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Abstract

Objective: This article describes the findings of a study examining the ability of persons with strokes to use
home virtual rehabilitation system (HoVRS), a home-based rehabilitation system, and the impact of motiva-
tional enhancement techniques on subjects’ motivation, adherence, and motor function improvements subse-
quent to a 3-month training program.
Materials and Methods: HoVRS integrates a Leap Motion controller, a passive arm support, and a suite of
custom-designed hand rehabilitation simulations. For this study, we developed a library of three simulations,
which include activities such as flexing and extending fingers to move a car, flying a plane with wrist move-
ment, and controlling an avatar running in a maze using reaching movements. Two groups of subjects, the
enhanced motivation (EM) group and the unenhanced control (UC) group, used the system for 12 weeks in their
homes. The EM group trained using three simulations that provided 8–12 levels of difficulty and complexity.
Graphics and scoring opportunities increased at each new level. The UC group performed the same simulations,
but difficulty was increased utilizing an algorithm that increased difficulty incrementally, making adjustments
imperceptible.
Results: Adherence to both the EM and UC protocols exceeded adherence to home exercise programs described in
the stroke rehabilitation literature. Both groups demonstrated improvements in upper extremity function. Intrinsic
motivation levels were better for the EM group and motivation levels were maintained for the 12-week protocol.
Conclusion: A 12-week home-based training program using HoVRS was feasible. Motivational enhancement
may have a positive impact on motivation, adherence, and motor outcome.
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Introduction

Persistent, hand-related disability has a substantial
effect on the productivity of the growing cohort of younger

persons with milder strokes1 and increases the cost of care for
older and more impaired persons with strokes.2 Current service
delivery models emphasizing short, independence-focused
inpatient rehabilitation stays3 and intermittent, low-volume
outpatient rehabilitation encounters4 restrict the amount of
rehabilitation a patient receives. Over a decade of research has
produced some insight into total volume5 of rehabilitation
necessary to elicit changes in hand function. Facility-based
rehabilitation rarely meets the volume described in these
studies.4 This points to the need for rehabilitation that can be
performed independently, in the home.

Unfortunately, adherence to unsupervised home exercise
regimens is poor in persons with strokes.6,7 Low motivation
levels are cited as an important barrier.8,9 Several small
sample studies have cited higher levels of motivation asso-
ciated with videogame-based rehabilitation than real-world
exercise or simple virtual rehabilitation.9,10 Studies of patients
with stroke describe patients participating in videogame-like
training activities, performing five to six times more repeti-
tions than patients performing traditional activities.4,11,12 Few
studies have directly examined the adherence of persons with
stroke to self-directed rehabilitation activity performance in
the home. A single study of traditional, self-directed home
exercise reported a 66% retention rate with weekly exercise
time <60 minutes.13 Three small studies examining game-
based virtual rehabilitation cited study retention rates over
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90% and mean self-directed exercise performance times that
ranged between 75 and 135 minutes per week over interven-
tions that lasted between 6 and 8 weeks.14–16 This increase is
substantial, but these training times still fall short of the
training volumes associated with upper extremity (UE) motor
improvements.

Standing in stark contrast, commercial videogame usage
in the United States is performed by a large cohort of persons
in the age group in which strokes occur most often. In a 2016
study published by AARP, 40% of a group of 2516 persons
older than 50 years reported regular videogame usage. This
group averaged over 5 hours of videogame play per week
(250% more than the highest levels of virtual reality (VR)-
based home rehabilitation participation cited above).15 One
of the reasons underpinning the amount of time these games
are played is the structure of the games themselves. A game’s
rules, progression of play, difficulty, and system of rewards
for successful performance, all contribute to the enjoyment
associated with these games, and therefore the amount of
time people spent playing them.17 Best practices in the field
of game mechanics have evolved steadily18 and the use of
game mechanics to influence human behavior has spread into
a variety of fields.19–21

Adaptive difficulty algorithms have been utilized in virtual
rehabilitation studies for over a decade. They are associated
with accelerated motor control improvements and increased
time on task in laboratory-based virtual rehabilitation.22–25

In our proposed study, we expand on this approach by uti-
lizing a method of game mechanics called scaffolding; when
a participant masters each new motor skill, we will introduce
another new feature of the game, show the player how to
perform the new skill, offer a safe scenario in which the
player can practice it, and require the player to master it
before moving onto the next skill.26 This approach is asso-
ciated with dramatic increases in autonomous time on task in
non-rehabilitation simulations.27–29 Scaffolding will be cou-
pled with in-game rewards, such as newer more exciting
graphics and more ornate avatars to further entice the player
to face and overcome the next challenge.28 This article will
describe the findings of a feasibility/pilot study designed to
establish the ability of persons with strokes to use home
virtual rehabilitation system (HoVRS) at home with minimal
support. We will also examine the impact of scaffolding and
in-game rewards on the intrinsic motivation (as measured
using the Intrinsic Motivation Inventory [IMI]), adherence to
the program (measured in total rehabilitation minutes), and its
effectiveness (measured with the Fugl–Meyer assessment).

Materials and Methods

Study procedures were approved by the Institutional Re-
view Board of Rutgers, The State University of New Jersey.

Subjects

Inclusion criteria were (1) 40–80 years of age, (2) uni-
lateral right- or left-sided stroke, (3) score of 22 or greater on
the Montreal Cognitive Assessment,30,31 (4) no hemispatial
neglect or proprioceptive loss, (5) Fugl-Meyl Upper Ex-
tremity Fugl-Meyer Assessment (UEFMA) of 36-58/6631,
and (6) no receptive aphasia. Exclusion criteria were (1) UE
orthopedic pathology and (2) other central nervous system
pathology. Subjects described in this study were a conve-

nience sample recruited at stroke support groups. The first
three utilized unenhanced simulations, while the enhanced
simulations were completed. The second group of three used
enhanced simulations. Subsequent subjects have been as-
signed to groups using a random number generator.

Description of system

We have developed the HoVRS to facilitate intensive,
hand-focused rehabilitation in the home.32 The system in-
tegrates a Leap Motion controller, a passive arm support, and
a suite of hand rehabilitation simulations. The Leap Motion
provides camera-based measurement of finger joint posi-
tions,33 allowing for integrated virtual arm and finger ac-
tivities without a wearable apparatus. If the patient’s arm is
severely impaired, a spring compensation system (such as
the Armon� Edero or Saebo� Mobile Arm Support) was
provided to the subject. This system consists of a forearm
orthosis that counter balances gravity to provide graded
support to the arm during activity. Support is adjusted (and
eventually removed) as patients’ strength improves.

Using the Unity Game Engine, we have developed a li-
brary of interactive games focused on specific hand move-
ment34; 3D assets were created using 3DS Max and the
interactions were programmed using C#. A comprehensive
calibration procedure is used to measure each subject’s ac-
tive range of motion within the Leap Motion controller visual
area and scaled to fit into the videogame virtual environment.

Treatment protocol

Two groups, the enhanced motivation (EM) group and the
unenhanced control (UC) group, used the New Jersey In-
stitute of Technology-HoVRS system to train movement of
their shoulder, elbow, wrist, and fingers. The study team set
up the apparatus in their home at the initial visit and trained
them to use it. Subjects practiced in their homes indepen-
dently with online or in-person support as needed. Both
groups were instructed to practice as much as possible, but at
least 20 minutes, daily for 12 weeks.

The EM group trained using three simulations. These
simulations provided the user with 8–12 levels of gradually
increasing difficulty and complexity. A screen announced
each level change and the graphics for each new level
changed substantially. Scoring opportunities increased at
each new level as well. The UC group performed the same
three simulations. Difficulty was increased, utilizing an
adaptive control algorithm that increased difficulty based on
performance. Difficulty changes were extremely incremen-
tal, making them imperceptible for most subjects. Graphics
and scoring did not change as difficulty level changed.

Description of simulations

For this study, we developed a library of three task-based
simulations that train hand manipulation and arm transport.
One simulation, Speed Bump, trains hand opening integrated
with pronation and supination. Lowest levels of speed bump
require progressive increases in the amount of hand opening.
As the levels progress, the car speeds up, requiring faster
hand opening and closing. The highest levels require pro-
nation and supination integrated with hand opening to ne-
gotiate a more complicated course. The second simulation,
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Urban Aviator, trains wrist movement, by presenting targets
that subjects navigate a plane over and around buildings to
collect. Lowest levels of this simulation require progres-
sively larger wrist flexion and extension movements that
control the pitch of the plane. Increases in difficulty are
achieved by larger vertical distances between targets and
faster game flow. The third simulation, Maze Runner, trains
shoulder and elbow disassociation in a horizontal plane in-
tegrated with hand opening. Lower levels of the game re-
quire progressively larger amplitude movements to elicit
avatar direction changes. Subsequent levels add faster and
more frequent direction changes, narrower paths, and ob-
stacles that subjects jump over or off using hand opening and
closing.

Outcomes

The impact of game mechanics on motivation was mea-
sured utilizing a 12-item version of the IMI.35 We utilized
three questions each from the interest/enjoyment, perceived
competence, value/usefulness, and effort/importance sub-
scales (Supplementary Data). The primary outcome measure
considering adherence was the total number of training
minutes performed by the subject over the course of the
study. We chose to utilize a time on task measure as opposed
to counting repetitions, due to the continuous action of our
simulations. The secondary measures will include the aver-
age number of sessions per week and average minutes per
session. We utilized average sessions per week to evaluate
subjects’ willingness to choose to play the games over other
activities. We chose the average minutes per session metric
to evaluate a subject’s willingness to play the games for an
extended time. The main clinical outcome was the UEFMA.
We used the percent of recovery model36 to interpret Fugl–
Meyer scores because it acts to control the impact of level of
impairment on treatment outcome. We measured activity
level improvement using the Box and Blocks Test (BBT).37

Statistical analyses

Descriptive statistics are utilized due to the preliminary
nature of this work. Student’s t-tests were done on all 11
subjects for the 2 clinical outcome measures as a preliminary
evaluation of the effectiveness of training activities to elicit
changes in motor abilities.

Results

The entire 11-subject group performed >400 sessions in
their homes without the supervision or assistance of study
personnel. There were no adverse events. Subjects encoun-
tered six unique issues that required technical support. Four
were resolved remotely and two required on-site/in-person
assistance. Subjects performing the enhanced program
(n = 5) were slightly younger and slightly more impaired
(mean age 58 – 9 years, mean UEFMA 44 – 14) than the
subjects who performed the unenhanced training program
(n = 6) (mean age 65 – 15 years, mean UEFMA 51 – 8).

Higher IMI scores in EM group subjects

The last 8 subjects completed a 12-item IMI compiled for
this trial. Each subject utilized the scale twice, once a week
after orientation day and once postintervention. Initial IMI

scores for the five subjects performing enhanced simulations
ranged between 75 and 93. All, but one of these subjects
demonstrated increased scores at postintervention. The three
subjects performing unenhanced simulations started with
IMI scores between 70 and 82. Two demonstrated stable
post-test scores and one improved (Fig. 1).

IMI subscale scores

Mean subscale scores for the two groups reveal several
trends. Individual item responses remained relatively stable
between pretest and post-test. The one exception was effort/
intensity question number 2, which decreased from pretest
to post-test by 2 full points for the UC group. The largest
difference between EM and UC groups was for the three
interest/enjoyment subscale questions. This difference re-
mained stable across both measurements (Table 1).

Increased adherence

The five subjects utilizing enhanced versions of the simu-
lations averaged 95 – 95 minutes of training per week, range
was between 40 and 276 minutes. The six subjects performing
unenhanced simulations averaged 35 – 31 minutes of training
per week, range was between 3 and 93 minutes (Fig. 2).

The larger training times demonstrated by the EM group
seem to be accomplished by maintaining the length of
training sessions over the duration of the training protocol.
Average training time per session over the first 2 weeks for
the two groups did not differ substantially (18 – 4 minutes/
session for UC group and 14 – 9 for the EM group). UC
group subjects decreased training time per session by the end
of the protocol, while the EM group’s average training time
remained essentially the same (10 – 5 minutes/session UC
group, 15 – 8 for EM group). Similar to training duration per
session, the average number of training sessions over the first
2 weeks for the two groups did not differ significantly
(4.4 – 1.5 sessions for UC group subjects and 3.6 – 1.4 for the
EM group; P = 0.47). The UC group’s average number of
training sessions per week decreased by the end of the trial to
3.8 – 1.5, while the EM group’s increased to an average of
4.2 – 2.3.

FIG. 1. Total IMI scores collected after 1 week of training
(pretest) and after completion of protocol (post-test). Note:
The first three unenhanced group subjects completed the
protocol before the IMI was implemented. IMI, intrinsic
motivation inventory.
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Larger hand function improvements

When examined as a single, 11-subject cohort, raw score
changes for UEFMA and BBT were statistically significant.
Using a Student’s t-test for each of these two measures, the
pretest to post-test score change were significant for the
BBT, for the entire group (P = 0.0485) and for the entire
group with the subject whose improvement exceeded 2
standard deviations (SDs) from the mean (P = 0.0331). There
were no outliers when considering raw score for UEFMA for
all 11 subjects. Student’s t-test was statistically significant
(P < 0.001). Two EM group subjects demonstrated a four-
point improvement in UEFMA, while eight subjects (five
unenhanced and three enhanced) demonstrated an increase of
five or more points. Page et al.38 cite an Minimum Clinically
Important Difference of 4.25 points for the UEFMA in
chronic stroke subjects. Two EM group subjects made
changes in score on the BBT, which were beyond measure-
ment error. One of these subjects demonstrated a clinically
important difference.39

In the EM group, UEFMA recovery ranged from 0.2 to
0.8. In the UC group, recovery ranged from 0 to 0.4 (Fig. 3).
BBT score changes ranged between -1 and 4 for UC group
subjects and between 1 and 6 for EM group subjects (Fig. 3).
These preliminary data suggest that motivational enhance-
ments might have an impact on motor outcomes associated
with unsupervised training in persons with stroke.

Power analyses

All calculations are based on a one-tailed t-test with
a = 0.05 and 1–ß = 0.8.

Motivation testing. Using an effect size of 0.84 detected
in our pilot subjects, we will need to collect data from 18
subjects per group.

Adherence testing. Using an effect size of 0.83 detected
in our pilot subjects, we will need to collect data from 19
subjects per group.

Effectiveness testing. Using an effect size of 0.88 de-
tected in our pilot subjects for this comparison, we will need
to collect data from 17 subjects per group. Based on power
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FIG. 2. Total training time as collected by the training
system for the entire 12-week protocol.
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calculations, we will need 38 subjects. Assuming a 20%
dropout rate, we will recruit 45 subjects.

Discussion

We are confident that feasibility was demonstrated. Ad-
herence to the EM and UC protocols exceeded traditionally
presented home exercise programs described in the stroke
rehabilitation literature. This training elicited measurable
improvements in UE function in both groups. Safety of the
system and intervention approach was confirmed. Our power
analyses identified a manageable sample size to attain ade-
quately powered comparisons.

While the differences between the two groups were
modest, several trends that emerged were encouraging. The
EM group did not demonstrate a decrease in training time per
session, or the number of sessions that they performed each
week. The UC group demonstrated nonsignificant trends
toward decrease in both of these metrics. Going forward, we
plan to extend the length of the protocol in an attempt to
determine if the adherence patterns for the two protocols
continue to diverge.

There was a nonsignificant trend toward higher overall
scores for the EM group on the IMI at both time points. A
study with a larger sample will be necessary to make gen-
eralizable statements based on this comparison. Analysis of
the individual IMI items identifies some interesting trends

and areas for future investigation. EM group subjects dem-
onstrated trends toward higher scores on the 3 interest/
enjoyment subscale questions and a trend toward longer
exercise times. Subjects in Popović et al.40 demonstrated a
similar difference in interest enjoyment scores between
subjects utilizing VR-based games compared to a control that
performed real-world versions of the same training tasks.
The VR group in the Popović study demonstrated better in-
terest/enjoyment scores, better adherence to the training
program, and better motor outcomes. Interest/enjoyment
scale scores remained stable between pretest and post-test.
We consider this a positive outcome, based on the fact that
subjects had performed these activities for 12 weeks. This is
a novel finding based on the fact that none of the studies of
technology-supported rehabilitation in persons with stroke
have reported follow-up IMI data.

The total training volume fell short of the amount asso-
ciated with meaningful UE improvements41 and the volume
demonstrated by healthy adults playing commercial com-
puter games.15 Important new studies establish that the re-
lationship between volume of training performed by a person
poststroke and the improvement in motor performance they
experience subsequent to training is not linear.42,43 Our ini-
tial findings have been consistent with the findings of these
larger studies. The subjects performing the most training in
our study did not make the largest gains in UE function. This
said, these studies were performed on directly supervised
subjects with training appointments. The training schedule
utilized, resulting in even the lowest doses in these studies,
far exceeds the training times typically performed by unsu-
pervised stroke subjects in their homes. This said, our pilot
data suggest that attending to motivation might have an
impact on the time that autonomously operating persons with
strokes perform these interventions.

This study utilized modest motivational enhancements. In
an attempt to bolster training time per session, we will add
the elements of competition and narrative into our simula-
tions. These two elements are associated with increased time
on task. In a parallel effort to increase the number of training
sessions, we will use e-mail and text reminders, calling at-
tention to weekly quests that will allow participation in a
modified version of one of the games for bonus points. This
approach incorporates novelty, urgency and external remind-
ers, all elements associated with more frequent game-play,

This article describes a preliminary study that has weak-
nesses. The sample size is small, which limits its generaliz-
ability and makes the power analyses reported susceptible to
high or low performers. There is a high performer in two of
the three power analyses in the EM group, with scores be-
tween 2 and 3 SDs above the mean for the entire sample. We
chose to utilize these outcomes because these high per-
formers did not exceed 3 SDs from the mean and their per-
formance was not outside typically observed values for
persons with stroke. Our IMI data are incomplete, due to the
fact that we finalized and adopted this measure after we
collected data on three subjects.

Conclusion

This pilot study presents preliminary data that suggest that
the study of motivation enhancement in persons with UE
hemiparesis due to chronic stroke is feasible and that modest

FIG. 3. Top panel: UEFMA recovery, calculated as (post-
UEFMA—pre-UEFMA)/(66—pre-UEFMA). Bottom panel:
change in BBT score, calculated as (No. Blocks pretest)—
(No. Blocks post-test). BBT, Box and Blocks Test; UEFMA,
Upper Extremity Fugl-Meyer Assessment.
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motivational enhancements may have an impact on adher-
ence to a 3-month rehabilitation program.
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