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Detecting navigational deficits in cognitive
aging and Alzheimer disease using
virtual reality

Laura A. Cushman, PhD
Karen Stein
Charles J. Duffy, MD,

PhD

ABSTRACT

Background: Older adults get lost, in many cases because of recognized or incipient Alzheimer
disease (AD). In either case, getting lost can be a threat to individual and public safety, as well as
to personal autonomy and quality of life. Here we compare our previously described real-world
navigation test with a virtual reality (VR) version simulating the same navigational environment.

Methods: Quantifying real-world navigational performance is difficult and time-consuming. VR
testing is a promising alternative, but it has not been compared with closely corresponding real-
world testing in aging and AD. We have studied navigation using both real-world and virtual envi-
ronments in the same subjects: young normal controls (YNCs, n � 35), older normal controls
(ONCs, n � 26), patients with mild cognitive impairment (MCI, n � 12), and patients with early AD
(EAD, n � 14).

Results: We found close correlations between real-world and virtual navigational deficits that
increased across groups from YNC to ONC, to MCI, and to EAD. Analyses of subtest performance
showed similar profiles of impairment in real-world and virtual testing in all four subject groups.
The ONC, MCI, and EAD subjects all showed greatest difficulty in self-orientation and scene
localization tests. MCI and EAD patients also showed impaired verbal recall about both test envi-
ronments.

Conclusions: Virtual environment testing provides a valid assessment of navigational skills. Aging and
Alzheimer disease (AD) share the same patterns of difficulty in associating visual scenes and loca-
tions, which is complicated in AD by the accompanying loss of verbally mediated navigational capaci-
ties. We conclude that virtual navigation testing reveals deficits in aging and AD that are associated
with potentially grave risks to our patients and the community. Neurology® 2008;71:888–895

GLOSSARY
AD � Alzheimer disease; EAD � early Alzheimer disease; MCI � mild cognitive impairment; MMSE � Mini-Mental State
Examination; ONC � older normal control; std. wt. � standardized weight; THSD � Tukey honestly significant difference;
VR � virtual reality; YNC � young normal control.

Functional disability early in the course of Alzheimer disease (AD) often involves navigational
deficits having life-threatening complications that emerge from wandering and getting lost
while driving.1 Navigational impairment is a harbinger of AD-related cognitive decline, unre-
lated to the degree of verbal memory impairment, as a symptomatic variant of mild cognitive
impairment (MCI).2 Navigational impairment is also a key feature of an AD variant that
presents with disorders of spatial cognition, memory, and orientation.3,4 This syndrome is
associated with posterior cortical atrophy5,6 linked to the accumulation of AD neuropathology
in peristriate cortices7 and imaging evidence of decreased tissue volume in the right posterior
hippocampal and parietal areas.8

In practice, AD is substantially defined by the presence of verbal memory deficits. The lack of
available behavioral measures of navigational capacity undermines our ability to detect early AD
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(EAD) and assess the risk of driving and inde-
pendent living. We have previously shown that
selective deficits of visual motion processing in
AD and MCI are associated with disorders of
ambulatory and vehicular navigation.2,9,10 These
impairments lead to getting lost and accidental
collisions while driving,11,12 as well as wandering
and the loss of independent living.13,14 We have
previously characterized navigational disorders
in AD using a standardized real-world test envi-
ronment, identifying task and subject variables
that influence navigational strategies and naviga-
tional success. Those studies identified both
visuospatial and verbal capacities that contribute
to navigational success, and the ability to link a

recognized scene with a place in the environ-
ment as a critical predictor of a subject’s getting
lost in the test environment.15,16 We hypothesize
that a computer-based virtual reality (VR) test
environment might yield comparable measures
of broad applicability to the early detection of
navigational impairment in MCI and AD.

METHODS Subject groups. We studied young normal
controls (YNCs), older normal controls (ONCs), patients with
MCI, and patients with EAD (figure 1). All subjects were free of
other neurologic, ophthalmologic, or psychiatric illnesses. Cor-
rected binocular visual acuity of 20/40 and a Mini-Mental State
Examination (MMSE) score �17 were required; approximately
half of the subjects (52%) were women. Patients were recruited
from outpatient programs affiliated with the University of Roch-
ester Medical Center and were diagnosed by a geriatric neurolo-
gist or psychiatrist specializing in dementia as meeting the
National Institute of Neurological and Communicative Disor-
ders and Stroke–Alzheimer’s Disease and Related Disorders As-
sociation criteria for AD17 or meeting the American Academy of
Neurology criteria for MCI.18

Specifically, AD patients were required to show impairments
of verbal or spatial memory on clinical or neuropsychological
testing along with similarly characterized deficits of language,
praxis, recognition, or executive function that impacted on daily
living and were not attributable to other causes of cognitive dys-
function. MCI patients were required to have substantiated
memory impairment without other deficits or losses of custom-
ary roles or capacities. The final ascertainment of distinctions
between AD and MCI were often made after repeated clinical
assessments and formal testing. We cannot presume that MCI
patients will develop AD. ONCs were mainly the spouses of
patients who did not meet criteria for AD or MCI. YNCs were
mainly graduate students. Each subject gave informed consent at
recruitment. The institutional Human Subjects Review Board
approved all procedures and protocols.

Navigation testing. The real-world and virtual environment
navigation tests each consisted of eight corresponding subtests.
We randomly assigned subjects to undergo real-world or virtual
testing first; both were completed over 3 days. In an earlier
study, we examined the effect of our subjects’ previous exposure
to the hospital lobby without finding a significant effect, so that
questionnaire was not repeated.15

Real-world environment. The real-world navigational battery
has been described extensively.15,16 Briefly, we use the lobby of
Strong Memorial Hospital as a test environment in a 90-minute test
that begins with an experimenter-directed tour of the lobby on a
fixed path with subjects seated in a wheelchair. We used a wheel-
chair to avoid interference by discomfort or disability in older sub-
jects when walking a substantial distance, anticipating the
distraction and the nonuniformity of route exposure that it might
entail. Subjects were instructed to attend to the route because they
would later undergo testing related to it. Their wheelchair was
pushed along the 1,000-ft path for approximately 4 minutes. On
completion of the route, eight subtests were administered to assess
navigational capacity; each subtest consisted of 10 questions.

Virtual reality environment. The virtual environment was
created with a gaming engine (Quake3, ID Software) with de-
tailed floor plans and photographs of the hospital lobby. A lap-

Figure 1 Summary statistics for each subject group showing sample size,
age, and the results of neuropsychological tests

Two-way analysis of variance revealed that all tests yielded significant between-subject
group differences (p values shown at right). Post hoc tests of group differences for each
test were performed using the Tukey honestly significant difference (THSD; p � 0.05). The
THSDs for each test showed which groups are not significantly different from one another
(included in the same box frame) and which are significantly different from one another (not
in the same frame). YNC � young normal control; ONC � older normal control; MCI � mild
cognitive impairment; EAD � early Alzheimer disease.
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top PC was used to present a three-dimensional view of the
lobby from wheelchair height.

Navigational subtests. The eight subtests were administered
in the order of presentation below.

Route learning. After completing the route demonstration,
the route was begun again. The subjects were asked whether they
had gone left, right, or straight at each of 10 choice points. Mis-
takes were recorded and corrected to maintain the integrity of
the path. In the virtual environment, subjects were shown the
route on the PC screen. On the second presentation, the video
was stopped at the 10 choice points.

Free recall. After the test trip around the route, subjects had
1 minute to name as many objects or landmarks as they could
recall. In both real-world and virtual testing, this was scored as
the total number of items up to a maximum of 10.

Self-orientation. Subjects were shown pictures of 10 differ-
ent objects or locations from the test route, chosen to be distrib-
uted as two sequentially presented sets of five sites distributed at
�45° intervals to the front and sides of the subject’s position, the
subject’s back being toward an outside wall. They were asked to
point in the direction of the location depicted as if there were no
walls between themselves and the target. Responses were scored
as correct if their responses were within 22.5° of the correct
direction, respecting the 45° placement intervals. In the virtual
environment, subjects used the arrow keys to rotate the direction
of view in a manner corresponding to pointing in the desired
direction.

Route drawing. Subjects drew the route, one choice seg-
ment at a time, on a scale outline of the lobby. Each subsequent
outline included a depiction of the previous segments. In the
virtual environment, subjects used a mouse to indicate the loca-
tion of the next choice point while viewing a scale map of the
lobby on the video screen.

Landmark recall. Subjects were asked to name only those
objects or fixtures that were helpful in finding their way on the
self-directed, second trip around the lobby. The number of ob-
jects listed, up to a maximum of 10 objects, was used as a depen-
dent measure in the analysis. This test was identical in the VR
version.

Photograph recognition. Ten photographs (figure 2B) were
presented singly, five from the test route and five from other
locations in the Medical Center. Subjects identified whether
each photo was from the test route or not. Responses were scored
as correct, false positive, or false negative. In the virtual environ-
ment, the photographs were presented on screen.

Photograph location. Another set of 10 photographs from
the test route was presented while subjects used a scale outline of
the lobby with 10 locations marked by letters to indicate the
location corresponding to the scene, scored as the number cor-
rect. In the virtual environment, the photographs and drawing of
the lobby were presented on the screen, and subjects used the
mouse to indicate the correspondence.

Video location. Ten short video clips, taken from the sub-
ject’s view of the test route, were presented with three repeti-
tions. After each display was completed, subjects drew an X on a
blank map where the clip began and an arrow coming from the X
showing the direction and extent of the depicted movement.
Responses were considered correct if the X was placed in the
correct location and the arrow indicated the correct direction. In
the virtual environment, a numbered map was presented after

each video clip, and subjects responded using the mouse.

Neuropsychological tests. The neuropsychological battery
assessed aspects of general cognition, visual–perceptual skills,

and memory. Categorical Name Retrieval assessed verbal flu-
ency. The Money Road Map test19 assessed topographic orienta-
tion along a drawn route by reporting whether turns were to the
traveler’s left or right. Judgment of Line Orientation20 tested
aspects of spatial perception. Two tests were from the Wechsler
Memory Scale–Revised21: Figural Memory uses designs for im-
mediate visual recognition, and Verbal Paired-Associates Test I
and II assess immediate and delayed recall for a list of word pairs.
The MMSE22 was part of the diagnostic assessment.

Data analysis. Results from the navigational and neuropsy-
chological tests were analyzed using multivariate analyses of vari-
ance in mixed designs with subject group as between-subject
factor and various subtests as within-subject factors. The result-
ing F scores are reported with subscripted test and error degrees
of freedom and the resulting p values. All significant effects were
followed up with post hoc analyses using the Tukey honestly
significant difference (THSD) to maintain � levels at p � 0.05.

Discriminant function analysis was used for the identifica-
tion of the subtest that most effectively distinguished between
subject groups. This approach was applied separately to both the
real-world and VR tests. All statistical analyses were run using
SPSS 15.0 statistical software.23

RESULTS ONC, MCI, and EAD subjects were of
similar ages, with declining MMSE scores across
groups (figure 1). Aging effects were evident as the
better performance of YNCs over ONCs on figural
memory and verbal recall. ONCs performed better
than MCI patients did on immediate and delayed
verbal recall and on verbal fluency (animal naming),
whereas MCI patients performed better than EAD
patients did on figural memory and on immediate
and delayed verbal recall. These neuropsychological
findings are consistent with the group assignments
established by neurologic criteria.

Our subject groups showed significant differences in
navigational performance [F(3,76) � 47.85, p �
0.001]. In both the real-world and virtual environ-
ments, YNC subjects performed best, with successively
lower scores in first the ONC and MCI groups and
then the EAD group (THSDs: YNC � ONC � MCI
� EAD). There was a significant difference in perfor-
mance between the two environments, with the virtual
test yielding somewhat lower scores across all groups
[F(1,76) � 19.65, p � 0.001]. However, this environ-
ment difference affected all groups equally such that
there were no significant group-by-environment inter-
actions [F(3,76) � 1.47, p � 0.23] (figure 3A).

Differences in navigational performance across
subject groups provided a substantial range of test
scores in both the real-world and virtual environ-
ments (figure 3B). The absence of significant group-
by-environment interaction effects is consistent with
the strong correlation between real-world and virtual
tests scores across all subjects (r � 0.73). This leads
us to conclude that virtual navigation testing is a
good indicator of navigational performance as seen in
a corresponding real-world environment and that
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this conclusion applies to all subject groups. The or-
der of testing, real-world or virtual environment first,
did not have a substantial effect on test scores, but
there was a slightly better correlation between real-
world and virtual environment scores (incremental
R2 � 0.05) when real-world testing occurred first.

The overall profiles of navigation subtest perfor-
mance from the real-world and virtual environments
were similar in all four subject groups. There were
significant effects of subtest in all but the MCI group
[F(7,2) � 1.39, p � 0.48] [YNC: F(7,30) � 19.07,
p � 0.001; ONC: F(7,14) � 9.79, p � 0.001; EAD:
F(7,5) � 26.46, p � 0.001], reflecting the relatively
greater variance seen in almost all subtests in the

MCI group. This suggests that the MCI group is less
homogenous than the other groups, possibly because
MCI is a multifarious transition state between
healthy aging and AD.

We tested the suggestion that virtual navigational
testing might predict the results of real-world naviga-
tional testing, adding in the results of our battery of
eight standard neuropsychological tests to determine
their combined predictive capacity. Stepwise multi-
ple linear regression selected the virtual navigation
(�std � 0.4, p � 0.001) and delayed verbal memory
(�std � 0.4, p � 0.001) scores as the two best pre-
dictors of real-world navigation testing to results
with an adjusted r2 of 0.82. The inclusion of MMSE
(�std � 0.14, p � 0.045) and judgment of line ori-
entation (�std � 0.13, p � 0.012) scores enhanced
the regression model to yield an adjusted r2 of 0.84.
Thus, it seems that real-world testing might reflect
the influence of factors well described by virtual test-
ing along with factors well described by delayed ver-
bal memory testing.

We found a consistent trend of relative perfor-
mance across all subtests in the four subject groups
(THSDs: YNC � ONC � MCI � EAD). Never-
theless, there was a wide range of subject group dif-
ferentiation achieved by the eight subtests (figure
4A). The same general trend across subject groups
and the same variation in the range of performance
across subtests was seen with the eight virtual envi-
ronment navigation subtests (figure 4B). The simi-
larity of all four subject groups’ subtest performances
in the real-world and the virtual environments is re-
flected in the lack of a significant interaction between
group, environment, and subtest [F(21,99) � 1.47,
p � 0.092].

We did not find that the total or subtest scores
provided a reliable approach to separating subject
groups. Instead, we created composite scores to iden-
tify the combination of measures that best differenti-
ated between subject groups. To do so, we used
stepwise discriminant analysis for group classification
applied separately to data from real-world and virtual
environment testing. The YNC and ONC groups
were used to identify subtest changes associated with
aging, and the ONC and combined MCI and EAD
groups were used to identify subtest changes associ-
ated with disease; the latter grouping avoided the
limitations inherent in the smaller sample size of the
MCI and EAD groups. All of these group compari-
sons, based on the results of both real-world and vir-
tual navigation testing, yielded single discriminant
functions.

Real-world navigational testing distinguished be-
tween the YNC and ONC groups using photo recog-
nition (standardized weight [std. wt.] � 0.59, p �

Figure 2 Schematic representation of the spatial orientation test route in
the Strong Hospital Lobby

(A) Survey map of the test environment showing the outline of the lobby (bold lines) and the
route traveled in testing. Subjects started and stopped at the location of the S on the map.
Each arrow represents a segment of the route, beginning and ending at a decision point. (B
and C) Examples of three scenes from the test route as seen in the real-world (B) and virtual
(C) versions of the test environment. The scenes correspond to the main lobby (left), a
typical intersection (middle), and an extended hallway (right).
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0.001) and video location (std. wt. � 0.60, p �
0.001) subtests to correctly classify 80% of the sub-
jects, whereas virtual navigation testing used photo
recognition (std. wt. � 0.64, p � 0.001) and self-
orientation (std. wt. � 0.77, p � 0.001) to correctly
classify 79% of the subjects. Real-world navigational
testing distinguished between the ONC and MCI/
EAD groups using photo location (std. wt. � 0.64,
p � 0.001) and free recall (std. wt. � 0.65, p �
0.001) subtests to correctly classify 83% of the sub-
jects, whereas virtual navigation testing used the

same subtests (photo location std. wt. � 0.49, p �

0.001; free recall std. wt. � 0.78, p � 0.001) to
correctly classify 85% of the subjects.

The subtest scores from both the real-world and vir-
tual environment were used in a factor analysis to better
assess the underlying components of subject perfor-
mance. In a combined analysis, a two-factor solution
(eigenvalues �1.0 after varimax rotation) emerged with
robustly uniform results. The first factor, which ex-
plained approximately 56% of the total variance, con-
tained four variables. These corresponded to the same
two subtests, Photo Location and Video Location, from
both environments: (factor loadings of Photo Loca-
tion � 0.815 and Video Location � 0.867 from the
real-world environment, and Photo Location �

0.876 and Video Location � 0.882 from the virtual
environment). A second factor, which explained only
9% percent of the residual variance, was the Free
Recall test of objects from each environment: (factor
loadings of 0.797 from the real-world environment
and 0.820 from the virtual environment). Adding
the neuropsychological test results to the factor anal-
ysis grouped immediate and delayed verbal memory
with the second component and added three addi-
tional components at still lower eigenvalues. These
findings are consistent with a strong visuospatial
component and a less strong verbal component.

DISCUSSION VR technology has expanded the
range of studies exploring human spatial behavior,
showing that people create cognitive maps as they do
when exploring real-world environments.24 Few
studies have analyzed the effects of aging and AD on
real-world and virtual navigation. We find that
strong correlations between navigational capacities in
real-world and virtual environments25 are not funda-
mentally altered by aging or AD. This supports the
use of virtual environment testing to detect impaired
navigational capacities, with the caveat that virtual
environment testing yields somewhat lower scores in
all groups.26

The learning of navigational landmarks is equiva-
lent in real-world and virtual environments,26 sug-
gesting that cognitive mechanisms are similarly
engaged under both conditions. This is consistent
with the high correlation between spatial knowl-
edge measured in a VR paradigm and that mea-
sured in the real-world. Such correlations reflect
individual differences in spatial ability, sex, and
prior computer experience.25 The specific environ-
ment (city street, building) designed is not
thought to be a critical factor.

When VR technology is used for training, allow-
ing the advantage of exact control over environmen-
tal variation for experimental purposes, its

Figure 3 Total score on the navigation task by
subject and navigational
environment

(A) Mean scores (� SEM) from the navigation test conducted
in the real-world (solid bars) and virtual (open bars) test envi-
ronments are shown for young normal controls (YNC), older
normal controls (ONC), patients with mild cognitive impair-
ment (MCI), and patients with Alzheimer disease (AD). Mean
total scores were significantly different between subject
groups, with mean scores decreasing from the YNC to ONC,
to MCI, and to AD groups. In each subject group, the mean to-
tal score was not significantly different between the real-
world and virtual environments. (B) The correlation between
navigation test scores from the real-world (abscissa) and vir-
tual (ordinate) test environments for each of the four subject
groups. A high overall correlation was obtained between indi-
vidual subjects’ scores in the two environments (R2 � 0.73),
mainly driven by group differences.
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effectiveness depends on the ability of subjects to
make active navigational decisions; passive VR expe-
rience does not offer training advantages over study-
ing maps.27 Exploration of virtual space has been
shown to reflect both subject memory for object lo-
cation, as well as for route direction, and the subject’s
ability to find a novel path to a goal, reverse a route
back to the origin, or find a shortcut.28

Navigational testing revealed declining perfor-
mance from YNC to ONC, to MCI, and to EAD

groups (figure 3), reflecting a significant, deleterious
impact of both aging and AD. Subtest scores revealed
differences between the four subject groups (figure 4)
characterized by discriminant analyses in which we
focused on comparing aging and AD. Cognitive ag-
ing effects were concentrated in photo recognition
scores from real-world and virtual testing, with addi-
tional contributions from video location in the real-
world environment and self-orientation in the virtual
environment.

Figure 4 Mean scores on each subtest from the real-world (A) and virtual (B) navigation test environments

Across subject groups, the same pattern of relative performance was apparent on subtests as was seen on total test
scores; poorer performance from young normal controls (YNC) to older normal controls (ONC), to patients with mild cogni-
tive impairment (MCI), and to patients with early Alzheimer disease (EAD). The real-world and virtual environments yielded
similar patterns and magnitudes of differences across subject groups. The photo and video location subtests yielded the
lowest mean scores from both the MCI and AD groups.
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Photo recognition consistently distinguished
young and older adults, suggesting that aging impairs
visual memory for scenes, consistent with aging ef-
fects on figural memory (figure 1). Previous descrip-
tions of age-related declines in visual memory have
shown deficits with faces but not other figures,29 or
environmental scenes.30 Our finding of figural and
scene memory impairments in normal aging may re-
flect the more naturalistic demands of a navigational
environment.

The additional effects of aging on video location
and self-orientation subtests suggest specific decline
in linking scene memory to mental representations of
locations. This is consistent with studies showing the
impact of aging on visual associative capacities,31 in-
cluding associations between two faces and between
faces and locations,32 that is not explained by other
cognitive declines.33 Nevertheless, it remains unclear
whether normal aging selectively impacts nonverbal
visual associative functions34 or equally burdens all
associative domains.35

No single measure from our navigational testing
reliably predicted a subject’s membership in any of
the test groups. However, real-world and virtual test-
ing both identified photo location and free recall as
distinguishing ONCs from the combined MCI/
EAD group. Photo location reflects associative defi-
cits for linking scenes and locations, much like that
dominating aging. Distinctions between aging and
AD in visual associative capacity may relate to the
difficulty of the photo location, self-orientation, and
video location subtests: the ONC, MCI, and EAD
groups all had trouble with self-orientation and video
location, but only the MCI/EAD group had trouble
with photo location. The ONC and MCI/EAD
groups are more clearly distinguished by the inclu-
sion of free recall scores in discriminant functions.
Thus, the decline in verbal memory for environmen-
tal features reveals a discontinuity between our older
adult subjects and our AD spectrum patients.

Navigation relies on the complementarity of visual
self-movement perception for path integration36 and
the identification of named places for landmark regis-
tration.37 The path integration and landmark registra-
tion strategies are combined in cognitive mapping to
create a mental representation of the relative position of
landmarks by their sequential observation along a path.
The combination of visual and verbal losses in AD un-
dermines both strategies, impairing route repetition and
drawing, the subtests closely related to real-world way-
finding.15 The core cognitive deficit that we observed in
EAD, therefore, was actually a dual one consisting of
visuospatial deficits and verbal memory deficits.

Thus, the fundamental distinction between navi-
gation in aging and AD may be related to the defini-

tional involvement of verbal memory impairment in
MCI and AD. Still, it is not clear that verbal memory
dysfunction is fundamentally different in AD spec-
trum disorders and normal aging, with verbal mem-
ory deficits and reactions to them (i.e., complaints)
being similar in MCI and older adults.38 Thus, the
use of verbal memory as a line of demarcation be-
tween aging and AD might be more a matter of prac-
tical limits on testing rather than of distinct cognitive
pathophysiologies.
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