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Humans with hippocampus damage display severe spatial memory
impairments in a virtual Morris water task
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Abstract

For nonhumans, it has been shown that the hippocampus (HPC) is critical for spatial memory. We tested patients with
unilateral HPC resections on a virtual analogue of a classic spatial task to assess HPC functioning in nonhumans: the Morris
water task. We found that when humans are required to use spatial cues to navigate to a hidden escape platform in a pool,
patients with HPC resections display severe impairments in spatial navigation relative to age-matched controls and age-matched
patients who have had extra-HPC resections. This effect occurred for every patient tested and was evident regardless of side of
surgery. Hence, it is apparent across species and irrespective of which hemisphere is damaged that the human HPC is critical for
spatial/relational memory. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ability to find objects, recall previous locations
and navigate throughout the world is dependent upon
spatial learning and memory. There is a myriad of
converging evidence that suggests that for nonhumans,
the hippocampal formation appears to be the critical
anatomical structure necessary for these spatial abilities
[3,27,28,33,35] (but see Refs. [7,39]). With humans, the
data also suggest that the hippocampus is involved in
spatial memory. However, it seems that only damage to
the right hippocampal formation results in spatial mem-
ory impairments [4,6,15,16,31,34].

In examining the tasks used to assess spatial memory
across species, there are a number of factors that make
comparisons difficult. Specifically, egocentric memory is
often examined in human tasks, such as maze learning
[6] and object location [34], while allocentric memory is
examined in nonhuman tasks, such as the Morris water
task [23] and 8-arm radial mazes [29]. In addition, even
within species the definition of ‘spatial’ varies greatly
across tasks, such that face recognition [22], memory
for abstract designs [16] and egocentric maze learning
[6] are all grouped together as tests of spatial memory.

Attempts to reconcile some of these differences have
been made in recent reports by Maguire et al. [19] using
virtual environments during PET to examine
hippocampal contributions during navigation through a
virtual town. Their results indicate that both
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hippocampi are active during virtual navigation, but
only the right hippocampal activation predicts naviga-
tion accuracy. These reports take an important step
toward bridging these paradigmatic gaps. However, it is
unclear from these studies how patients with hippocam-
pus damage would perform in these virtual tasks. Spe-
cifically, the tasks consist of navigating from landmark
to landmark and this may not require an allocentric
strategy at all. In fact, rats with hippocampus damage
are unimpaired in using landmarks to locate a goal [24].
Additionally, the procedure in these studies consists of
having a subject learn the virtual environment outside
the PET scanner and hence, important information
about hippocampal contributions during learning is
lost. Lastly, whereas this paradigm has the benefit of
mimicking real life navigation, it is unable to be
adapted properly for use with nonhumans.

An alternative method of using virtual environments
to examine hippocampus contributions to spatial learn-
ing and memory is to take advantage of the rich
paradigms that have been extensively developed for
testing rodents. Specifically, one of the most reliable
tests used to assess spatial memory in rodents is the
Morris water task [23]. In this task, rats are required to
use the relationship among distal cues to navigate to a
hidden escape platform in a pool of milky water. Nor-
mal rats learn to find the platform readily and effi-
ciently. However, rats with hippocampus damage show
severe impairments in being able to use a spatial strat-
egy to navigate to this escape platform [24,35]. This
task is advantageous in that no single landmark allows
for accurate navigation, since the rat must start at
different locations within the pool and some landmarks
are initially hidden from view, depending on the start-
ing point. Rather, it is utilizing the relationships of the
various landmarks in the room that allows for accurate
navigation.

To examine the effects of hippocampus damage on
navigation in humans, we developed a virtual version of
the Morris water task (vMWT) to assess spatial mem-
ory in humans with unilateral hippocampal resections
[2]. This task is parametrically and directly modeled, in
number of trials, relative room dimensions, probe trials,
swimming speed and dependent variables, after the
Morris water task used in our laboratory to reveal
impairments in rats with hippocampus damage [25].
This is advantageous in that we are able to assess not
only allocentric memory, but also the learning process.
Additionally, because all the parameters are similar, we
are better able to make comparisons across species to
help form a more unitary picture of the role of the
hippocampus in learning and memory. Moreover, this
allows for a solitary task to be used to assess hippocam-
pal functioning across species.

2. Materials and methods

2.1. Participants

Our test group consisted of ten patients who had
undergone unilateral hippocampal removals (five left-
sided, five right-sided) as a component of temporal lobe
surgery to treat medically intractable epilepsy. Four of
the left hemisphere and two of the right hemisphere
patients received a selective amygdalohippocampec-
tomy. The other four patients received an anterior
temporal lobectomy. All patients with HPC damage
were recruited from the Montreal Neurological Insti-
tute and are referred to as the HPC group. In addition,
there were six patients that had undergone surgery to
remove tumors in areas outside the temporal lobes.
These patients were recruited from Huntington Memo-
rial Hospital in Pasadena, CA and are referred to as the
tumor group. Lastly, seven age-matched controls, re-
cruited from various personnel at Huntington Memo-
rial Hospital, were tested.

Surgically, the selective amygdalohippocampectomy
involves burrowing a hole through the middle temporal
sulcus and then aspirating the majority of the amygdala
and some HPC. This is carried out to minimize damage
to the overlying cortex, although some damage must
obviously occur during the burrowing. An anterior
temporal lobectomy involves removing the anterior
temporal lobe, including the majority of the amygdala,
some HPC and the majority of cortex overlying these
structures.

2.2. Apparatus

An IBM-compatible computer with a SVGA color
monitor was used for testing. Participants navigated
through the pool by manipulating a joystick. A speaker
connected to the computer was used to provide audi-
tory feedback to the participants.

2.3. Procedure

Participants were told that they would find them-
selves in a 3-dimensional pool and that their goal would
be to escape from the water as quickly as possible. They
were told to use the joystick to move around in the
pool and that the computer would give them both
auditory and visual feedback when they had escaped.
The view on the screen was a first-person view, so that
if they pushed the joystick to the right, the view on the
screen would pan to the right and so on with other
joystick movements. There was a 60° field of view of
the virtual space, which is approximately the same as
the human eye. Participants were told that after com-
pletion of a trial, the screen would blank and then they
must hit a key on the keyboard to start the next trial.
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See Fig. 1 for a possible participant’s view of the room
from within the pool.

Procedurally, participants started from four different
locations (north, south, east, west), five times each for a
total of 20 trials. Each block of four trials consisted of
one trial from each start location, randomly determined
within the block (e.g. Block 1: N W S E; Block 2: S N
E W, etc). If the participant swam over the area of the
pool where the platform was located, a tone sounded,
the platform rose slightly out of the water and a
message saying ‘Congratulations. You have escaped
from the water’ was displayed. At this point, the partic-
ipants were allowed free-swimming movement for 10 s,
after which the trial terminated. However, they did not
need to move during this time if they so chose. If 60 s
elapsed and the participant had not found the platform,
the platform was raised out of the pool so that it was
visible and the computer made a repetitive beeping
noise while scrolling a message ‘Time has expired.
Please swim toward the platform’. This beeping and
scrolling continued until the participant swam to the
platform. Once on the platform, the same sequence of
congratulatory events occurred as described above.
This phase is referred to as ‘hidden platform’ training.

After these 20 training trials, a probe trial was given
in which the platform was removed from the pool and
the participant was allowed to search for the platform
for 30 s, after which the trial terminated. There was no
indication to the participant that the probe trial was in
any way different from the previous 20 training trials,
until it was completed. After the first probe trial, this
testing sequence of 20 training trials followed by a 30-s
probe trial was then repeated. Upon completion of this
phase of testing, the platform was moved to a different

location in the pool and was raised out of the water so
that it was visible to the participant. Participants
started from four different locations, two times each,
for a total of eight trials. This phase is referred to as
‘visible platform’ training. All events and consequences
were identical to those in the hidden platform phase of
testing. Participant location in the pool was written to
a computer data file at �10 Hz during each trial.
These testing parameters were identical to those used
successfully in assessing HPC functioning in rodents in
the real Morris water task [25] and these parameters
displayed excellent experimental transfer to a virtual
environment to assess spatial skills in humans [2].

The probe trials allowed us to examine where in the
pool the participant searched for the platform without
receiving feedback. The logic is that if the participant
was using the spatial cues to locate the platform, they
would spend the majority of their swimming during the
probe trial in the area of the pool where the platform
was located during the hidden platform training. With-
out attending to the external cues, it was impossible to
show a consistent preference for a specific area of the
pool. The visible platform trials examined whether
there were any motivational, motor or perceptional
problems interacting with the 3D nature of the com-
puter program.

3. Results

In examining the latency to find the hidden platform
during the 40 training trials, using a repeated measures
MANOVA with Trial as the repeating factor, there
exists a significant group effect, F(2, 20)=4.21, P=

Fig. 1. A view within the virtual pool. The participant is facing the northeast corner where the platform is hidden.
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Fig. 2. Proportion distance traveled in the quadrant of the pool where the hidden platform was located for the three groups. For the first probe,
the HPC group shows significantly less of a preference than the other two groups. For the second probe, the HPC group again shows significantly
less of a preference than the Control group, but the tumor group does not differ from the other two groups.

0.03. Specifically, patients with HPC damage were sig-
nificantly slower to find the hidden platform than either
the tumor group, F(1, 14)=6.03, P=0.028 or the
unoperated group, F(1, 15)=8.06, P=0.012. However,
the unoperated group and the tumor group did not
differ from each other, F(1, 11)=0.00, P=0.99. In
addition, during the first probe trial (after training trial
20), in which the platform was removed from the pool,
the HPC group spent significantly less of their swim
distance in the quadrant of the pool where the platform
had previously been located compared to both the
tumor group F(1, 14)=23.85, P�0.001 and the unop-
erated group F(1, 15)=17.72, P=0.001 (Fig. 2). How-
ever, the unoperated control group and the tumor
group did not differ from each other, F(1, 11)=0.05,
P=0.99. For the second probe trial (after training trial
40), again the HPC group spent significantly less of
their swim distance in the quadrant of the pool where
the platform had previously been positioned compared
to the unoperated control group, F(1, 15)=7.65, P=
0.014. The tumor group did not significantly differ on
this measure from either the HPC group, F(1, 14)=
2.70, P=0.123 or from the unoperated group, F(1,
11)=0.73, P=0.412. The swim paths during the first
probe trial for the median individual in each group can
be seen in Fig. 3. There were no differences between the
groups in swimming latency toward the visible plat-
form, F(2, 20)=0.95, P=0.40 or in swim speed during
the probe trial, F(2, 20)=2.10, P=0.148. This suggests
that all three groups were equally motivated to find the
platform and did not have difficulty interacting with the
3D nature of the computer program. In addition, the
tumor and the HPC group did not differ in perfor-
mance of a common visuo-spatial memory task, the
Rey–Osterrieth complex figure copy (30.7 vs. 27.8,

respectively), t(9)=1.67, P=0.129 or 30–45 min de-
layed recall (17 vs. 16.2, respectively), t(9)=0.27, P=
0.792. This suggests that the observed spatial memory
impairments cannot be attributed to a global spatial
memory impairment.

By defining a ‘spatial’ strategy during the probe trial
as spending 40% or more of the distance in the quad-
rant of the pool that contained the platform during
training, we note that not a single patient with HPC
damage was able to solve this task consistently. A 40%
point is reasonable given the experimental results of
rats, with bilateral ibotenic acid HPC lesions in the
actual Morris water task using identical testing parame-
ters, spent �33�7% of their swim distance in the
training quadrant during a probe trial [25]. Moreover,
patients with left HPC damage showed spatial memory
impairments in the probe trials equal to those impair-
ments seen in the patients with the right HPC damage
(Probe 1 proportion: left HPC group: mean=0.12�
0.05, right HPC group: mean=0.16�0.07, t(8)=0.41,
P=0.35; Probe 2 proportion, left HPC group: mean=
0.22�0.07, right HPC group: mean=0.27�0.08,
t(8)=0.42, P=0.34).

4. Discussion

The current results indicate that, in humans, spatial
learning/memory impairments in a virtual Morris water
task occur following unilateral HPC removal and are
independent of the side removed. Moreover, because
the tumor and hippocampal group do not differ on the
Rey–Osterrieth complex figure copy and recall task,
this result cannot be attributed to a global learning/
memory impairment.
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Interestingly, this spatial learning/memory impair-
ment does not seem to be lateralized. The patients with
left HPC damage showed spatial learning/memory im-
pairments in this task equal to those impairments seen
in the patients with the right HPC damage. This is
atypical for learning/memory performance following
surgical excision for epilepsy. More specifically, there is
a plethora of studies that suggest that it should be
lateralized. For example, excisions to the left hemi-
sphere are usually followed by verbal memory impair-
ments for stimuli, such as prose [9] or words [14,16].
However, following right hemisphere excisions, one
usually observes spatial memory impairments for maze
learning [6], spatial locations [4,34], face recognition
[22] or abstract designs [15,16,31,37]. Accordingly, one
would expect performance in the vMWT to be unaf-
fected by left HPC damage, but we did not observe this
result. Note that this is not an issue of statistical power.
Whereas, there were only five patients each in the left
and right HPC groups, the critical observation here is
that none of the five patients with left HPC resections
could solve the task. Their percent distance in the
quadrant of the pool where the platform had previously
been located was 12�5% during the first probe trial
and 22�7% during the second probe (recall chance
performance is 25%). Hence, this is not a trend that
does not reach statistical significance simply due to a
low N. Rather, the patients with left HPC resections
display spatial learning/memory impairments in this
task.

Functional imaging data tend to be in agreement
with the data reported here. Specifically, Maguire et al.
reported both right and left HPC activation during
navigation in a virtual environment using PET, depend-
ing on which subtraction they used [19]. Aguirre et al.
[1] reported bilateral parahippocampal activation in
virtual navigation using fMRI while Gron et al. [13]
reported bilateral HPC activation for men and right
HPC activation for women in a virtual maze. Hence, it

seems that not only is there bilateral involvement of the
HPC in these virtual tasks, but the results of the current
study suggest that hippocampus by itself cannot sustain
accurate navigation. Additionally, another explanation
for the lack of a laterality effect in our task could be
that the participants were utilizing both linguistic and
visuo-spatial strategies to solve this task and that nei-
ther strategy alone was sufficient to solve the task.
Hence, damage to either the left or right HPC impairs
performance.

In deciphering the reported laterality effects follow-
ing unilateral hippocampal resections, it may be that
the left and right HPC function precisely in the same
manner and it is the damage to the overlying cortex
that determine the observed deficits. Because the left
HPC receives inputs from association cortex that is
involved in linguistic processes [8], impairments in that
domain are observed following damage to it. Accord-
ingly, because the right HPC receives inputs from asso-
ciation cortex that is essential for spatial or abstract
processing, damage to it results in impairments at those
levels. Hence, the domain specificity of deficits after left
or right medial temporal lobe excisions may be based
upon lateralized specificity of the overlying rhinal and
association cortex and the HPC may be functionally
symmetrical. This view is consistent with the dissocia-
tions after damage to HPC versus rhinal cortex in
nonhuman primates [26]. Thus, damage to left or right
HPC could generate relational memory deficits irrespec-
tive of stimulus type, whereas damage to left or right
rhinal and association cortex determines the type of
information that is affected (e.g. linguistic or visuo-spa-
tial information). Functional imaging studies, as well as
extensions of the current study, should be able to
elaborate these laterality issues further.

There are fundamental differences in performing a
virtual version of the task compared to a real spatial
navigation task. When performing the virtual version,
there are minimal vestibular inputs that can help during

Fig. 3. Probe trial swim paths from the first probe trial of the median individual in each group, as determined by probe trial performance. Note
the lack of a preference for the correct quadrant by the individual from the HPC group.
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navigation and vestibular information has been shown
to be important for rodents to navigate efficiently
[5,20,30]. However, whereas the vestibular inputs are
minimal, there still exists optokinetic (i.e. visual mo-
tion) information that can be utilized by the partici-
pants. Indeed, it has been shown that place cells in the
hippocampus are sensitive to both vestibular informa-
tion and optokinetic information [32]. Moreover, it is
well known in the virtual reality world that motion
sickness and vertigo can be induced using optokinetic
information. Hence, the optokinetic information has a
strong interaction with the vestibular systems. These
points notwithstanding, all groups are equally deprived
of such sources of information, so it is not as if the
vestibular information that is obtained by moving
through an actual environment is necessary to solve this
task. Nonetheless, it may be that the patients with
hippocampus damage are lacking a mechanism to inte-
grate the optokinetic information with the landmark
and relational information. This, in turn, may impair
their ability to utilize path integration or cognitive
mapping strategies.

In choosing a control group, the ideal group to
compare with the HPC group would be a group that
has had surgery to treat their intractable seizures that
involves removed structures in the temporal lobe other
than HPC. However, such a group simply does not
exist. In using surgical methods to treat epilepsy, the
main epilepigenic structure in the temporal lobe is the
HPC. Hence, no epilepsy neurosurgeon would operate
on temporal lobe without the intention of removing
HPC. Given that the amygdala has an established role
in epilepsy and is prone to an epileptic model called
kindling [12], the amygdala is also routinely removed.
This leaves us with the question of what an ideal
control group would be. Initial attempts were made to
test patients who were epileptic and who had resections
of brain structures exterior to temporal lobe, such as
parietal or frontal resections. However, the first group
of patients tested had seizures either immediately prior
to or during testing. Immediately after a seizure (i.e.
post-ictally), patients are often disoriented and con-
fused and conservatively, any data collected within 12 h
after a seizure are not good indicators of normal per-
formance. Thus, it became quickly apparent that this
group was not going to be a good control group.
Hence, the tumor group was chosen. They had all
undergone brain surgery and had rather substantial
volumes of brain tissue removed. So, whereas they were
not consistent in terms of the surgeries that they had
undergone, they acted as a proper control group in that
they were age-matched, had parts of their cortex re-
moved and are now neurologically healthy.

Although the HPC is the main structure targeted in
these surgeries, it is critical to point out that all the
HPC patients tested also had the majority of their

amygdala removed as well as some of the overlying
cortex (i.e. perirhinal cortex). Hence, it is not clear
whether these impairments are a result of damage to
the HPC, the amygdala, perirhinal cortex or to some
combination of these. However, the literature on the
neural bases of spatial memory suggests a converging
story that the amygdala is probably not involved in
spatial navigation. Specifically, it has been shown that
in rodents, there are no impairments in the Morris
water task following amygdala damage [36]. Further-
more, there have been numerous reports of various
dissociations involving HPC and amygdala functioning
[21,25], suggesting that they do not subserve the same
functions. Rather, the amygdala seems to have a more
accepted role of being involved in memory for emo-
tional stimuli [18,38] or various stimulus–reward asso-
ciations [10,17]. Correspondingly, it also seems that
perirhinal cortex is not involved in spatial navigation,
but rather is involved in object memory [11,36].
Nonetheless, it must be kept in mind that these data are
the result of HPC+overlying cortex resections and
conclusions about the specific contributions of each
structure must await further experimentation.

In other attempts to bridge the paradigmatic gap
between the rodent and human tests, Bohbot et al. [4]
created a real life analogue of the Morris water task
using a hidden sensor under a carpet as a goal. They
report that humans with damage to either the left or
right hippocampus proper displayed no impairments in
their task, but they observed impairments in three
patients with right parahippocampal excisions. How-
ever, their test differed from the actual Morris water
task in that the one-trial learning and latency to find
the sensor is the only dependent variable reported.
Hence, the strategy being utilized by the subjects can-
not be determined due to the lack of a probe trial or
reports of navigation speed (e.g. were the three patients
with right parahippocampal excisions simply walking
more slowly?). Regardless, their data are inconsistent
with the rodent literature that implicates the hippocam-
pus as critical for accurate navigation in the Morris
water task.

The current experiment utilized converging sources of
information across species and within experimental
paradigms to assess HPC function in humans. Using
the vMWT, we observed striking impairments in every
patient with unilateral HPC damage. Moreover, this
impairment did not seem to be sensitive to side of
surgery. These results are the first to use a nonhuman
paradigm to reveal allocentric learning/memory impair-
ments in humans with hippocampus damage and this is
consistent with those reported in the literature. This is
advantageous in that it utilizes a virtual analogue of a
classic nonhuman memory task to assess the integrity
of HPC functioning in humans and hence, experiments
can be designed to test similar factors both in nonhu-
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mans and humans. Accordingly, as in nonhumans, the
HPC in humans is critical for spatial/relational mem-
ory. Further experimentation is underway to decipher
whether the observed deficits are based on problems
with allocentric representations as opposed to path
integration. Moreover, functional imaging will allow
for better assessment of the role of the intact hippocam-
pal system in this task.
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