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Virtual Activities of Daily Living for Recovery
of Upper Extremity Motor Function

Richard J. Adams™, Senior Member, IEEE, Matthew D. Lichter, Allison Ellington,
Marga White, Kate Armstead, James T. Patrie, and Paul T. Diamond

Abstract— A study was conducted to investigate the
effectiveness of virtual activities of daily living (ADL) prac-
tice using the SaeboVR software system for the recovery of
upper extremity (UE) motor function following stroke. The
system employs Kinect sensor-based tracking to translate
human UE motion into the anatomical pose of the arm of
the patient’s avatar within a virtual environment, creating
a virtual presence within a simulated task space. Patients
gain mastery of 12 different integrated activities while tra-
versing a metaphorical “road to recovery” that includes
thematically linked levels and therapist-selected difficulty
settings. Clinical trials were conducted under the study
named Virtual Occupational Therapy Application. A total
of 15 chronic phase stroke survivors completed a protocol
involving three sessions per week over eight weeks, during
which they engaged in repetitive task practice through
performance of the virtual ADLs. Results show a clinically
important improvement and statistically significant differ-
ence in Fugl-Meyer UE assessment scores in the study
population of chronic stroke survivors over the eight-week
interventional period compared with a non-interventional
control period of equivalent duration. Statistically signifi-
cant and clinically important improvements are also found
in the wolf motor function test scores. These results provide
new evidence for the use of virtual ADL practice as a tool
for UE therapy for stroke patients. Limitations of the study
include non-blinded assessments and the possibility of
selection and/or attrition bias.

Index Terms— Upper extremity rehabilitation, stroke ther-
apy, virtual reality, human computer interaction, human
motion tracking, human motor performance.
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|. INTRODUCTION

HE scope of the healthcare challenge posed by stroke

is massive, both in the number of affected persons and
the related cost burden. Approximately 795,000 strokes occur
each year in the U.S., about one every 40 seconds [2]. Stroke-
related hospitalizations represent 77 stays per 10,000 persons
over 45 years of age [3]. Approximately 50% of these indi-
viduals suffer from chronic deficits in UE function [4]. For
an individual sustaining a stroke, the functional impact can
be profound. Stroke is the leading cause of serious long-term
disability [5] and resulting hemiparesis can lead to substantial
problems with occupational performance, including ADLs.

An important goal for UE stroke therapy is reacquisition
of the functional skills necessary to perform practical tasks,
as well as addressing underlying deficits, which can include
lack of strength, motor control, range of motion, and/or cog-
nition [6]. It appears that both dosage and training specificity
play an important role in neuroplasticity, the regeneration of
cortical function in regions of the brain responsible for related
neurological activity [7]. Task-specific training may be defined
as the organized and repetitive practice of functional tasks
that involve integration of sensory and cognitive faculties with
available voluntary motion. Repetitive activity that is non-
specific to functional tasks appears to be less effective [8]. This
realization has influenced development of new approaches
to rehabilitation, including constraint-induced therapy that
integrates skill acquisition to reinforce normal motion patterns
through massed, task-specific practice [9], [10].

The effectiveness of ADL-focused therapy in
improving patient performance in daily activities is well-
established [11], [12]. The use of virtual worlds to emulate
task-oriented practice is a natural extension of “real
world” ADL practice. The virtual version presents potential
advantages of task automation, scalability of motor and
cognitive challenge, performance tracking, practice in a
safe virtual environment, gamification of exercises, and an
infinite range of possibilities for design of virtual spaces.
Examples of previous ADL-related interventions in a virtual
context include kitchen tasks [13]-[15], street crossing
activities [16], and accessing public transportation [17].

A growing body of evidence exists to support the effective-
ness of game-based virtual reality interventions to improve
upper extremity motor function following a stroke. Use of
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virtual reality as an adjunct to conventional therapy resulted
in significantly greater motor gains than conventional therapy
alone in the acute phase of recovery [18], [19]. A compar-
ison of virtual reality-based therapy to conventional therapy
showed similar gains in UE scales [20]. In addition to motor
scale improvements, participation with virtual reality has been
shown to increase activation in the primary motor cortex as
evidenced by fMRI results [21]. Further, the results of two
meta-analyses found statistically significant positive outcomes
of virtual reality intervention on motor outcomes [22], as well
as motor strength and function [23]. Studies investigating
virtual reality games have shown promise in improving motor
function in hemiparetic upper extremities [24], but there is a
paucity of results on the effectiveness of ADL-specific virtual
reality systems for improving motor function. This may be
explained by the simple fact that development of complex
ADL-centered virtual experiences is a more challenging and
expensive endeavor than creation of simple arcade-like games.

The SaeboVR system was developed by Barron Asso-
ciates, Inc. under the National Institutes of Health (NIH)
sponsorship to enable computer-mediated ADLs that engage
a patient in functional, mass practice UE therapy. The orga-
nization of virtual activities, algorithms for Kinect™ sensor-
based tracking, and game-derived metrics have been previously
documented [25]. A high level of technology acceptance by
the stroke patient population for the prototype system has
also been reported [26]. The number of virtual activities was
subsequently expanded from two in the prototype system
to 12 in the current SaeboVR system. This paper presents
the motor outcome results of clinical trials investigating the
effectiveness of virtual ADL practice using this expanded
system, performed under the study name Virtual Occupational
Therapy Application (VOTA) [1].

Il. APPROACH

A. SaeboVR

The SaeboVR software system supports repetitive task
practice exercises that are consistent with Standard of Care
for UE rehabilitation. The system consists of a standard
Windows personal computer, Microsoft Kinect™ sensor, and
a high-definition video monitor. The software employs a
specially-designed unscented Kalman filter-based kinematic
pose estimation algorithm [25] and state-of-the-art game
engine technology to create a compelling world in which
patients practice realistic ADLs. Patient arm movements are
translated into equivalent movements of a graphical avatar that
represents the patient in a virtual environment rendered on the
computer display monitor. The virtual activities incorporate
a wide range of UE movements involving the shoulder and
elbow. The system does not currently track, or involve, digit
and wrist movement. Tasks were developed with the input
of therapists and rehabilitation doctors to be consistent with
accepted clinical practice for repetitive task-directed therapy.
Typical task elements include picking up, moving, and placing
virtual objects. The medical professional is able to adjust
the range of motion and movement repetitions required to
complete the activities to a difficulty level appropriate for the
individual patient.

For the purposes of this application, a broad definition
of ADLs is used, encompassing both the traditional def-
inition of ADLs [27] and instrumental activities of daily
living (IADLs) [28], which are both primary areas of inter-
vention for therapists [29]. The SaeboVR application used in
the VOTA study included: Grocery Shopping, Putting Away
Groceries, Preparing Breakfast, Pet Shopping, Pet Feeding,
Pet Bathing, Garden Planting, Garden Harvesting, Preparing
Dinner, Organizing a Closet, and Volunteering at a Soup
Kitchen; as well as a Ball and Boxes practice activity.

In addition to the physical challenge, the virtual activities
also require significant cognitive involvement, including atten-
tion, memory, visual-spatial planning, and sequencing. For
example, the patient may be required to recall the location
of an object in a cabinet, the proper placement of a grocery
item in the refrigerator or pantry, or to turn off a stove burner
after a pan is removed.

I1l. METHODS
A. Participants

Participants were hemiparetic stroke survivors at least three
months post-event with ongoing UE impairment related to the
cerebral vascular accident. Study inclusion criteria included
requirements for: antigravity strength at the elbow to at least
45 degrees of active flexion; antigravity shoulder strength to at
least 30 degrees each in active flexion, abduction/adduction;
and 15 degrees in active shoulder rotation from an upright
seated position. Participants had visual acuity with corrective
lenses of 20/50 or better and were able to understand and fol-
low verbal directions. The study excluded patients with visual
field deficit in either eye that would impair ability to view the
computer monitor and/or with hemispatial neglect that would
impair an individual’s ability to process and perceive visual
stimuli. Recruited subjects had completed a typical course of
treatment to address UE deficits prior to enrollment and did
not take part in any therapy program for the UE outside of the
study during the period of participation.

Consent administration, virtual ADL practice sessions,
and administration of assessments took place in the
outpatient clinic of the UVa HealthSouth Rehabilitation
Hospital in Charlottesville, VA between February 2016 and
February 2017. The protocol was reviewed, approved, and
conducted under the auspices of the UVa Institutional Review
Board for Health Sciences Research (IRB-HSR). All patient
interactions and assessments were administered by three
licensed Occupational Therapists (the “study therapists”) who
were trained on human subject protections and IRB-approved
procedures.

A total of 22 stroke patients meeting study inclusion and
exclusion criteria were consented to participate in the full
protocol. Of these, 15 individuals completed the study and
7 dropped out prior to completion of the post-intervention
assessments. No adverse incidents were reported. The char-
acteristics of the study population are summarized in Table 1.
Note that all participants were 8 months or more post-stroke.
Each had completed their prescribed course of therapy but
continued to experience stroke-associated UE impairment.
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TABLE |
STUDY CHARACTERISTICS

Subjects Age
Total Male Female Median Min Max
15 6 9 68 46 91
Months since most recent stroke
Median Min Max
18 8 108
Stroke Affected Upper Extremity Affected Side Dominance
Left Right Dominant Non-dominant
7 8 4 11

B. Protocol

The primary investigational hypothesis is that practice of
virtual ADLs using the SaeboVR system will lead to an
improvement in UE motor function in chronic stroke survivors.
A within-subjects non-interventional control period was used
to control for spontaneous recovery. Prior to using the system,
all participants underwent an initial “pre-control” assessment
followed by 8 weeks with no prescribed UE therapy. Following
this non-interventional period, subjects completed a “post-
control” assessment. They then commenced participation in
virtual ADL practice, with three sessions per week over an
eight-week interventional period (24 total therapy sessions).
Each session was approximately 1 hour in duration. A final
“post-intervention” assessment was conducted after the last
session.

C. Assessments

Assessment of motor function included administration of
the FMUE instrument [30] (primary outcome measure) and
the WMFT [31] (secondary outcome measure). FMUE is one
of the most widely-used and accepted quantitative measures
of motor function in stroke patients. It is used in both clinical
and research settings. Individual patient movements associated
with specific motor functions are scored using a 3-point
ordinal scale (0, 1, or 2). Higher scores correspond to higher
levels of motor function. The VOTA/SaeboVR clinical study
employed a subscale of the full Fugl-Meyer assessment that
incorporates 21 items relevant to shoulder and elbow function
(thus creating a possible range of 0 to 42 points). These items
included biceps and triceps reflex activity; shoulder, elbow, and
forearm flexor and extensor synergy; mixed synergies; voli-
tional movements with little or no synergy; coordination; and
speed.

The WMFT test is a functionally-oriented clinical and
research instrument that has been shown to have high inter-
rater reliability, validity, and internal consistency [31]. The
test consists of 15 motor tasks, nine of which are timed
integrative functional movements. The remaining elements
are timed joint-segment movements. The WMFT includes
quantitative and qualitative scales. WMFT-TIME is a quan-
titative measure calculated using the average time to complete
the tasks. A reduction in average completion time implies
improved motor function. The WMFT Functional Assessment
Score (FAS) is a qualitative assessment based on scoring
of each functional task using a 6-point ordinal rating scale

Fig. 2. The patient chooses a personal avatar.

that ranges from O (no use of the affected side attempted)
to 5 (normal function). A total WMFT-FAS is calculated by
taking the average across all 15 UE tasks. An increase in
WMFT-FAS score implies improved motor function.

All assessments were administered by non-blinded study
therapists using a comprehensive checklist with well-defined
rubrics. Study therapists were practiced in use of the instru-
ments both from previous studies and from use in clinical
practice. Prior to being certified to administer the protocol,
the therapists received additional training and demonstrated
proficiency in consistent application of the rubrics used in each
assessment.

D. Virtual ADL Practice

In the first practice session, the patient received a guided
tour of the environment and available activities. The tour is
provided by a virtual therapist “Claire” (see Figure 1) who
then becomes the patient’s companion and assistant through
all activities.

Each participant then selected his/her own virtual character,
called an avatar (see Figure 2), and practiced using the avatar
to perform a simple activity involving picking up balls and
putting them in boxes.

Patients then started with the first virtual ADL on a path that
represents a metaphorical “Road to Recovery” (see Figure 3).
In each session, patients make progress along this path,
eventually performing each activity at least four times.

The activities are thematically linked. For example, Grocery
Shopping is followed by Putting Away Groceries, and
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Fig. 5. Closing a cabinet during Preparing Dinner activity.

subsequently by Preparing Breakfast. By completing this Road
to Recovery, patients thus gain mastery of twelve different
integrated activities. Some examples of ADL-related functions
performed during system use include eating and drinking
(Figure 4), performing a sequence of food preparation tasks
(Figure 5), and retrieving/placing items at various orientations
and distances (Figure 6 and Figure 7). Note that haptic
feedback is not provided.

A previous paper has described the integration of specific
functional movements into the design of the virtual ADLs
and provided a task-level analysis of UE involvement during
system use [25]. Please refer to that paper for additional
details.

Fig. 7. Picking red peppers in garden harvesting activity.

TABLE Il
FMUE SUMMARY STATISTICS
FMUE score

N Mean Median | Min | Max SD

Pre-Control 15 22.0 20 14 34 6.3
Post-Control 15 22.5 23 15 32 5.5
Post-Intervention 15 28.7 28 18 38 6.8

IV. RESULTS

A. FMUE Assessment Results

Summary statistics for the 45 FMUE assessments adminis-
tered during the VOTA study (3 for each patient) are presented
in Table 2. The by-subject scores are graphically summarized
in Figure 8. Red circles connected by dashed lines identify
the subject-specific FMUE profiles, while the solid black line
identifies the mean profile across all subjects.

Empirical distributions for the change in FMUE score
for the intervention period (post-control to post-intervention)
and control period (pre-control to post-control) are illustrated
in Figure 9.

As a repeated measure, these data were analyzed via a
linear mixed model (LMM). The hypothesis was that the mean
change in the FMUE score differs depending on whether
the mean change is for the SaeboVR interventional period
(i.e. from the post-control assessment to the post- intervention
assessment) or the control period (i.e. from the pre-control
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Fig. 9. Empirical distributions for change in FMUE score.

TABLE IlI
LMM ESTIMATES FOR CHANGE IN FMUE SCORE FOR
INTERVENTIONAL VS. CONTROL PERIOD (BOLD
VALUES INDICATE STATISTICAL SIGNIFICANCE)

. Estimate Bonferroni-corrected estimates
Change A in 5 -
FMUE Mean P-value 95% confidence interval
Change Lower Upper
A Intervention | | <0.001 3.8 8.4
Period
A Control 0.5 1.000 1.8 2.8
Period
A Intervention
_ A Control 5.6 0.004 1.6 9.6

assessment to the post-control assessment). This hypothesis
was tested via a linear contrast of the LMM least-squares
means. Table 3 presents a summary of the results for the
15 individuals who contributed paired (control period and
interventional period) data for change in FMUE scores.
As secondary hypotheses, the mean pre-control to post-control
change in the Fugl-Meyer Score, and the mean post-control to
post- intervention change in the FMUE score were the foci,
with the null hypothesis in each case that the mean change
is equal to zero. A Bonferroni-corrected p <0.05 decision rule
was used as the null hypothesis rejection criterion, in which the

TABLE IV
WMFT-TIME SUMMARY STATISTICS
WMFT-TIME
N Mean | Median | Min | Max SD
Pre-Control 15 14.6 9.4 33 67.0 | 174
Post-Control 15 14.8 7.6 2.6 66.4 18.7
Post-
Intervention 15 9.7 5.2 2.1 52.1 12.6
TABLE V
WMFT-FAS SUMMARY STATISTICS
WMFT-FAS
N Mean Median | Min | Max | SD
Pre-Control 15 2.9 3.3 0.9 4.4 1.1
Post-Control 15 2.8 3.1 0.9 4.3 1.0
Post-
Intervention 15 33 3.5 1.2 4.8 1.2
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Fig. 10.  By-subject summary of WFMT-TIME scores. Outlier points

excluded from analysis are highlighted by bold circles.

correction was for a set of 3 hypothesis tests. The Bonferroni
correction compensates for the increased likelihood of incor-
rectly rejecting a null hypothesis due to testing of multiple
hypotheses.

B. WMFT Results

Summary statistics for the WMFT-TIME and WMFT-FAS
assessment data collected during the VOTA study are pre-
sented in Table 4 and Table 5.

The by-subject scores are graphically summarized in
Figure 10 and Figure 11. Red circles connected by dashed
lines identify the subject-specific WFMT profiles, while the
solid black line identifies the mean profile across all subjects.
Figure 10 shows that two of the subjects had much higher
WMFT-TIME scores in both pre- and post-control testing than
the remainder of the study population. Both of these subjects
subsequently realized a large improvement in WMFT-TIME
score post-intervention, as seen in the corresponding points
in the empirical distribution in Figure 12 (associated with the
two largest reductions over the intervention period). As these
WMFT-TIME data outlie the remainder of the distribution by
two standard deviations or more, they were removed from the
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subsequent statistical analysis (thus making the analysis more
conservative regarding a potential improvement).

Empirical distributions for the change in WMFT scores for
the intervention period and control period are illustrated in
Figure 12 and Figure 13.

For each WMFT measure, the hypothesis was that the mean
change in the WMFT measure differs depending on whether
the mean change is for the SaeboVR intervention period
(i.e. from the post-control assessment to the post-intervention
assessment) or for the control period (i.e. from the pre-control
assessment to the post-control assessment). This hypothesis
was tested via a linear contrast of the LMM least-squares
means. Table 6 and Table 7 summarize the results of LMM
analysis of WMFT results.

During virtual ADL practice, SaecboVR tracks the actual
UE movements of patients, providing an estimate of the dosage
of functional reaching movements achieved. For the purpose
of quantifying dosage, a functional reach can be defined
as any reaching movement that accomplishes a practical
task. The SaeboVR system accounts for each movement that
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Fig. 13. Empirical distributions for changes in WMFT-FAS scores.

TABLE VI
LMM ESTIMATES FOR CHANGE IN WMFT-TIME SCORE
FOR INTERVENTIONAL VS. CONTROL PERIOD (BOLD
VALUES INDICATE STATISTICAL SIGNIFICANCE)

. Estimate Bonferroni-corrected estimates
Change A in Mean 5597 = ! 1
WMFT-TIME P-value o confidence interval
Change Lower Upper
A Inter\‘/entlon 20 0.049 36 04
Period
A Coptrol 04 1000 19 >
Period
A Intervention
- A Control -1.6 0.704 -4.3 1.1
TABLE VII

LMM ESTIMATES FOR CHANGE IN WMFT-FAS SCORE
FOR INTERVENTIONAL VS. CONTROL PERIOD (BoOLD
VALUES INDICATE STATISTICAL SIGNIFICANCE)

. Estimate Bonferroni-corrected estimates
Change A in Mean 95% i : 1
WMFT-FAS P-value o confidence interval
Change Lower Upper
Alntervention | 4 0.001 0.19 0.77
Period
A Control 0.1 1.000 -0.40 0.18
Period
A Intervention
_ A Control 0.59 0.018 0.09 1.10

successfully results in completion of an in-game objective
(e.g. picking up or placing an object during performance of
a virtual ADL). Extraneous movements and/or movements
that do not successfully accomplish a goal are not counted.
SaeboVR also distinguishes between time spent in a therapy
session and time spent actually performing ADLs, defining the
latter as “activity duration.” Activity duration is calculated as
the total time during a session that a patient spends actually
performing tasks in the virtual space. Table 8 summarizes the
participation history and effective dosage for the 15 subjects
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TABLE VIII
PER-SESSION DOSAGE OBSERVED DURING SAEBOVR SESSIONS

Mean | Median STD

Functional reaches performed 198.3 198 78.5
Number of virtual ADLs completed 6.1 6 2.2
Activity duration (in minutes) 36.2 37.1 8.8

who completed both the control and interventional periods,
including 24 SaeboVR sessions of approximately 1-hour
duration.

V. DISCUSSION

An investigation into the effectiveness of virtual ADL
practice for recovery of UE function following stroke has
found that practice of virtual ADLs using the SaeboVR
system was associated with significant and clinically important
improvements in motor function measures for the study popu-
lation of chronic stroke survivors. The primary investigational
hypothesis is thus confirmed. A more detailed exploration of
these results, study limitations, additional observations, and
potential vectors for future research follow.

A. Primary Results

A statistically significant improvement was found in the
primary outcome measure (FMUE score) for study partic-
ipants who used VOTA for virtual ADL practice over an
8-week interventional period. As summarized in Table 3,
the Bonferroni-corrected mean change in the FMUE score was
6.1 units (95% CI: [3.8, 8.4 units], p<0.001) for the SaeboVR
interventional period, and 0.5 units (95% CI: [—1.8, 2.8 units],
p=1.000) for the control period (Ho: Alntervention =
A Control; p=0.004). We thus find that the improvement in
FMUE score during the interventional period was statistically
significant, and further that the difference between the esti-
mated mean change during the intervention period and the
estimated mean change during the control period is statistically
significant. We also note that the estimated mean change in
FMUE score (6.1) exceeds the FMUE change that is typically
considered to be a clinically important difference (CID).
CID can be defined as an improvement of at least 10% of the
scale’s range [32]. The FMUE sub-scale used in this protocol
has a range of 0 to 42, thus a difference of 4.2 or greater can
be considered clinically important. The estimated change in
FMUE score for the control period is near zero. As expected,
the chronic stage stroke patients did not exhibit spontaneous
recovery.

Results of analysis of the secondary WMFT measures
are consistent with the primary findings. The estimated
mean change in WMFT-TIME for the SaeboVR intervention
period was -2.0 seconds (95% CI: [—3.6, —0.4], p=0.049),
a statistically significant improvement. For the control period,
the estimated mean change in WMFT-TIME was small,
at —0.4 seconds (95% CI: [—1.9, 1.2], p=1.000). We are
unable to draw a statistical conclusion regarding the difference
in the estimated mean change during the intervention period

and the estimated mean change during the control period
(Ho: A Intervention = A Control; p=0.704). The estimated
mean change in WMFT-TIME (—2.0) is consistent with the
1.5 to 2.0 seconds reduction that has been associated with a
CID in chronic stroke patients by other researchers [33].

The mean change in the WMFT-FAS score (func-
tional assessment with range 0 to 5) was 0.48 units
(95% CI: [0.19, 0.77], p=0.001) for the SaeboVR intervention
period (statistically significant improvement), and -0.11 units
(95% CI: [-0.40, 0.18], p=1.000) for the control period
(Ho: A Intervention = A Control; p=0.018). The estimated
mean change in the WMFT-FAS measure for the chronic
stroke patients in this study is 0.48, which exceeds the range
of 0.2 to 0.4 that has been defined in previous research results
as a CID in chronic stroke patients [33].

Thus, for all three assessment scales used, a statistically
significant and CID is found in UE motor performance for
the study population of chronic stroke survivors. For two of
the three measures (FMUE and WMFT-FAS), the difference
in the estimated mean change during the intervention period
and the estimated mean change during the control period is
statistically significant. For all three measures, the observed
change in scores during the control period was small and
non-significant.

The ratio between the estimated mean change in the
motor function score and the overall range of the assess-
ment’s scale is greater for the FMUE test (14.5%) than
for WMFT-FAS (9.6%). The estimated mean change in
WFMT-TIME is also near the limit of what can be considered
a CID. The percentage-wise larger mean improvement in
FMUE scores may be due to the fact that a sub-scale was
used that only includes elements related to shoulder and
elbow function. Conversely, 7 of the 15 items in WFMT
assessment [31] involve some fine digit function (e.g. flipping
cards and stacking checkers). Since the SaeboVR intervention
used in this study did not involve practice of fine digit
function or dexterous object manipulation, improvement in
the dexterous hand function is not expected. Thus, when
considering percentage change, improvements in elbow and
shoulder function may be diluted in the WFMT results.

B. Limitations

Several limitations to our study warrant mention. Study
therapists were not blinded, and participated in both the
intervention and the assessments. The use of non-blinded
assessments creates a risk of bias in estimates of treatment
effects. The study employed rigorous test procedures and train-
ing on use of standardized assessments to improve interrater
reliability, but the potential for ascertainment bias remains.

A potential for selection bias stems from the fact that
the chronic stroke patients volunteering to participate in the
study may have been predisposed to adhere to, and thus
benefit from, a course of UE therapy. Attrition bias is also
a possibility, in that it was infeasible to include in analysis
the results of patients who did not complete the entire study
through the post-intervention assessment visit. The reasons
for dropout associated with the departure of 7 of 22 enrolled
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participants were diverse, including: inconvenience in coming
to an outpatient clinic three times per week over eight weeks;
displeasure with withheld payments by the state university
system due to unpaid medical bills or child support issues;
and secondary (not study-related) medical issues resulting in
violation of one or more study exclusion criteria.

The study design employed a within-subjects non-
interventional control period to control for spontaneous
recovery. The lack of an active control group precludes us
from ruling out that improvements in UE function during
the period of study participation could be associated with a
placebo effect, a general elevation in activity level, improved
emotional state due to increased social stimulation, or other
confounders.

The ecological validity of virtual world based training
for stroke rehabilitation has yet to be fully established. The
outcome measures used in this study demonstrate improved
motor function, but further study will be necessary to establish
whether these gains translate to improved performance of real-
world tasks. Also, this study explored the efficacy of virtual
world-based training, but did not compare and contrast results
with a standard of care training program. Therefore, we cannot
assert superiority in motor outcomes for virtual world-based
training versus standard of care. Virtual experiences can vary
greatly in degree of immersion (the feeling of being part of
a virtual world). Virtual reality head-mounted display systems
such as the Oculus Rift are finding increasing use in med-
ical applications [34], but it is unclear the degree to which
the increased level of immersion might improve therapeutic
outcomes for stroke rehabilitation. Benefits must outweigh
the additional challenges of wearable systems, including fit-
ting, donning/doffing, and sterilization in a medical setting.
Application of immersive virtual reality must also consider
the possibility of simulator sickness induced by devices that
display optic flow [35], and potential complications from
stroke-related visual perceptual disorders which can include
impaired eye movement, difficulty judging depth and distance,
visual field deficit, and low vision [36].

C. Additional Observations and Future Research

There exists strong evidence that the dosage of practice
plays a primary role in affecting positive outcomes in therapy.
A review of 467 randomized-controlled trials concluded that
effectiveness of interventions is determined by repetition of
practice and the specificity of motor training [37]. The poten-
tial for new technology, such as virtual reality, to assist
therapists in achieving higher dosages of movement is thus
of growing interest. Previous comparison of (non-ADL) video
game therapy versus traditional UE rehabilitation showed that
a game therapy group accomplished a median of 271 move-
ments per session compared to 48 for a traditional therapy
session [38]. Other researchers have also found that virtual
reality-mediated therapy can support delivery of high move-
ment dosage. In a study involving use of a (also non-ADL)
gaming system by stroke patients (N=11) for UE therapy,
subjects achieved 387 reaching movements per session [39].
In a separate investigation employing a convenience sample
of 83 traditional (not virtual reality or technology mediated)

therapy sessions across seven sites in the U.S. and Canada,
researchers reported an average of 32 (95% CI: [20, 44])
functional movement repetitions per UE stroke therapy ses-
sion [40]. Summary results for the present study regarding
participation and achieved dosage are presented in Table 8.
We find that within the group of chronic stroke patients
(N=15) that participated in the SaeboVR study, participants
performed an average of almost 200 functional reaches per vir-
tual ADL practice session over the 8-week intervention. These
data span a total of 70,612 recorded functional movements
across all patients over a total of 356 therapy sessions.

These secondary findings may have important implications
for therapy practice. It may thus be hypothesized that improve-
ments in gold-standard scales observed in this study may,
at least in part, be explained by the high dosage of repetitive
task practice achieved by patients using the SaeboVR system.
Additional research will be required to establish a causal
connection between dosage achieved in virtual reality therapy
and functional outcomes.

The SaeboVR system creates a multi-sensory experience to
promote functional recovery. Patients first hear verbal cues to
prompt actions and movements and then, if necessary, patients
receive a visual cue, which is a cueing progression typical
in occupational therapy. Patients have the ability to see arm
movements and the results of their actions represented on
the screen, which relates this technology to other evidence-
based interventions such as mirror therapy [41] and mental
imagery [42]. Future research into these connections may lead
to further improvements in clinical outcomes.

The ADL-focused tasks within the SaeboVR system are
designed to be meaningful and relatable to the patient, which
may support a patient’s desire to participate in therapy. This
emphasis on participation in meaningful activities is a central
tenet to the profession of occupational therapy. The ability
to measure and track the repetitions and activity time within
the SaeboVR system may also appeal to therapists, who often
must document and justify the evidence-based purpose of
interventions [43].
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