps occurs with aging, which
likely contributes to difficulties in navigation among the elderly.
Given a recent report that cognitive map processing is corre-
lated with the microstructural properties of the hippocampus [24],
this age-related decline in navigational skills may in part reflect
degenerative changes in the hippocampal complex. This, however,
remains a speculation for future studies to verify. Deficits in the use
of cognitive maps may be relevant to work in age-related conditions
such as Alzheimer’s disease and mild cognitive impairment, par-
ticularly since the anatomic structures implicated in navigation are
affected by such disorders [41–43], and complaints of navigational
difficulties may occur early in the course of dementia [44].
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