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ABSTRACT: In this case study, a man at the onset of Alzheimer’s disease (AD) was enrolled in a cognitive treatment program based upon spatial navigation

in a virtual reality (VR) environment. We trained him to navigate to targets in a symmetric, landmark-less virtual building. Our research goals were to

determine whether an individual with AD could learn to navigate in a simple VR navigation (VRN) environment and whether that training could also bring

real-life cognitive benefits. The results show that our participant learned to perfectly navigate to desired targets in the VRN environment over the course of the

training program. Furthermore, subjective feedback from his primary caregiver (his wife) indicated that his skill at navigating while driving improved notice-

ably and that he enjoyed cognitive improvement in his daily life at home. These results suggest that VRN treatments might benefit other people with AD.
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Introduction

“Use it or Lose it” has widely been adopted as the battle cry of
doctors and health care professionals around the world with
regard to muscle atrophy, cardiovascular health, and, more
recently, neurocognitive health. Alzheimer’s disease (AD) causes
accelerated destruction of neurons and interneuronal links in the
brain, which compromises the aftected individual’s memory and
other cognitive abilities. AD is often characterized by build-
ups of amyloid plaques and neurofibrillary tangles in the brain;
however, in some cases, this pathology may be present without
corresponding neurocognitive decline.! It is thought that these
inconsistencies occur when a person has a large number of redun-
dant neural pathways or neural functionality, otherwise called a
“cognitive reserve”. This cognitive reserve is thought to be built
up by pursuing intellectually stimulating activities including
education, staying abreast of current events, frequent socializ-
ing, and reading.! It would seem that learning to navigate in new
environments can also strengthen cognitive reserve. A study
done with laboratory mice showed that performing navigational
training tasks could reduce AD pathology in the hippocampus,?
the area of the brain that is thought to be important for spatial
memory and navigation.> We wondered whether navigational
exercises strengthened the cognitive reserve of the mice and
hypothesized that similar exercises could help individuals with
AD to improve/maintain their cognition, in general, and their
spatial cognition (specifically, spatial navigation) in particular.
To investigate this hypothesis, we refined our existing virtual
reality navigation (VRN) task* to be used for neurocognitive
treatment of an individual at the onset stage of AD.

'The idea of testing for neurological damage (as opposed
to treating it) using VRN tools is not new; it has been studied

456 as well as other groups.>”® The Morris water

by our team
task was popularized in spatial navigation experiments using
rodents’ and is a popular model for VR-based spatial naviga-
tion assessments. This is because it has been shown to be sen-
sitive to damage to the hippocampus. In general, VR-based
experiments are viewed as screening tools for emerging AD
and may be combined with pen-and-paper-based screen-
ing tools® such as the Montreal Cognitive Assessment
(MoCA)™% or Mini Mental State Examination (MMSE).!!
Such screening tools are usually used to determine whether
more in-depth diagnostic assessments are needed. Both the
MoCA and the MMSE are questionnaire-style assessments
that probe language, memory, attention, orientation, and
visuospatial ability. Both assessments score participants out
of a maximum of 30 points, with lower numbers indicating
increasingly severe cognitive difficulty. We use the MoCA as
a quantifier of cognitive ability in our other works*>® because
it has been found to be more sensitive to mild impairments
than the MMSE .12

In addition to testing, virtual environments have been
used for functional cognitive rehabilitation. Kober et al'3
used VRN training to treat patients with focal brain lesions
during five training sessions. The patients in that work had a
wide variety of lesions, but there were four particular patients
with some combination of memory impairment, dementia,
and/or hippocampus damage. Three of those cases exhibited
improvement in spatial cognition following treatment.
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Figure 1. VRN Building spatial navigation exercise.

Notes: A) Author Paul White uses our custom wheelchair, which captures a user’s real-world motion and translates it to the VRN environment, without the
need of a joystick. B) The target window is marked with an X. C) Each of the 16 second- and third-floor windows is assigned a unique letter ID. Window A
is the left-hand window at the front of the house on the third floor. D) The elevators to move between floors force participants to turn around. This perturbs

participants’ cognitive map.

Nearly all VR systems in the literature use standard inter-
action devices such as a joystick (or keyboard input) and desktop
display,®7814717 but this interaction paradigm has been shown
to baffle elderly people, since they are generally inexperienced
with using such devices.!® To avoid biasing the results of VRN
training (ie, assuming a person has navigation difficulties when
they merely were confused by the input device), we designed
a custom input system based on a wheelchair.!®® Our custom
wheelchair captures a user’s motion in the real world and trans-
lates it to the VRN environment. This makes interaction with
the VRN environment natural and intuitive; to move in the
VRN environment, the user simply sits in the chair and shuf-
fles around; the head-mounted display (HMD) allows the user
to look around and feel immersed in the VRN environment.
This apparatus is illustrated in Figure 1A.

Another possible side benefit of using our custom
wheelchair as an input device may be elevated levels of brain-
derived neurotrophic factor (BDNF). BDNF is a protein that
has been associated with improved cognitive functions such
as synaptic plasticity and memory formation and has been
found in reduced quantities in AD patients as compared to
healthy controls.”” BDNF levels in the hippocampus have
also been shown to increase during exercise in laboratory
mice,?’ which means that physically moving through a vir-
tual environment could promote cognitive processes more

effectively than using a standard input device, in addition to
being more intuitive.

In this paper, we report on our pilot study results of using a
VRN environment for training an individual at the onset stage
of AD over the course of 7 consecutive weeks. We measured
changes in spatial navigation by using our VRN task and real-
world feedback from the individual’s wife regarding his naviga-
tion while driving. We also measured general cognition changes
using a neuropsychological assessment (MoCA) and further
subjective feedback from the individual’s wife. This research
was approved by the University of Manitoba Health Research
Ethics Board, and conducted in accordance with the principles
of the Declaration of Helsinki. The study participant gave writ-
ten, informed consent to participate in the experiment.

Methods

The VRN environment used in this work was created using the
Unity 5 game engine, and displayed using an Oculus Rift DK2
(runtime 0.6.0.1). It ran on a laptop with an NVIDIA GTX
970 m graphics processor. The participant interacted with the
VRN environment by using our custom wheelchair.!® The treat-
ment protocol consisted of 45-minute training sessions, three
times per week for 7 consecutive weeks. We evaluated the par-
ticipant’s performance by means of the MoCA and by study-
ing the trajectories we recorded while he navigated in the VRN

130 i JOURNAL OF EXPERIMENTAL NEUROSCIENCE 2016:10


http://www.la-press.com
http://www.la-press.com/journal-of-experimental-neuroscience-j131

Z,

Neurocognitive treatment for an Alzheimer’s patient

environment. Our VRN environment that detects deficits in
spatial navigation is described in our previous works,*® but since
we used the system in this work with some modifications, it is
described here briefly.

Overview of VRN Building. The VRN Building (also
referred to in our previous work as the VRN House)* assessment
is used to study human navigation in a landmark-less, symmet-
ric three-story building in a series of eight trials. At the begin-
ning of each trial, the participant is shown an external view
of the building, where a randomly selected window is marked
with an X (Fig. 1B). The participant is instructed to enter the
building and find the target window from the inside. When the
participant enters the building, the X on the target window is
made invisible to prevent participants from rediscovering the
target window if they have forgotten its location or become dis-
oriented. When the participant enters the correct room, the X
reappears, the participant is congratulated, and the trial ends.
'The layout of the building intentionally forces participants to
make turns to get to higher floors; this perturbs the participant’s
cognitive map and makes the assessment more challenging,
especially for people with navigation impairments. As can be
seen in Figure 1C and D, the participant needs to turn around
180 degrees to reach the third floor from the second floor, which
adds an extra layer of complexity. Figure 1D illustrates an exam-
ple of a path to get to a room on the third floor.

In our regular assessment, we use a custom algorithm?®
to calculate an “error score” for the participant’s sequence of
window visits; higher scores indicate increasing difficulty in
spatial navigation. The error score is computed by classifying
the navigation errors the participant makes, that is, choosing
incorrect windows.

In this work, we analyzed the number of errors made by
the participant during his treatment sessions and looked for
negative trends to show improvement. We also looked at the
specific types of errors described in our other work:

1. Wall errors: selected window is on an incorrect wall
(eg, participant incorrectly chooses the North wall instead
of the West wall). We observed this type of error more
frequently than the others® and believe that it indicates
that the participant is disoriented by the floor transitions.

2. Floor errors: selected window is on an incorrect floor
(eg, third floor instead of second floor).

3. Left/right errors: selected window is on opposite side of
the correct target (eg, if the target window is Window A
in Fig. 1C, Window F would count as a left/right error
because it is on the right half of its wall, while Window
A is on the left half of its wall).

Treatment protocol. Our participant in this work was
a retired 74-year-old male, who lived with his wife. He had
received a Master’s degree in Social work and had worked in
that field throughout his career. In the time before our study,
he was physically and socially active in his life and capable

of living independently. He was diagnosed with mild cogni-
tive impairment (MCI) with probable development of AD.
He reported symptoms including short-term memory loss and
an increased difficulty remembering directions while driving.
Furthermore, he had scored 24 on the MoCA v7.1. In the time
leading up to our treatment regimen, he was only comfortable
driving his vehicle in familiar areas. He had a family history
of AD on his father’s side.

We recruited the participant from our ongoing VRN
Building assessment study,* which he had previously volun-
teered for twice within the previous 2 years. His first error
score in 2013 was 66%, and his MoCA score was 28/30.
Two years later, during his second assessment, his error score
increased to 72% and his MoCA score dropped to 24/30.
These data, collected 6 weeks prior to beginning treatment,
served as our baseline. It is important to note that we con-
sider an initial error score of more than 50% in the VRN
Building assessment combined with an increase in error score
to be a warning sign of AD (normally, people’s error scores
decrease in subsequent assessments). Since the participant’s
MoCA score also decreased, we referred him to a neuropsy-
chiatrist who upon further assessment diagnosed the par-
ticipant with MCI, with probable development of AD. We
have consistently found that the VRN Building assessment is
very difficult for AD patients; in our experience, all partici-
pants diagnosed with AD fail to find any of the targets in the
VRN Building. Since the participant was still at a very early
stage of the disease progression and was struggling with the
VRN Building assessment, we decided to use it as a treatment
for this work.

The treatment period was split into two phases: Sup-
ported Training and Independent Training. These phases
differed simply in that the Supported Training phase was
restricted in certain ways, while the Independent Training
phase was repeated applications of the standard VRN Build-
ing assessment. The Supported Training phase was restricted
in the following ways:

1. We restricted the targets to only those on the second
floor to avoid the second rotational perturbation associ-
ated with going to the third floor.

2. Each window was visited twice each trial. The first time,
we gave the participant hints and guidance during his
navigation; the second time he was not assisted unless
the examiner believed he had clearly become lost. As we
progressed through the Supported Training phase, we
decided to swap the ordering, so that the first window
would be un-assisted and the second one would be assisted
(if needed). During the third week, once the participant
was more comfortable with the second-floor windows,
we began including target windows on the third floor.

The treatment advanced to the Independent Training
phase when the participant demonstrated a high degree of
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mastery of the trials in the Supported Training phase. During
the Independent Training phase, we performed the standard
VRN Building assessment (ie, pseudorandomly selected win-
dows on both the second and the third floors with no repeti-
tions) as many times as we could within our 45-minute session.
This worked out to approximately 1215 targets. Once the
participant was able to find eight targets consecutively with no
errors, we decided to limit the training to eight target windows
to reduce the participant’s time commitment (the regular VRN
Building assessment uses eight target windows). In order to
track performance across the Independent Training phase and
the Supported Training phase, we compared the number of
errors, rather than the error score, since the error score may not
be applicable to data collected during the Supported Training
phase. A benefit of the two-phase treatment system is that with-
holding the third-floor windows allows us to control for practice
effects and see if training solely on the second floor allowed the
participant to navigate more accurately on the third floor.

In addition to tracking navigation errors, we tracked the
participant’s progress using the MoCA. We performed three
MoCA assessments during the course of treatment and two
tollow-ups: once before starting, then during the program at
the 4-week mark, and at the end of the seventh week. We
performed follow-up evaluations 5 weeks and 28 weeks after
the end of the program. We also asked the participant’s wife
to keep a log of his daily activities and driving performance.

In summary, we used four performance metrics to track
spatial navigation and overall cognition in this work:

1. We tracked the participant’s navigation errors in the
VRN Building over the duration of the treatment and
looked for changes in the overall number of errors, as
well as particular types of errors (wall errors, floor errors,
and left/right errors).

2. We tracked his ability to navigate to third-floor windows
before treatment, after training only on the second floor,
and during two follow-up sessions.

3. We scored his overall cognition using the MoCA at vari-
ous points during the treatment and during two follow-
up sessions.

4. 'The participant’s wife kept a journal commenting on the
participant’s navigation while driving and on his “real-
world” cognitive health at home.

Results

The participant showed a substantial improvement in navi-
gating in the VRN Building assessment. This can be clearly
observed by comparing the baseline assessment (where the
participant could not reach more than one target window
without error) with the end of the training program, when
he could reliably locate eight randomly selected windows
with no errors. Figure 2 shows the steady improvement of
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Figure 2. The participant’s navigation errors over time. The number of errors is divided by the number of trials during each session, because as the
treatment progressed, the participant visited more windows within the one-hour time slot. Note a ceiling effect toward the end of training, where the
participant was able to find all target windows with no errors. (A) Total navigation errors. (B) Incorrect wall-type navigation errors.
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Table 1. The participant’s VRN Building navigation errors for four of the third-floor windows.

WINDOW ID  PRE-TRAINING (6 WEEKS AFTER SECOND FLOOR TRAINING INDEPENDENT TRAINING 5WEEKS AFTER 28 WEEKS

(FIG. 1C) PRIOR TO TREATMENT) (MIDDLE OF WEEK 3) (FINAL DAY) TRAINING AFTER TRAINING
C 3 0 0 0 0

D 0 0 0 0 3

G 3 0 0 0 3

J 1 2 0 0 0

Notes: Each column contains the number of navigation errors the participant made the first time he navigated to a window following a particular milestone. The
“Pre-training” column contains the four third-floor windows that the participant navigated to during the baseline assessment. We ensured that during the follow-up

trials, the same windows were visited as during the baseline assessment.

the participant’s spatial navigation by plotting the number of
navigation errors for each session. Since each session had a
different number of trials, in Figure 2, the number of errors is
plotted as the number of navigation errors divided by the total
number of trials for that session. Figure 2A shows a plot of
the total navigation errors, and Figure 2B specifically shows
wall-type navigation errors.

Table 1 shows the participant’s navigation errors at cer-
tain milestones, when navigating to four specific windows on
the third floor of the VRN Building. These window IDs cor-
respond to the window IDs shown in Figure 1C. After train-
ing on the second floor, the participant was able to correctly
locate third-floor windows that he had not navigated to since
the baseline assessment, and a follow-up assessment showed
that this effect persisted 5 weeks after ending the training ses-
sions. However, this improvement appeared to have worn off
28 weeks after training.

The participant’s MoCA scores remained relatively
consistent during the treatment. This progression is illus-
trated in Table 2. The MoCA defines scores of 25 or less to
be indicative of cognitive impairment, and since the partici-
pant’s scores were at or below the borderline of 25, he was
classified as having MCI. Since the participant was still at
a relatively high level of cognitive ability, most assessments
were unable to capture any changes in him due to the ceil-
ing effect. In fact, Table 2 shows that the only area where
the participant had difficulty on the MoCA test was the
“Delayed Recall” (or “Memory”) section. We did not expect

to see much improvement in that area because the focus of our
training was mainly in spatial navigation. Therefore, in order
to determine whether the treatment resulted in any real-life
improvements, we asked the participant’s wife to keep a log
of her observations.

The participant’s wife noted improvements in his daily
living functions, in particular in his orientation skills while
driving, as well as his mood. Furthermore, we subjectively
noted that during the earliest treatment session, the partici-
pant would make self-deprecating comments concerning his
mental state (eg, “my dopey brain”), but as treatment pro-
gressed and his scores improved, these comments ceased.

Discussion
The VRN treatment, presented in this paper, has shown some
benefits for one person at an early stage of AD, but the benefits
of such a treatment protocol cannot be generalized until they
are confirmed in a number of other individuals at the early
stages of the AD. The main benefit of the presented VRN
system here as compared with other designs is that it addresses
some limitations inherent to the so-called “ambulatory”
VR systems.

The overall results of this case study suggest that people
at the early stages of AD can learn to navigate paths in a
suitably immersive VR system, and the learned paths may
translate to overall real-world spatial navigation skill, as indi-
cated by our participant’s wife. Furthermore, the results illus-
trated in Table 1 suggest that a training period as short as

Table 2. The participant’'s MoCA scores.

MoCA OVERALL VISUOSPATIAL/ DELAYED RECALL (/5) ALL OTHER (/20)
VARIANT MoCA SCORE  EXECUTIVE (I5) NOCUE  CATEGORY  MULTIPLE
CUE CHOICE CUE
Baseline (6 weeks 7.1 original 24 5 0 2 3 19
prior to start)
Week 4 7.1 original 25 4 0 2 2 19
Week 7 7.1 original 26 5 2 2 1 19
5-week follow up 7.2 variant 25 5 0 3 2 20
28-week follow up 7.1 original 23 5 1 1 3 17
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4 weeks might be enough to achieve significant improvement,
and Figure 2B shows that the participant’s wall-type errors
decreased after the conclusion of the Supported Training
phase. The participant was able to translate the orientation
skills (ie, correctly identify the different walls) he learned on
the second floor to the third floor, which he had not navigated
on since the baseline assessment nearly 2 months previously.
That being said, 4 weeks may be overly aggressive, since it
actually took 6 weeks until the participant could complete the
assessment with O errors.

Although Table 1 shows that the participant’s spatial
navigation performance had not deteriorated even 5 weeks
after training, we observed decline in his spatial navigation
performance at 28 weeks. Performance could possibly be
maintained by having periodic “booster” sessions to maintain
and reinforce any cognitive reserve improvements.

During the treatment, the participant’s MoCA increased
by 1-2 points; however, we caution against considering this to
be a significant improvement because it is normal for repeated
evaluations to vary by small amounts.!®? We suspect that
this improvement could also be explained by learning effects,
since the three consecutive MoCA tests in Table 2 used the
same MoCA variant with the same memory words; as a case
in point, in the first follow-up MoCA test, we used a differ-
ent variant with different memory words and noted that the
participant’s score remained similar. Table 2 also shows that
most of the points that the participant lost were in the Delayed
Recall section, which tests memory. We reiterate that this was
not the focus of our training program; our focus was on spatial
cognition, but the MoCA questions that assessed visuospatial
reasoning showed a ceiling effect for the participant.

Due to a lack of other widely accepted objective assess-
ments that would not suffer from ceiling effects when mea-
suring spatial cognition at the time of this study, we opted
to document the various subjective benefits that our treat-
ment may have caused. During the course of his treatment,
the participant’s wife kept a journal of his behavior at home
and noted that he appeared to be happier and more confi-
dent in his day-to-day activities, particularly in driving and
remembering directions, and was no longer asking his wife
for direction after beginning his treatments. His mood was
also significantly improved to the extent that he adopted a
healthier life style, for example, reducing alcohol intake and
practicing brain exercises.??

Since using an HMD with our VRN system removes
the typical bias exhibited by elderly people inexperienced with
using computer systems, it allows us to study spatial navigation
more effectively than other VR designs. Our wheelchair para-
digm allows people to physically move about, which substan-
tially reduces simulator sickness,'® especially in comparison to

78,23,24 Tndeed, the vestibular stimula-

stationary VR systems.
tion that our system provides is a key differentiator among
other works, and this additional stimulation may contribute

to path integration and environment encoding at a low level.3

We have observed quantitative and qualitative benefits in
this case study, which encourage further investigations with
larger samples.

Conclusion

We examined the effectiveness of a VR-based spatial navi-
gation exercise in a simple case study of a 74-year old male
at the onset stage of AD and found evidence to suggest that
there may be cognitive benefits to VR navigational training.
We observed quantitative improvement in our participant’s
ability to navigate in the designed VRN environment over a
period of approximately 7 weeks of training; also, the partici-
pant’s wife observed qualitative improvements in his naviga-
tion while driving. This type of treatment is noninvasive and
leverages natural learning strategies to reinforce neural path-
ways, thus possibly creating a larger cognitive reserve.
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