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Cognitive deficits in older adults attributable to Alzheimer’s disease
(AD) pathology are featured early on by hippocampal impairment.
Among these individuals, deterioration in spatial navigation, man-
ifested by poor hippocampus-dependent allocentric navigation,
may occur well before the clinical onset of dementia. Our aim was
to determine whether allocentric spatial navigation impairment
would be proportional to right hippocampal volume loss irrespec-
tive of general brain atrophy. We also contrasted the respective
spatial navigation scores of the real-space human Morris water
maze with its corresponding 2D computer version. We included 42
cognitively impaired patients with either amnestic mild cognitive
impairment (n = 23) or mild and moderate AD (n = 19), and 14 cog-
nitively intact older controls. All participants underwent 1.5T MRI
brain scanning with subsequent automatic measurement of the to-
tal brain and hippocampal (right and left) volumes. Allocentric spa-
tial navigation was tested in the real-space version of the human
Morris water maze and in its corresponding computer version. Par-
ticipants used two navigational cues to locate an invisible goal in-
dependent of the start position. We found that smaller right
hippocampal volumewas associatedwith poorer navigation perfor-
mance in both the real-space (β = −0.62, P < 0.001) and virtual (β =
−0.43, P = 0.026) versions, controlling for demographic variables,
total brain and left hippocampal volumes. In subsequent analyses,
the resultswere significant in cognitively impaired (P≤ 0.05) but not
in cognitively healthy (P > 0.59) subjects. The respective real-space
and virtual scores strongly correlated with each other. Our findings
indicate that the right hippocampus plays a critical role in allocentric
navigation, particularly when cognitive impairment is present.

Persons with Alzheimer’s disease (AD) (1, 2) and with
amnestic mild cognitive impairment (MCI) (3), who are

known to be at higher risk for developing AD, experience diffi-
culties with spatial navigation. Based on animal research, two
basic navigation types were distinguished (4). Egocentric navi-
gation is route or body centered and is dependent mainly on
parietal cortices and caudate nucleus (4–8). The more flexible
and complex allocentric type is world centered and it is de-
pendent mainly on the hippocampus (5, 9). In humans, medial
temporal lobe function is highly lateralized with the right hip-
pocampus predominantly associated with spatial navigation and
topographical memory (10). Recent research has underscored the
importance of the hippocampus for spatial navigation in cogni-
tively impaired subjects (11, 12). For example, a case study of
a patient with early AD (13) reported a distinct navigation deficit
indicative of hippocampal atrophy. However, structural back-
ground of the allocentric navigation impairment has not yet been
entirely elucidated, particularly in the real-space environment.
The navigation disability in AD and MCI patients has been

found to involve selective impairment of spatial cognition asso-
ciated with atrophy of the right-lateralized navigational network
(11). However, this study did not differentiate between allocentric
and egocentric types of navigation. A recent study using virtual
reality environment reported impaired egocentric and allocentric

spatial navigation and reduced right/left hippocampal volumes in
amnesticMCI (aMCI) patients compared with cognitively healthy
controls (12). However, a significant association was not found
between the allocentric navigation performance and hippocampal
volume, and navigation in real space was not assessed.
In our previous study, we found allocentric spatial navigation

impairment in subjects with aMCI and AD in both the real-space
and computerized versions of the test (3). However, these results
were not supported with structural data. In the present study, we
extend these previousfindings by evaluating whether impairment in
allocentric spatial navigation may be proportional to atrophy in the
right hippocampus, an area crucial for performance of such tasks.
Accordingly, we hypothesized that allocentric navigation perfor-
mance would be dependent on the right hippocampal volume.
Specifically, we hypothesized that

i) Allocentric navigation performance would be associated with
right hippocampal volume independent of total brain vol-
ume, suggesting that the result is not a function of total brain
atrophy but is specific to the right hippocampus.

ii) The association between the right hippocampal volume and
allocentric navigation would be more pronounced in cogni-
tively impaired older adults.

iii) The 2D computerized test results would be consistent with
results from a real-space setting.

Virtual reality environments do not fully reflect navigation in
the real space, whereas a real-space setting has a better ability to
mimic real-life situations. In our study, allocentric navigation was
investigated in a real-space human analog of the Morris water
maze (hMWM) (3, 14) and its corresponding 2D computerized
version (3, 14). The subject had to find a hidden goal inside a cir-
cular arena using orientation cues on the arena circumference.
The results of both versions of the hMWM test were regressed on
volumes of both the right and left hippocampi, controlling for total
brain volume and differences in age, sex, and education, to eval-
uate proportion of brain atrophy in relation to navigational errors.

Results
In correlational analyses with the entire sample (Table 1), age
correlated negatively with hippocampal volume but not with
total brain volume, and positively with the magnitude of errors in
the real-space version of the hMWM but not in the virtual ver-
sion. Women had lower total brain volume, but not lower hip-
pocampal volume (potentially due to the lower likelihood to
detect significant differences in such a relatively small structure)
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than men. Years of education correlated positively with hippo-
campal volume and negatively with the extent of errors on the
spatial navigation tests. Positive correlations between brain and
hippocampal volumes were strong as expected, as were negative
correlations between brain/hippocampal volumes and the mag-
nitude of errors on the spatial navigation tests. Finally, there was
a strong correlation between navigation performance in the real-
space and in the 2D computerized version, which is illustrated in
Fig. 1. Figs. 2 and 3 illustrate the observed correlations between
right hippocampal volume and performance on the real-space and
2D computerized versions of the navigation test, respectively.
In multivariate regression analyses (Table 2) adjusted for age,

sex, and years of education, the initial model (model 1), which
included the covariates plus total brain volume score, yielded
a significant association between smaller total brain volume and
poorer performance (i.e., greater average distance error) on both
the real-space and computerized version of the spatial navigation
test. When the measure of the right hippocampal volume was
added to variables from model 1 (model 2), there was a signifi-
cant association between smaller right hippocampal volume and

poorer performance on both versions of the spatial navigation
test, whereas the association between total brain volume and
spatial navigation was reduced to nonsignificant. The addition of
right hippocampal volume into the regression model also led to
a significant improvement in model fit, as indicated by the sig-
nificant change in the R2 value. Finally, the addition of left
hippocampal volume to the variables from model 2 in the final
model (model 3), presumed to reflect verbal ability (and the
potential bias by the level of understanding instructions), did not
affect the results and did not contribute to model fit. Next, we
assessed potential mediation of the link between total brain
volume and spatial navigation by the right hippocampal volume
using the Sobel test (15). The test was significant for the real-
space (z = −3.62, P < 0.001) and 2D computerized (z = −3.35,
P < 0.001) spatial navigation test.
We also estimated regressionmodels for those with and without

cognitive impairment separately (Table 3). Because model 2 was
superior with respect to model fit in analyses with the entire sam-
ple, only results from this model were reported. The pattern of
results was retained for those with but not those without cognitive
impairment. The Sobel test assessingmediation of the associations
between total brain volume and spatial navigation in cognitively
impaired participants by right hippocampal volume was significant

Fig. 1. Correlation between allocentric spatial navigation accuracy obtained
from the real-space and 2D computerized versions of the hMWM in the
entire sample (r = 0.83, P < 0.001).

Fig. 2. Correlationbetween righthippocampal volume inmm3andallocentric
spatial navigation accuracy evaluated as an average of distance error in centi-
meters between theparticipant’s choice and the correct result across eight trials
of each participant in the real-space version of the hMWM in the entire sample.

Table 1. Correlational matrix (n = 56)

Variable 1 2 3 4 5 6 7 8

1) Age –

2) Female sex −0.09 –

3) Years of
education

−0.08 −0.27* –

4) Total brain
volume

−0.02 −0.50*** 0.26 –

5) Right hippocampal
volume

−0.31* −0.23 0.34* 0.54*** –

6) Left hippocampal
volume

−0.31* −0.01 0.34* 0.46*** 0.81*** –

7) hMWM real
version

0.41** −0.03 −0.42** −0.46*** −0.71*** −0.63*** –

8) hMWM virtual
version

0.26 0.05 −0.48*** −0.40** −0.64*** −0.61*** 0.83*** –

Mean 72.0 – 13.7 1,483,036 3,182 3,251 82.4 82.1
SD 8.2 – 3.5 125,957 659 693 46.3 37.7
Range 53–87 – 9–22 1,257,139–1,815,347 1,814–4,622 1,759–4,742 15.3–154.6 15.5–168.6

*P < 0.05, **P < 0.01, ***P < 0.001.
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in the real space (z = −2.42, P = 0.015), but only approached
significance in the virtual space (z = −1.75, P = 0.080).

Discussion
We found that allocentric navigation impairment in a real-space
setting and in its corresponding 2D computerized versions was
proportional to the right hippocampal volume. These results
appeared to reflect a link between the extent of right hippocampal
atrophy and spatial navigation performance, particularly in those
with cognitive impairment represented by aMCI or AD. We con-
cluded that smaller right hippocampal volume irrespective of
a total brain atrophy, as well as age, sex, education, and left hip-
pocampal atrophy, is responsible for decline in allocentric navi-
gation performance. Our results are consistent with previous
studies indicating that the hippocampus is a key structure for
allocentric navigation in animals (9, 16, 17) and humans (9, 18, 19).
DeIpolyi et al. (11) reported an association between overall

navigation impairment (without distinguishing between egocen-
tric and allocentric types of navigation) and atrophy of the right
hippocampus in cognitively impaired subjects (aMCI and AD).
We build on these findings by presenting allocentric navigation in
relation to hippocampal volume in older cognitively impaired
and cognitively healthy subjects examined within one study, and
using both real-space and 2D computerized settings. One ad-
vantage of our study is that our test is a direct analogy of MWM,
which is widely used to study animal spatial navigation (16, 17).

A recent study (12) reported impairment of allocentric naviga-
tion in the virtual reality park and smaller right and left hippo-
campal volumes in aMCI patients than in controls. However,
hippocampal volumes did not correlate with allocentric navigation
accuracy neither in the main analysis (with all subjects together)
nor in the subanalyses (with aMCI and control subjects separately).
Conversely, we found an association between right hippocampal
volume and allocentric navigation that was demonstrated in the
real-space and its corresponding 2D computerized version.
We found the associations between right hippocampal atrophy

and spatial navigation performance to be independent of total
brain atrophy. In fact, we found that right hippocampal atrophy
served as a mediator of the initially observed association between
total brain atrophy and navigation performance, providing fur-
ther evidence for the importance of right hippocampal volume
for navigation performance. Our hMWM test was shown to re-
flect hippocampal impairment. Given that the hippocampus is
impaired early on during the course of AD and aMCI, our test
might be used as an early marker of aMCI and AD, despite the
relatively large heterogeneity within aMCI patients with respect
to clinical progression (20). Future research that includes follow-
up data should explore the utility of the test to predict the
conversion from aMCI to AD and the onset of aMCI.
We also tested whether left hippocampal volume may partially

explain the association between right hippocampal volume and
navigation performance. We found essentially no effect of left
hippocampus, indicating that the results were not confounded by
abilities associated with this brain structure.
We found a parallel pattern of results in the real-space and

computerized versions, confirming our previous findings (3). Al-
though the two versionsmay not be fully interchangeable, including
some reliance of computer skills of the subject, this finding still
points to the utility of the relatively simple-to-administer com-
puter-based test to assess potential spatial navigation deficits to
identify early signs of incipient AD, as was suggested previously (3).
We should mention that we were unable to evaluate the asso-

ciation between allocentric navigation and brain structures other
than the hippocampus. Neuroimaging studies using patients with
MCI (21) indicate significant differences in volumes of multiple
brain regions, including, for example, entorhinal cortical thickness
and volume and parahippocampal gyrus volume. There are hu-
man functional MRI studies suggesting that allocentric navigation
may be dependent on parahippocampal activity during explora-
tion of a virtual-reality maze (22).Thus, we might expect that
hippocampus-adjacent structures such as parahippocampal gyrus
(predominantly on the right) may also relate to allocentric

Table 2. Associations between spatial navigation performance and right hippocampal volume

Model 1 Model 2 Model 3

β P value β P value β P value

Navigation in real space
Total brain volume −0.54 <0.001 −0.30 0.008 −0.33 0.004
Right hippocampal volume −0.48 <0.001 −0.62 <0.001
Left hippocampal volume 0.19 0.225
Adjusted R2 0.51*** 0.65*** 0.65

Navigation in virtual space
Total brain volume −0.40 <0.001 −0.16 0.225 −0.15 0.280
Right hippocampal volume −0.48 <0.001 −0.43 0.026
Left hippocampal volume −0.07 0.715
Adjusted R2 0.35*** 0.48*** 0.48

β, standardized regression coefficient; age, sex, and years of education are controlled. Model 1: covariates
plus total brain volume; model 2: variables in model 1 plus right hippocampal volume; model 3: variables in
model 2 plus left hippocampal volume. ***P < 0.001. P values reported with adjusted R2 indicate whether the
addition of each variable led to a significant improvement in model fit compared with the previous model,
adjusting for the change in the number of variables in the model.

Fig. 3. Correlationbetween righthippocampal volume inmm3andallocentric
spatial navigation accuracy evaluated as an average of distance error in pixels
betweentheparticipant’s choiceand thecorrect result across eight trials ofeach
participant in the 2D computerized version of the hMWM in the entire sample.
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navigation. However, structural correlates of allocentric navigation
in MCI and AD subjects are still underexplored. Future studies
should focus on more complex structural correlates of allocentric
navigation, especially in cognitively impaired individuals.
In conclusion, our results indicate that the right hippocampus

plays a critical role in allocentric navigation in older adults in the
real space and virtual space, especially in those with cognitive
impairment. Together, the results can serve as a basis for future
research to ascertain the ability of spatial navigation testing to
identify patients in the preclinical stage ofAD,where hippocampal
deficits are among the primary symptoms. In addition, the findings
indicate that our computer version of the human analog of the
Morris water maze can reasonably imitate navigation in the real
world and serve as a useful, inexpensive, and reliable screening
tool for early detection of hippocampal dysfunction in older adults.

Methods
Subjects. We recruited all participants at the Memory Clinic, Department of
Neurology, Motol University Hospital and 2nd Faculty of Medicine, Charles
University in Prague. Cognitively intact controls were caregivers and/or
family members of the patients or volunteers from among students of the
University of the Third Age, associated with 2nd Faculty of Medicine, Charles
University in Prague. All participants signed an informed consent on the
study approved by the university hospital ethical committee. Only right-
handed persons were included. Participants underwent standard neurolog-
ical and laboratory evaluation, followed by a semistructured interview and
extended neuropsychological testing. The test battery included Clinical De-
mentia Rating, Activities of Daily Living, Hachinski Ischemic Scale, Geriatric
Depression Scale (GDS), Mini Mental State Examination (MMSE). The neu-
ropsychological test battery was comprised of the Clock Drawing Test, Au-
ditory Verbal Learning Test (AVLT), Free and Cued Selective Reminding Test
with Immediate Recall (FCSRT-IR), digit span forward and reversed, Initial
Letter Fluency, Trail-Making Tests (TMT) A and B, and Rey–Osterrieth com-
plex figure. Participants with depression (GDS > 7) were excluded.

Participants were classified using established clinical criteria and the results
of neuropsychological tests (Table 4). The group with cognitive impairment
(n = 42) included 16 patients with mild probable AD and three with mod-
erate probable AD, and 23 patients with aMCI (see Table 5 for demographic
information for study participants). Subjects with AD met the Diagnostic
and Statistical Manual of Mental Disorders IV-TR criteria for dementia (23)
and the National Institute of Neurological and Communicative Disorders and
Stroke and Alzheimer Disease and Related Disorders Association criteria for
probable AD (24). Patients with aMCI met the clinical criteria for MCI
established by Petersen and colleagues (20, 25). The threshold for memory
impairment was derived from the same literature as scoring >1.5 SD below
the mean of age- and education-adjusted norms on any memory test. We

also included 14 older controls who did not meet the criteria for cognitive
impairment.

Spatial Navigation Testing: The Hidden Goal Task. The Hidden Goal Task (HGT)
is a human analog of the MWM (14), where the allocentric vs. egocentric
types of navigation are tested separately. Allocentric navigation is in-
dependent of individual’s position on the start; it is the prominent distal
cues in the subject’s environment that are used to navigate toward the goal.
However, egocentric navigation is dependent on individual’s body position
on the start. The start-goal distance and the start-goal direction are used to
find the goal. Following our hypothesis, in this study we evaluated allo-
centric subtask. The main task of the participant was to find the hidden goal,
using allocentric strategy. We used two versions of the HGT. In brief, it was
the real-space version, represented by circular velvet arena, 2.9 m in di-
ameter, and virtual 2D computerized test. First, the 2D computerized version
was administered. A map-like view of the arena was projected on a 17-inch
computer touch-screen. The arena was depicted as a large white circle with
the start position and two distinct, red and green, orientation cues on its
circumference. The red circle inside the arena represented the goal. In the
beginning of the 2D computerized test, the correct goal position and mutual
relationship with the orientation cues was presented to the participant. This
feedback was provided before the first trial of the task and after each trial
of eight (to facilitate learning), but not during the real-space version testing.
The participant was requested to move a touch-screen pen from the start to
the supposed goal and draw the entire route. Similarly, in the real-space
version, the goal position on the floor was pointed out with a handheld
pointer stick. The entire procedure is described in detail elsewhere (3).

The mutual relationship of the hidden goal and the orientation cues was
stable across all trials. The navigation performance was measured as the
average distance error between goal position determined by participant and
the correct goal position that was programmed for each trial of eight. There
was no time limit.

Table 3. Associations between spatial navigation performance
and right hippocampal volume estimated separately by cognitive
impairment

With CI, n = 42 Without CI, n = 14

β P value β P value

Navigation in
real space
Total brain volume −0.28 0.063 0.27 0.430
Right hippocampal

volume
−0.45 0.004 0.03 0.933

R2 0.39*** 0.08
Navigation in
virtual space
Total brain volume −0.23 0.168 −0.11 0.760
Right hippocampal

volume
−0.33 0.054 −0.22 0.521

R2 0.21** 0.08

β, standardized regression coefficient. ***P < 0.001, **P < 0.01. P values
indicate whether the variance in spatial navigation explained by the inde-
pendent variables is significant.

Table 4. Neuropsychological results

Cognitively intact,
mean (SD)

Cognitively impaired,
mean (SD)*

AVLT1-6 62.0 (11.0) 32.5 (13.1)
AVLT1-5 52.7 (10.9) 28.8 (10.5)
AVLT after 30 min 11.6 (3.02) 2.4 (3.1)
TMT A 17.6 (4.2) 30.7 (17.3)
TMT B 69.3 (26.9) 253.1 (158.9)
FAS total 43.2 (6.2) 31.1 (12.4)
Digit span forward

numbers
6.7 (1.3) 5.3 (1.1)

Digit span reversed
numbers

5.1 (1.0) 3.9 (1.1)

FCSRT-IR total score
(free + cued)

15.9 (0.3) 12.3 (4.1)

FCSRT-IR free recall
score

10.9 (2.1) 4.6 (3.3)

Benton A errors 3.2 (2.1) 13.1 (4.6)
Benton C errors 0.6 (1.4) 2.5 (1.9)

*In independent t tests, the groups differed significantly in all neuropsycho-
logical test scores (P < 0.001).

Table 5. Demographic information for the participants in
this study

Cognitively intact,
mean (SD)

Cognitively impaired,
mean (SD) P value

N 14 42 –

Age (y) 68.1 (7.1) 73.3 (8.2) 0.038
Years of education 15.4 (3.9) 13.1 (3.5) 0.033
% female 85.2 59.5 0.078
MMSE 29.4 (0.7) 24.8 (3.6) <0.001

P values are based on independent t tests for differences in means and
a χ2 test for a difference in frequencies.
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MRI Acquisition. All participants were examined in a 1.5 T MRI scanner
(Gyroscan; PhilipsMedical Systems).A3DT1-weighted fastfieldecho sequence
was obtained with the following scanning variables: coronal acquisition, 1.0-
mm slice thickness; total scanning time, 14min; TR= 25ms; TE = 5ms;flip angle
= 30°; field of view, 256 mm; and matrix 256 × 256. Initial visual assessment
was performed by an experienced neuroradiologist to discard any other
relevant brain pathology and to ensure appropriate study quality.

MRI Volumetry.Automaticcorticalparcellationandlabelingoftotalbrain, right
and left hippocampal volumes was performed by free experimental software
FreeSurfer package (26) (v4.4.0; http://surfer.nmr.mgh.harvard.edu), imple-
mented into aMacOS X (Apple) workstation. The original rawDigital Imaging
and Communications in Medicine data were converted to FreeSurfer’s ap-
propriate .mgz format. FreeSurfer provides a fully automatic cortical parcel-
lation and segmentation of subcortical structures. The program calculates
brain subvolumes by assigning a neuroanatomical label to each voxel based on
probabilistic information estimated automatically from a manually labeled
training set. In brief, FreeSurfer’s processing includes motion correction; re-
moval of nonbrain tissue using a hybrid watershed/surface deformation pro-
cedure;multiple intensity and spatial normalization; Talairach transformation;
and segmentation of the subcortical white matter and deep gray matter
structures (27, 28). The overall process and analysis pipeline has been described
elsewhere (http://surfer.nmr.mgh.harvard.edu). FreeSurfer was evaluated as
a reasonable substitute for manual tracing (29) and is commonly used in the
studies (21). The analysis outputs were checked by knowledgeable operator.
Finally, the total brain, right and left hippocampal volumes were calculated in
cubic centimeters and millimeters, respectively.

Data Analysis. For analysis, the average distance error across eight trials
between the participant’s choice and the correct goal position was evalu-
ated. The average distance error was measured in centimeters in the real-
space and in pixels in the 2D computerized versions. Initially, we calculated
Pearson correlation coefficients to explore bivariate relationships within the
data. We also inspected score distribution for all continuous variables, and
found both skewness and kurtosis within acceptable range (±0.5). In the

main analyses, we used multivariate linear regression models to estimate
associations between spatial navigation performance and the right hippo-
campal volume. Participants with and without cognitive impairment dif-
fered significantly with respect to age [t(54) = 2.12, P < 0.05] and education
[t(54) = 2.19, P < 0.05], and the result for sex differences approached sig-
nificance [χ2(1) = 3.21, P = 0.073]. These variables have also been found to
relate to spatial navigation ability in previous studies (30–33) and therefore
were controlled in the analyses. Total brain (model 1), right (model 2), and
left (model 3) hippocampal volume measures were added sequentially. We
report standardized regression coefficients, which allow a direct comparison
of the magnitude of the associations by standardizing the variance of each
variable to the same metric. Model fit was assessed by the R2 value adjusted
for the number of variables in the model. In subsequent analyses, we also
estimated the same associations separately in cognitively impaired and
cognitively intact participants.

We performed the Sobel test (15) to assess whether the apparent media-
tion of the association between total brain volume and spatial navigation
performance by right hippocampal volume would reach statistical signifi-
cance. The Sobel test was estimated in a mediation analysis proposed by
Preacher and Hayes (34), which extends the work of Baron and Kenny (35);
the advantages include estimation of all three hypothesized pathways (pre-
dictor to outcome; predictor to mediator, and mediator to outcome) simul-
taneously and incorporating a bootstrapping technique, which reduces
sample size demands (36). The result is expressed as a Z test, where the ab-
solute value >1.96 corresponds to statistical significance at P < 0.05. SAS
software version 9 was used in all analyses, with statistical significance set at
a two-tailed 0.05 level.
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