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Abstract— Spatial memory is a critical function. Without it,
we cannot understand our environment, situate ourselves within
it, or remember where items are located. Most research on the
neural basis of spatial memory is conducted either with invasive
brain recordings from animals or with non-invasive imaging in
humans. An emerging way to link these areas is by studying rare
invasive recordings from the human brain, which can be
obtained from epilepsy patients who have electrodes surgically
implanted for seizure mapping. In recent years this invasive
method has expanded our understanding of how the human
brain represents space and has also suggested methods for
modulating and potentially rehabilitating memory. However, it is
unclear whether these results from epilepsy patients generalize to
the non-epileptic population, and from testing in hospital rooms
to more immersive and comfortable setups. Here, groups of
epilepsy patients (n=69) and healthy participants (n=17)
performed the same virtual spatial memory task, enabling us to
compare their spatial memory performance. Moreover, we
compared spatial memory performance between a standard
computer screen versus a head-mounted display. We found that
the spatial memory performance of epilepsy patients performing
our task in a hospital was similar to that of matched healthy
participants performing the task in the lab. Furthermore, actual
spatial memory performance was similar on the group level
irrespective of the interface used, despite the fact that subjects
reported higher immersion with the head mounted display. By
showing consistent spatial memory performance with a single
paradigm across epilepsy patients and healthy participants, as
well as with the use of different display modalities, our results
provide a baseline for evaluating findings regarding the neural
basis of spatial memory and neuromodulation for rehabilitation.
More broadly, these results demonstrate that findings from
neurosurgical patients are comparable to the wider population.
Keywords— Spatial memory, Memory Rehabilitation, Epilepsy,
Virtual Reality, Immersive

I. INTRODUCTION
Remembering where we are located and where things are
positioned around us is one of the most basic steps nearly any
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organism must take to interact with their environment. Spatial
memory can be impaired for many reasons, including problems
with the brain’s spatial system, such as topographic
disorientation [1,2], or as the result of wider memory deficits,
such as Alzheimer's disease and dementia. Indeed, spatial
memory impairments are considered to be one of the first
biomarkers of Alzheimer's [3,4]. These spatial memory
impairments are quite debilitating, significantly limiting the
quality of life of those who face them [5,6], leading to a
growing need for memory rehabilitation tools.
A key first step for creating memory rehabilitation tools
and programs is understanding the underlying neural
systems—how space is represented in our brain and how this
representation can be manipulated. These questions are
typically researched either invasively in animal models
(reviewed in [7]), or non-invasively in humans (reviewed in
[8]). Over the past decade, a unique opportunity has presented
itself that enables researchers to bridge this gap: a clinical
environment in which patients with intractable epilepsy
undergo invasive monitoring of their seizure-related brain
activity to map tissue for potential surgical resection. During
this monitoring period, which typically lasts at least seven
days, patients can perform cognitive tasks with no additional
risk to themselves while neural signals are recorded directly
from their brains (reviewed in [9]). This window has led to a
series of integrative results bridging these literatures,
elucidating the neural basis of spatial memory in humans and
showing how the human brain differs in key ways from animal
models during spatial processing (e.g. [10-12] reviewed in
[13]). Extending these findings, several teams around the world
have recently begun to actively stimulate patients’ brains while
they performed memory tasks with the goal of memory
rehabilitation [14]. For example, as patients navigate virtual
environments and try to encode the location of a target object,
pulses of electrical stimulation applied to specific brain regions
with differing parameters have been reported to both boost [15]
or hamper [16-17] spatial memory.
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Fig. 1. “Treasure Hunt” task paradigm. In each trial, the participants (1) navigated to a series of chests and (2)(3) encoded the locations of items within
them. Each trial consisted of 3-4 chests, 2-3 of which contained items to memorize and 1-2 of which were empty. (4) they then performed a spatial distractor
task in which they had to follow a box containing a coin as it switched places with other boxes. (5) Subjects were then cued to mark the location of one of the
items they had encoded, and after placing them all they (6) received feedback, which consisted of a circle around their chosen location, the actual target
location and a line linking the two (green indicates success, red indicates failure). Participants also received points based on accuracy and speed.

However, these results come from epilepsy patients that
have undergone brain surgery, whose brains may have been
significantly affected by their condition, and who are in a
hospital environment. Accordingly, it is unclear how well these
results and future rehabilitation treatments based upon them
will generalize to the healthy population and, perhaps most
importantly, to people with non-epileptic memory
impairments. This potentially limits their practical utility.
Several previous attempts have been made to verify the
potential for generalization from epilepsy patients to the
general population (reviewed in [9,18]). For example, it is
currently standard practice to remove data from electrodes in
the seizure onset zones, and to remove data corrupted by
epileptic artifacts. Sederberg et al. [19] mapped the location
and epileptic activity in a large set of electrodes and found that
83% were outside the zones affected by epileptic signals.
Lachaux [20] compared EEG and fMRI signals in epilepsy
patients vs. healthy controls and found that the signals
generalized across these groups. However, surprisingly there
are no clear behavioral baseline studies that directly compare
the spatial memory performance of epilepsy patients versus
healthy control participants. Thus, here we aim to fill this gap
by comparing the patterns of behavioral performance between
a group of healthy participants, age-matched to a subset of a
group of epilepsy patients.
As epilepsy patients undergoing seizure monitoring are
typically restricted to their beds, virtual reality tools are the
primary method used for studying their spatial memory. Virtual
environments enable users to perform rich, complex, and more
naturalistic tasks [21]. More broadly, virtual reality is
increasingly used in navigation and spatial memory research
and rehabilitation in general as well ([22-25] reviewed in [26]).
The virtual tasks are typically performed via screen interfaces,
as the use of head mounted displays is challenging with
subjects who have recently undergone brain surgery and have
implanted recording electrodes. This is unfortunate as head-

mounted displays are considered to be more immersive
interfaces and to have higher ecological validity [27,28]. Thus,
we compared the effects of immersion and interface type on
spatial memory, in a within-subject manner, by having healthy
participants perform a spatial memory task on a standard
computer screen as well as via a head mounted display.
II. METHODS
A. Treasure Hunt paradigm
We used the “Treasure Hunt” spatial memory task,
previously used in [29-31]. Treasure hunt is an object–location
associative memory task in which subjects are asked to
remember the locations of various hidden objects in a virtual
environment. The Treasure Hunt task was programmed in
Unity 5.0 (Unity Technologies, San Francisco, California). In
Treasure Hunt, patients and participants are placed in a large
rectangular arena on a virtual beach (Fig. 1). In each trial,
patients drive to a series of treasure chests, each of which is
positioned at a random spatial location. When the patient
reaches each chest, it opens, revealing an object whose location
they are asked to remember. The object remains visible for
1500 ms and then disappears. The patient then drives to the
next chest. After a series of these learning events and a short
distractor task, the retrieval phase of each trial begins. During
retrieval, patients are shown the name and image of each object
and asked to respond by indicating the location where that
object was encountered. After recalling the locations of all of
the trial’s objects, they are moved to an elevated perspective
and receive feedback on their response accuracy. The feedback
consists of the subjects viewing both every object’s correct
location as well as their response location for each object, with
lines linking the two. Finally, subjects receive points based on
their spatial memory accuracy and speed in the main task and
their performance on the distractor task.

B. Participants
69 epilepsy patients (referred to as the “Patient” group) and
17 healthy participants (referred to as the “Participant” group,
age matched to 17 of the patients) performed our task. The
patients performed the task in their hospital beds, and
performed only the screen condition (see description of
conditions below). The participants performed the task in
comfortable conditions in the lab, and performed both the
screen and head-mounted-display conditions. All subjects, both
healthy participants and epilepsy patients, provided informed
consent prior to taking part in our study. The study was
approved by the Columbia IRB (AAAR5000, AAAD5482).
Sample size was determined by patient and matchedparticipant availability. Power calculations demonstrated that
the sample sizes were sufficient for the questions we tested (all
power values > 0.8).
C. Experimental paradigm - Healthy participants
The healthy participants in our study performed Treasure
Hunt in a calm and comfortable lab environment. After giving
their informed consent, the participants performed 4 blocks of
Treasure Hunt, two of which were performed via head
mounted display (“Head Mounted” Condition, via an “Oculus
Rift” DK2) and two via a standard screen interface (“Screen”
Condition), in a random order. Between the blocks they
answered several questions about their general sense of their
own spatial abilities in general (via the standardized SBSoDS Santa Barbara Sense of Direction Scale questionnaire [32]) and
on their performance (questionnaire available at:
https://goo.gl/forms/TCNGFO4uxkA4ec3D3).
The
total
experiment duration was approximately 1 hour and participants
were compensated for their time.
To avoid nausea (“cyber-sickness”) in the Head Mounted
condition, the Treasure Hunt task was adapted by replacing
passive fluid transitions of the viewpoint with a blank screen
and teleportation (i.e., between steps 3 and 4 in Figure 1). A
subgroup of 9 participants performed an additional block via
the desktop interface to ensure that this change would not lead

Fig. 2. A patient performing the experiment. A patient undergoing
invasive clinical epilepsy monitoring performing a task on a laptop,
adapted from [33]. Note the bandages on the patient’s head and the cables
attached to the invasive electrodes.

to significant differences in performance.
D. Experimental paradigm - Epilepsy Patients
The patients performed the experiment in their hospital
room during free time between clinical monitoring and only
when cleared by the clinical staff. Patients were seated in their
beds and performed the virtual tasks on a standard laptop
computer (Figure 2).
E. Measuring spatial memory performance
To assess the level of spatial memory performance for each
item, we measured the distance between the true location of the
learned target object and the subject’s remembered response
location. We refer to this quantity as “Distance Error”. This
distance is in “virtual meters,” or simply “vm.” To test the
statistical significance of the Distance Error relative to random
chance (which is nontrivial given the random location of the
targets relative to the environment’s boundaries), we calculated
the distribution of distance errors expected by chance using a
random simulation [16, 29]. To do so, we randomly chose
100,000 locations in the arena, calculated the Distance Error
for each one, then measured the 50th percentile, which
indicates the mean Distance Error that would be observed by a
subject who responded randomly. Importantly, this procedure
corrects for potential biases in the distributions of response
errors arising from the target’s location relative to the shape of
the environment. To assess statistical significance, for each
subject we average the observed distance error and chance
levels across trials, calculate a group-level score across
subjects, and then compute a paired two-tailed t-test. We refer
to this procedure as “spatial memory scoring” or simply as
SMS test.
III. RESULTS
A. Screen vs. Head Mounted interfaces
Participants in our study performed the Treasure Hunt
spatial memory task via two different display modalities. The

Fig 3. Comparing interfaces. Spatial memory performance was
significant in both conditions, but no significant difference was found
between them on the group level. However many individual participant
showed better performance in one condition over the other. Stars/N.S.
above each horizontal bar indicate significance between groups at p<0.01,
stars/N.S. above each group denote that group’s significance vs. chance at
p<0.01.
Fig. 3.

participants had an average Distance Error of 18.5 vm ± 1vm
(mean ± SEM) when performing the task using the screen and
17.5vm±1.2vm when using a head mounted display. In both
cases these scores were significantly above chance (both p’s≪
0.01, SMS test), which indicates that subjects in this task could
reliably remember object locations. The spatial memory
performance of all participants was significant also on the
single-subject level (all p’s<0.005). There was no significant
difference in subjects’ mean memory performance between the
screen and head-mounted conditions (p=0.5, t=0.5, paired, twotailed t-test) (Figure 3).
During the experiment, the participants completed a short
survey describing their feelings about their task performance
and about their sense of their own spatial abilities more
generally (see “Experimental Paradigm”). In response to the
question “Which of the conditions was harder?”, most subjects
(12/17) answered that the Head Mounted condition was more
difficult, but most reported it was only moderately so (4.5±0.5
on a 1–10 scale ranging from “slightly” to “significantly”).
However, this feeling did not significantly correlate with
subjects’ actual performance (r=0.15, p=0.56).
The participants overwhelmingly reported feeling
greater immersion in the head-mounted condition (15/17,
mean response = 6±0.5 on a 1–10 scale from “slightly” [1] to
“significantly” [10]). Subjects who reported high levels of
immersion also reported the head-mounted display condition
was easier (weak correlation, r=0.38, but p=0.1), but this
feeling did not actually translate to better performance than in
the screen condition (r=0.19, p=0.47). We found no significant
correlation between a subject’s general level of spatial skills as
evaluated by SBSoDS survey, and either their memory
performance or their subjectively reported spatial performance

Fig 4. Comparing patients and age-matched participants. Both groups
performed significantly better than chance, i.e. the average distance errors
were significantly lower than the distance errors calculated choosing
random locations. The performance of the two groups was not
significantly different, but several individual patients had scores worse
then the range of the healthy participants. Individual circles denote
individual subjects, with filled circles denoting subjects that were not
significant on a single subject level. Error bars denote standard error.
Stars/N.S. above bar indicate significance between groups at p<0.01,
stars/N.S. above each group denote that group’s significance vs. chance at
p<0.01.

in the task (both r’s < 0.1).
B. Similar performance between patients and participants
We first looked at the subgroup of 17 patients age-matched
to our participants. The mean distance error of the patients was
21.5 vm ±1.4 vm (p≪0.01, t=8.4, SMS test). Performance did
not significantly differ between the two age-matched groups
(p=0.1, t=1.6, unpaired 2-tailed t-test). Looking at the single
subject level, while 15 of the patients performed above chance
(all p’s<<0.001, SMS task), two patients were not able to
perform the task well (i.e., their mean distance error was not
significantly better than chance) (Figure 4).
We then examined performance across the wider group of
patients. Overall, the patients’ mean performance was 23.5±0.8
vm (p<<0.01, t=12.1, SMS test), which was significantly worse
then the participants (p<0.01, t=2.7, unpaired two tailed t-test).
However, as our age-matched patients were young
relatively to the overall patient group, we considered whether
this difference could be due to age differences between the
groups. To test this, we split the patients in half by age (median
split = 31.9 years) to identify potential bias due to participants
age. The younger group had a mean performance of 20.5 vm ±
1.2 vm, which was not significantly different from the
performance of the participants (p=0.25, t=1.1, unpaired 2tailed t-test). The older group, with a mean performance of
25.1 vm ±1 vm (which was still above chance, p<<0.01, SMS,
including 11 individuals that did not perform above chance),
performed significantly worse than the younger group (p<0.01,
t=2.5, unpaired 2-tailed t-test) and the age matched participant
group (p<0.001, t=3.3, unpaired 2-tailed t-test) (Figure 5.).
Next, we examined subjects’ reaction times, measured by
the average time it took participants and patients to fully supply
an answer when cued in the recall stage of the task. Here we
found that patients’ mean response duration (3.2 s ± 0.1s) was

Fig 5. Comparing younger and older patients. Spatial memory
performance was significant in both groups, but the performance of the
younger group of epilepsy patients was significantly better than that of
the older group. Individual circles denote individual subjects, error bars
denote standard error. Stars/N.S. above bar indicate significance between
groups at p<0.01, stars/N.S. above each group denote that group’s
significance vs. chance at p<0.01.

interpreted as indicating that “all epilepsy patients have healthy
spatial memory”, but rather that neural spatial representation
and rehabilitation results obtained from most epilepsy patients
who are cleared by their doctors, and insights gained from
them on spatial memory rehabilitation in general, are
generalizable because their behavior is within the same general
range as healthy individuals. Nonetheless, our results also point
out the need for checking patient’s performance on a singlepatient level to identify outliers whose neural results may not
be generalizable.

Fig 6. Answer duration for patients and participants. The Patients and
Participants reaction times were similar. Individual circles denote
individual subjects, error bars denote standard error. Individual circles
denote individual subjects, error bars denote standard error. Stars/N.S.
denote that group’s significance vs. chance at p<0.01.

generally similar to those of the participants (2.9 s ± 0.2s)
(p=0.24, t=1.16), although several individual patients did show
substantially slower responses than the range of the healthy
participants (Figure 6).
IV. DISCUSSION AND FUTURE WORK
We found that overall the spatial memory performance of
most epilepsy patients undergoing invasive brain monitoring in
hospital settings fell within the range of the performance we
observed for age-matched healthy participants in a comfortable
lab setting. We also found that using a more immersive
interface for spatial navigation did not significantly improve
performance compared to a standard screen interface and that
this was true despite the participants reporting a higher feeling
of immersion with a head mounted display.
Our findings of only minor behavioral differences between
the patients and healthy participants complement previous
comparative work that has shown many similar neural signals
in epilepsy patients compared to healthy individuals after
excluding signals in seizure onset zones and timepoints with
potential epilepsy artifacts (review: [9,18]). Together these
findings provide an important baseline supporting the use of
performing spatial memory research in epilepsy patients
despite potential differences in their brain activity, the
sometimes chaotic and stressful hospital environment, the
invasive recording system, and the nature of the VR interface.
Two important aspects must be kept in mind when
interpreting our results. First, the patients participating in our
tasks were those who were pre-screened and approved for
participation by their clinical staff. This excluded patients who
the clinical team thought would not be able to perform our task
also in terms of cognitive ability. Indeed, even within our
results it is evident that several patients were outliers in terms
of their performance. Thus, our results here should not be

A second important issue to keep in mind is that all of our
tests were performed in virtual environments and not in the real
world. The use of virtual environments offers many advantages
both in terms of research and in terms of future rehabilitation.
However, screen-based virtual tasks typically lack idiothetic
sensory cues (i.e. internally generated self-motion cues, such as
cues from the proprioceptive and vestibular systems). In recent
years several rodent studies have challenged the use of VR for
understanding the brain’s spatial representations [34], while
others have supported the generalizability of findings of VR
environments both in rodents [35] and humans [36,37]. On the
behavioral level, many projects have shown the ability to
transfer learned information between real and virtual
paradigms (e.g. [38-41]). Regardless, while it may not be fully
practical with most epilepsy patients at the moment, future
advances in the field of mobile virtual and augmented reality
may enable such paradigms as future work (e.g. [36]). In this
context, our findings showing consistent spatial memory
performance across interfaces, regardless of the subject’s
reported feeling of immersion, offers an optimistic outlook for
the use of conventional computer displays for studying spatial
cognition with epilepsy patients, with whom the use of head
mounted displays is difficult for technical reasons.
Our results also provide an additional replication of the
well-established age-related decrease in spatial memory
performance in healthy subjects [42,43]. By showing that this
effect is also present in epilepsy patients, it bolsters the view
that the behavior of epilepsy patients in spatial memory tasks is
generally similar to that observed in healthy subjects. Our
results also demonstrate the need in future studies to control for
age effects in analyzing the behavior and neural data in
epilepsy patients.
V. CONCLUSION
In conclusion, we found that humans display similar spatial
memory performance in the Treasure Hunt spatial memory task
both when performing it via a standard computer screen and
via an immersive head-mounted display. Furthermore, we
found similar mean levels of performance between healthy
participants performing the task in lab conditions to epilepsy
patients performing the task in a hospital epilepsy monitoring
clinic. However, we also found important differences on the
single-subject level. Our results are an important baseline for
generalizing to the general population findings from
neurosurgical epilepsy patients regarding the neural basis of
spatial memory and the potential for memory rehabilitation via
invasive neural modulation. In turn, this offers insight and
practical potential for virtual memory rehabilitation in humans

in general using both navigation on conventional screens and
head-mounted displays.
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