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Abstract

Background: Approximately 80% of individuals with chronic stroke present with long lasting upper extremity (UE)
impairments. We designed the perSonalized UPper Extremity Rehabilitation (SUPER) intervention, which combines
robotics, virtual reality activities, and neuromuscular electrical stimulation (NMES). The objectives of our study were to
determine the feasibility and the preliminary efficacy of the SUPER intervention in individuals with moderate/severe
stroke.

Methods: Stroke participants (n=28) received a 4-week intervention (3 x per week), tailored to their functional
level. The functional integrity of the corticospinal tract was assessed using the Predict Recovery Potential algorithm,
involving measurements of motor evoked potentials and manual muscle testing. Those with low potential for hand
recovery (shoulder group; n=18) received a robotic-rehabilitation intervention focusing on elbow and shoulder
movements only. Those with a good potential for hand recovery (hand group; n=10) received EMG-triggered NMES,
in addition to robot therapy. The primary outcomes were the Fugl-Meyer UE assessment and the ABILHAND assess-
ment. Secondary outcomes included the Motor Activity Log and the Stroke Impact Scale.

Results: Eighteen participants (64%), in either the hand or the shoulder group, showed changes in the Fugl-Meyer
UE or in the ABILHAND assessment superior to the minimal clinically important difference.

Conclusions: This indicates that our personalized approach is feasible and may be beneficial in improving UE func-
tion in individuals with moderate to severe impairments due to stroke.

Trial registration: ClinicalTrials.gov NCT03903770. Registered 4 April 2019. Registered retrospectively.

Keywords: Stroke, Upper extremity, Rehabilitation, Virtual reality, Robotics, Electrical stimulation

Introduction

Approximately 80% of individuals with stroke experi-
ence hemiparesis of the upper extremity (UE) [1] leading
to chronic impairments such as weakness, loss of motor
control, edema, pain and spasticity. These have important
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as highly important by individuals with chronic stroke,
caregivers and rehabilitation professionals [4].

According to the Canadian Stroke Best Practices [5],
UE rehabilitation should involve the affected limb in
“training that is meaningful, engaging, repetitive, pro-
gressively adapted, task-specific and goal-oriented”
Advances in rehabilitation technology, in particular
robotics, virtual reality (VR) and neuromuscular electri-
cal stimulation (NMES), have been shown to be individu-
ally effective for improving UE function of individuals
with stroke, through the provision of such repetitive and
task-oriented training. Robotic devices can be used
to assist individuals who are unable to complete arm
movements by themselves [6]. Robotic rehabilitation
has demonstrated functional gains in individuals with
mild and moderate stroke impairments [7-9]. Likewise,
some of our recent work [10] has shown that individu-
als with severe, chronic stroke can improve their arm
range of motion and clinical scores after ten sessions of
robotic therapy. However, it should be noted that func-
tional gains in robotic therapy are not greater than those
obtained with similar intensity conventional therapy [8].
While the intensity of practice is a determining factor in
stroke recovery, higher improvements might have been
achieved by robotic therapy if its focus was not only on
shoulder and elbow movements, but also on hand func-
tion. This may be possible by integrating robotic ther-
apy in a rehabilitation program that also includes other
modalities that better target hand function.

VR activities constitute another approach to UE stroke
rehabilitation, where patients typically perform move-
ments without physical assistance. Reviews examining
the use of VR for the improvement of UE function show
promising results [11, 12]. In our view, VR could consoli-
date the UE functional gains obtained through robotic
rehabilitation. While most VR activities typically focus
on shoulder and elbow movements, some recent techni-
cal advances now allow the inclusion of hand movements
as well. Specifically, the Microsoft Kinect version 2, used
to track movements in VR, can detect hand opening and
closing in addition to shoulder, elbow and wrist move-
ments. These capabilities have been included in a new
rehabilitation application, targeting UE reaching and
grasping movements [13], which was part of our rehabili-
tation approach.

Electromyographically (EMG)-triggered NMES is a
muscle stimulation modality that has been used to facili-
tate motor recovery of the hand after stroke [14]. The
individual with stroke needs to activate the muscle(s)
volitionally to trigger the NMES [15]. Thus, EMG-trig-
gered NMES provides wrist and/or finger extension
time-locked to the cognitive movement intent to actively
extend the wrist and open the hand, making the training
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ecological and functionally relevant. EMG-triggered
NMES has been shown to improve voluntary activation
of isolated muscles, particularly in task-specific patterns
[16].

While advances in robotics, VR and NMES have led to
new treatment modalities targeting UE function post-
stroke, further progress is needed for these technologies
to have a true impact. Despite numerous studies attempt-
ing to identify the most effective rehabilitation interven-
tions, post-stroke UE recovery remains disappointing
[17] with sensorimotor deficits persisting in a large pro-
portion of stroke survivors for more than 6 months (up
to 62% [18]). Improvements in clinical scores have been
small and often fail to meet the criteria for minimal clini-
cally important differences (MCID) [19]. While most
of the recent clinical trials have failed to demonstrate
improvements on UE function that favour new inter-
ventions such as robotics or VR, over conventional,
dose-matched therapy [20], combination of different
modalities may have a greater impact on stroke recov-
ery than each individual modality alone [21]. Thus, there
is a need to look beyond the ‘one-size-fits-all’ approach,
where a single UE modality is applied to a group of post-
stroke individuals. Another possible reason for the rela-
tively small gains in UE function, and in particular the
low gains in hand function [17], is that an individual’s
potential for recovery is not always considered [20]. In
clinical practice, therapists typically prescribe UE exer-
cises to their clients based on initial clinical measures,
which turn out to be poor predictors of future UE func-
tion [22]. However, assessing the integrity of the affected
corticospinal tract (CST), by means of motor evoked
potentials (MEPs) elicited by non-invasive transcranial
magnetic stimulation (TMS), was found to strongly pre-
dict the changes in UE function that could be elicited by
rehabilitation [23]. In particular, the work by Milot et al.
[24] showed that amongst several brain measures (e.g.,
magnetic resonance imaging, diffusion tensor imaging),
baseline MEP amplitude was the best predictor of the
response to robotic training of the affected UE in chronic
stroke survivors. The presence of a MEP indicates that
the CST, linking the motor areas of the brain to the hand
musculature, is at least partially preserved.

Considering that (1) an individualized intervention
to post stroke UE rehabilitation is desirable, (2) CST
integrity is a strong predictor of hand function recovery,
and (3) combination of different modalities may have a
greater impact on stroke recovery than each individual
modality alone, our proposed approach was to combine
multiple modalities in an individualized intervention,
tailored to each stroke participant’s functional status
and recovery potential. Recovery may be enhanced by
first assessing CST integrity in order to determine the
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potential for recuperating hand function, and then com-
bining multiple purposefully selected combinations of
modalities to target motor deficits of each individual.
Specifically, our perSonalized UPper Extremity Rehabili-
tation (SUPER) program included: (1) robotic activities to
work on physically assisted UE reaching movements; (2)
VR activities to work on unassisted reaching and grasp-
ing movements; and (3) NMES to facilitate hand opening
and closing movements. The frequency of incorporation
of each modality during the intervention was determined
according to the individual’s potential for hand recovery.
Our objectives were to determine the feasibility and the
treatment effect of the SUPER program in individuals
with moderate/severe chronic stroke. Our hypotheses
were that (1) the SUPER program would be feasible in
terms of process, resources, management and safety indi-
cators and (2) stroke participants with a low potential
for hand recovery would benefit from a shoulder/elbow-
centered intervention, while those with a high potential
would benefit from an intervention involving the whole
arm.

Methods

Study design

We used a pre/post, single-subject design with multiple
baselines (AAAB). Baseline assessments were repeated
three times within one week (T0-A, T0-B, T0-C), while
post intervention took place immediately following the
end of the SUPER program (T1). All assessments were
conducted by a therapist at each site blinded to partici-
pant allocation and to the study objectives.

Participants

We recruited 30 individuals with chronic stroke from the
list of potential subjects who were a prior client at two
rehabilitation centers in Quebec, Canada: CISSS Laval—
Jewish Rehabilitation Hospital and CIUSSS de I'Estrie—
CHUS. The inclusion criteria were: (1) ischemic or
hemorrhagic stroke; (2) moderate to severe UE impair-
ment (score between 2 and 4 out of 7 on the Chedoke-
McMaster Arm and Hand Scales); (3) at least 3 months
post stroke; and (4) no longer receiving rehabilitation
services. Exclusion criteria were factors that may have
limited participation or understanding of instructions:
(1) medical instability; (2) marked cognitive deficits
(mini-cog [25] score<3); (3) uncorrected visual impair-
ments; (4) shoulder pain (score >4 on the visual analog
scale); (5) severe spasticity in wrist flexors (score>3 on
the Modified Ashworth Scale); (6) contraindications to
NMES. The participant’s potential for UE recovery was
first determined by TMS to measure CST integrity (see
below).
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Potential for hand function recovery

The integrity of the affected CST was assessed using
MEPs elicited by TMS, as per the Predict Recovery
Potential (PREP) procedure [26]. Surface electrodes were
placed in a belly-tendon montage over the affected first
dorsal interosseous muscle and the extensor carpi radi-
alis. TMS was performed with the figure-of-eight coil
held tangentially over the primary motor cortex (C3/
C4 according to 10-20 system). The intensity was set at
100% of the stimulator output (Magstim 200%, Magstim
Company, Dyfed, UK). If needed, a different scalp loca-
tion was also tried (2 cm posterior to C3/C4). MEP was
considered absent if no response higher than a peak-
to-peak amplitude of 50 uV could be obtained in either
muscles after 3 stimuli at each location. The presence
or absence of a MEP was used to classify participants as
having a high or a low potential for the recovery of hand
function, respectively. In participants where TMS was
contraindicated (due to medical conditions such as epi-
lepsy), the CST integrity was evaluated through manual
muscle testing of shoulder abductors and finger extensors
[26].

SUPER intervention

Participants received a total of 12, 1-h SUPER interven-
tion sessions, at 3 times per week for 4 weeks. For par-
ticipants with a low recovery potential for hand function
(shoulder group), the SUPER intervention consisted of
robot-assisted reaching movements only. For those with a
good recovery potential (hand group), the SUPER inter-
vention included VR activities combined with NMES, in
addition to robotic therapy; the participants in this group
first attended robotic therapy and then VR/NMES activ-
ity in each session. The weekly amounts of robotics and
VR/NMES sessions were based on the ability of partici-
pants to produce unassisted reaching movements with
their affected arm against gravity.

The robot-assisted activity consisted of a virtual under-
water fishing game, where participants had to reach for
targets placed at their maximal voluntary arm extension
(Fig. 1). The robot provided weight support to the arm by
creating a dynamic virtual support surface between the
starting location and the reaching target. If a participant
was unable to reach for a target on their own, the robot
could prevent backwards movement (movement away
from the target). It could also provide a pushing force
to physically assist the movement. The type of robotic
assistance (if any) was decided upon by the attending
therapist. At the end of each trial, participants received
feedback on the percentage of the movement that was
performed independently (without robotic assistance)
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Fig. 1 a Overall view of robotic rehabilitation system. b Screen capture of virtual scene. ¢ Arm/hand support system

Fig. 2 Virtual Reality grocery shopping activity

and were encouraged to increase that number as much
as possible.

For VR, we used a reach and grasp VR activity based on
a grocery shopping task (Fig. 2). Participants interacted
with the VR activity through arm reaching movements
and hand opening/closing movements, which were
recorded by a Kinect V2 camera (Microsoft, USA). Par-
ticipants were required to reach for grocery items placed
on a shelf, grab them by closing their hand, bring them
near their body and release them in their virtual shop-
ping cart by opening their hand.

Thirty minutes of EMG-triggered NMES treatment
was also incorporated in the VR sessions of reaching and
grasping for participants in the hand group. Two-inch
diameter surface electrodes attached to the NMES device
were placed over the motor points of the Extensor Digi-
torum Communis for activating finger/wrist extension.
Stimulation intensity (pulse amplitude) was set to pro-
duce maximal finger extension without discomfort. The

electrical stimulation was triggered when the instrument
detected an EMG signal exceeding a pre-set threshold,
determined earlier during practice. The muscle stimu-
lation was triggered when the participant attempted
to grasp an object on the computer screen during VR
activities. Thus, as the participant attempted to reach
for an object, the stimulator picked up the EMG signal
generated by the attempted wrist extension movements
and stimulated the extensors to assist with hand opening
during the reaching attempt. At the end of the reach, the
stimulator was turned off until the next attempt.

To summarize, participants in the shoulder group
received 60 min of robotic therapy. Some, who were able
to move their arm against gravity, also received the VR
intervention (e.g., 30 min of robot therapy and 30 min
of VR therapy). Participants in the hand group received
approximately 30 min of robotic therapy, followed by
30 min of VR therapy combined with NMES.

Feasibility indicators

Our feasibility criteria are listed in Table 1. These
included indicators related to process, resources, man-
agement and safety. For perceived satisfaction, we used a
questionnaire rating enjoyment, perceived performance
during the activity and perceived value of the activity.
Questions were answered on a 7-point (pt) Likert scale,
ranging from 1 (not at all true) to 7 (very true). The ques-
tionnaire was administered for both activities (robotics
and VR/NMES), depending on the activity in which each
participant was engaged.
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Feasibility component

Outcome measure

Criterion for success

Study results

Process
Recruitment rate
Consent rate
Retention rate
Perceived satisfaction
Resources
Adherence rate
Session length
Intervention burden
Management
Participant processing time
Treatment
Safety (evaluation)
Safety (intervention)

Number of Part. recruited
% part. consenting

% part. completing study
7-pt Likert scale

Attend > 10/12 intervention sessions

Evaluations<2 h
Interventions< 1.15 h

Time initial contact to enrolment

Adverse events
Adverse events

2 part/month/site

>65% of part

>85% complete T1

>85% report perceived benefits

>85% of subjects
>85% of evaluations
>85% of sessions

Mean time < 10 days

No adverse event
No adverse event

1.9 part/month/site
93%

93%

100%

100% attended 12 sessions
100%
89.3%

100%

No adverse event
No adverse event

Part.: Participants

Treatment outcomes

The primary outcomes were: (1) the Fugl-Meyer Assess-
ment [27], upper extremity section (FMA-UE), a per-
formance-based measure of UE impairment describing
motor recovery. (2) The ABILHAND [28], a question-
naire to assess active function of the hands and upper
limbs in daily living tasks. Both measurement tools have
excellent psychometric properties [29, 30].

As secondary measures, we used: (3) the Motor Activ-
ity Log, 14-item version (MAL-14), which rates self-
reported quality and frequency of use of the UE in 14
everyday tasks [31, 32]; (4) the Stroke Impact Scale (SIS),
a stroke-specific health status measure featuring 33
items capturing daily activities grouped in 8 sub-scales
(strength, memory, mood, communications, activities,
mobility, hand function and quality of life) [33]; (5) the
Box and Blocks Test (BBT), a measure of gross motor
dexterity; (6) Hand Grip Strength of the affected UE,
measured with a dynamometer.

Analyses

For the efficacy outcomes (primary and secondary), our
criteria for quantifying the importance of a difference
was based on the established MCID of 5.25 for FMA-
UE [34], 0.26 for ABILHAND [35] and 1 for MAL [36].
For the SIS, analyses focused on three specific subscales:
strength (SIS-Strength; MCID: 9.2); activities of daily liv-
ing (SIS-ADL; MCID: 5.9) and hand tasks (SIS-Hand;
MCID: 17.9) [37]. For each outcome, we first computed
the difference between the post-evaluation measure
and the mean of the three baseline measures. We then
counted the number of participants who displayed a
change greater than the MCID.

We defined responders as participants who displayed a
change with respect to baseline that was larger than the
MCID, in either of the primary outcomes (FMA-UE or
ABILHAND). Participants who did not improve in either
of the primary outcomes were classified as non-respond-
ers. As a secondary analysis, we compared responders
to non-responders with respect to demographic char-
acteristics (age, stroke onset, sex, stroke side) and base-
line outcome values. Groups were compared using either
independent t-tests (for continuous variables) or x> (for
proportions). The average change between pre- and post-
intervention are also reported and were compared within
each group using the Wilcoxon signed rank test.

Results

Participants

A total of 30 participants were recruited between July
2018 and February 2019. Of these, 28 completed all ses-
sions of the SUPER intervention and all the evaluations.
All the subjects were tested using PREP algorithm except
two of them for whom manual muscle testing of shoul-
der abductors and finger extensors were used. Two par-
ticipants did not initiate the intervention due to medical
or personal reasons unrelated to the study and were
therefore excluded from the analyses. As can be seen
in Table 2, after classification with the PREP algorithm,
10 participants were included in the hand group (good
CST functional integrity), while 18 where in the shoulder
group (poor CST functional integrity). Both groups were
similar in terms of sex (x* p=0.83), age (t-test; p=0.52)
and stroke onset (t-test; p=0.78). Baseline FMA-UE,
BBT and ABILHAND were understandably lower in the
shoulder group than in the hand group (t-test; p <0.05).
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Table 2 Participants’'demographics and baseline characteristics

Hand group Shoulder group
N 10 18
Sex (F/M) 4/6 6/12
Age (years) 619 65.6
(range) (38310 76.3) (56.3t0 76.8)
Stroke onset (years) 5.7 6.2
(range) (0.8t0 25.8) (0.6t024.2)
FMA-UE (/66) 412 139
(range) (26 to 54) (8to23)
BBT (n blocks) 12.7 0.2
(range) (0to 33) (0to3)
ABILHAND (-6 to 6) 19 0.2
(range) (0.2t03.9) (—241t03.3)

F female, M male, FMA-UE Fugl-Meyer Assessment-Upper Extremity section, BBT
box and blocks test

Feasibility indicators

Results for the feasibility indicators are shown in Table 1.
In terms of resources, most of the indicators were met.
Our recruitment rate was 30 participants over 8 months,
or an average of 1.9 participant/site/month, slightly
below our target of 2. The retention rate was 93%, greater
than our criterion of retention success of 85%, and per-
ceived satisfaction was high, i.e. 100%. Indeed, all partici-
pants strongly agreed with questions such as “I enjoyed
doing this activity very much” and “I believe this activity
could be of value to me’”, both for the robotics and VR/
NMES activities. All the resource and management indi-
cators were met. All participants (100%) attended the
full 12 sessions. Average session length was 54 min, with
only 10.7% of sessions lasting more that 1 h and 15 min.
Importantly, no adverse effect was reported, either dur-
ing the evaluations or during the interventions.

10

N Participants

o [ |

<3 35 5.25.7 >7
Change in FMA-UE
Fig. 3 Changes in Fugl Meyer Assessment-Upper Extremity from
baseline for the hand (blue bars) and shoulder (orange bars) groups.
Dotted line indicates Minimal Clinically Important Difference
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UE Recovery

As illustrated in Fig. 3, nine participants showed changes
exceeding the MCID of 5.25 pt for the FMA-UE. Of
these, four were in the hand group and five in the shoul-
der group, representing a similar proportion within the
two groups (40% and 28%, respectively; )(2 test; p<0.5).
Considering all participants, i.e. responders and non-
responders, the hand group average change was 4.5 pt
(standard error (SE)=2.6, Z=—1.84, p=0.066) and the
shoulder group change was 3.4 pt (SE=0.8, Z=-3.10,
p=0.002).

Dexterity

For the ABILHAND (Fig. 4), seven participants in the
shoulder group and seven in the hand group showed
improvements greater than the MCID following the
intervention (39% and 70%, respectively). The proportion
of participants with improvement in the ABILHAND in
the shoulder and hand groups was not significantly dif-
ferent (x> test; p<0.1). The average hand group change
was 0.7 pt (SE=0.27, Z=-2.09, p=0.037) and the
shoulder group change was 0.16 pt (SE=0.13, Z=—0.98,
p=0.327).

Secondary outcomes

Almost none of the participants in the shoulder group
were able to perform the BBT with their affected hand,
during baseline evaluation and no changes were observed
after the SUPER intervention in this outcome. In the
hand group, there were no differences in performance
of the BBT with the affected hand, before and after the
intervention, that exceeded the MCID.

Three participants showed improvements in the MAL-
14 superior to the MCID, following the SUPER interven-
tion. All three were in the hand group.

For eleven participants, the SUPER intervention
resulted in improvements in the SIS-Strength subscale
(four in the hand group and five in the shoulder group)
greater than the MCID (Fig. 5). The average change

10

N Participants

a
o -

<0 0.0-0.25 0.26-1.0 >1
Change in ABILHAND
Fig. 4 Changes in ABILHAND from baseline for the hand (blue bars)
and shoulder (orange bars) groups. Dotted line indicates Minimal
Clinically Important Difference
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N Participants

2
o m ] -

<6 69 Poeas >15
Change in SIS-Strength
Fig.5 Changes in Stroke Impact Scale-Strength from baseline for
the hand (blue bars) and shoulder (orange bars) groups. Dotted line
indicates Minimal Clinically Important Difference

12

N Participants

<4 45 i 612 >12

©O N &~ O ©

Change in SIS-Activities

Fig. 6 Changes in Stroke Impact Scale-Activities from baseline for
the hand (blue bars) and shoulder (orange bars) groups. Dotted line

indicates Minimal Clinically Important Difference

for the hand group was 7.9 pt (SE=4.2, Z=—2.04,
p=0.041) and for the shoulder group was 8.1 pt (SE=2.3,
Z=-2.79, p=0.005). Likewise, as seen in Fig. 6, nine
participants showed improvements in the SIS-ADL sub-
scale (three in the hand group and six in the shoulder
group). The average change for the hand group was 6.2
pt (SE=2.5, Z=—2.37, p=0.018) and for the shoulder
group was 4.0 pt (SE=1.7, Z=—2.02, p=0.043). As for
the SIS-Hand subscale, only one participant (hand group)
displayed changes above MCID. The average change
for the hand group was 8.8 pt (SE=2.7, Z=-231,
p=0.021) and for the shoulder group was 0.3 pt (SE=0.9,
Z=-0.41, p=0.686).

None of the participants showed any improvement in
grip strength following the SUPER intervention.

Responders and non-responders

Taken together, eight participants in the hand group
(80%) were classified as responders to the SUPER inter-
vention, as their improvement in the FMA-UE, the ABIL-
HAND, or both, was higher than the respective MCID.
For the shoulder group, ten participants were classified as
responders (56%). Table 3 shows the demographics and
baseline scores of some baseline measures for respond-
ers and non-responders to the SUPER intervention. Note
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Table 3 Differences in demographics and baseline scores
between responders and non-responders

Responders (n=18) Non p-value
responders
(n=10)
Age 635+95 66.6+£85 0.58
Stroke onset 42432 974118 0.08
SIS-memory 81.6+20.7 902+11.8 0.24
SIS-mood 613+£156 68.1+£166 0.29
SIS-communications 80.9+21.9 86.1£20.5 0.54
SIS-QOL 57.7+180 478+£252 0.24
Prop. female 0.33 040 042
Prop. right hemi 033 0.60 0.19
Prop. hand Gr 0.80 0.20
Prop. shoulder Gr 0.56 044

SIS Stroke Impact Scale, QOL Quality of Life, Prop. proportion, Gr Group;
mean + standard deviation

that, as there were only two non-responders in the hand
group, both the shoulder and hand groups were pooled
together in this table. Responders and non-responders
did not differ in terms of age, sex and in the non-physical
subscales of the SIS (memory, mood, communications
and quality of life). The non-responders were in the more
chronic stage post-stroke compared to the responders
(stroke onset tended to be higher), but the difference was
not significant (t-test; p<0.08). Likewise, the proportion
of participants with right-side hemiparesis was higher
in the non-responders (60%, as compared to 33% in the
responders), but these proportions were not significantly
different (x* test; p<0.19).

Discussion

In this study, we established the feasibility and measured
the preliminary efficacy of the SUPER intervention, com-
bining robotics, VR and NMES, to improve UE function
in individuals with chronic stroke. The intervention was
personalized according to each participant’s potential for
hand recovery, as assessed by the PREP algorithm. Our
results demonstrated that the SUPER intervention was
safe and well received by participants, who viewed both
the robotics and VR activities as enjoyable and potentially
beneficial. This was also confirmed by the high retention
rate (93%) and the fact that all participants completed
their 12 intervention sessions.

Our results also indicated that 18 participants (80%
of the hand group (8 out of 10) and 56% of the shoul-
der group (10 out of 18)) improved in terms of our pri-
mary outcomes (FMA-UE or ABILHAND) following the
SUPER intervention. Most also improved in other meas-
ures related to the performance of UE activities (SIS or
MAL-14). This supports other studies stating that motor
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recovery is still possible in the chronic phase of a stroke
[38] and that even severely impaired stroke survivors can
gain of long-term rehabilitation [39]. However, few or
no participants improved in measures specific to hand
strength or dexterity (BBT, grip strength, SIS-Hand).
While this was expected for participants in the shoulder
group, who did not perform any hand related exercises,
it seems the SUPER program only had limited impact on
hand function for participants in the hand group as well.
This could have been due to an insufficient number of
trials or a lack of variability in hand tasks. Future stud-
ies could incorporate another VR/NMES and/or robotic
task (e.g., grasping objects of different shapes and sizes)
to address this lack of hand function gains following
training.

Our analyses did not reveal any significant demo-
graphic/baseline differences (depicted in Table 3)
between participants who responded to the SUPER inter-
vention and those who did not. While there seems to
be differences between responders and non-responders
in terms of stroke onset time, level of impairment (i.e.,
hand group or shoulder group) and stroke side, these
were not significant. While initial upper limb impairment
and function level has been identified as a strong pre-
dictor of stroke UE recovery, results about stroke onset
time and stroke side have been equivocal [40]: some tri-
als have linked left-sided stroke and longer stroke onset
times with poorer UE outcomes, but others have not
[40]. Nevertheless, participants in the hand and shoulder
groups improved in UE function in similar proportions,
indicating that our personalized/multi-modal approach
was beneficial to most. This suggests that a personalized
intervention, focusing on either shoulder/elbow or the
whole UE depending on the level of CST integrity, may
be more appropriate than a ‘one-size-fits-all’ approach
where all participants receive the same intervention. The
benefits of a personalized/multi-modal intervention are
that participants can spend more time practicing tasks
that target their specific impairments and/or for which
they may have the most potential for recovery. Such an
approach is also closer to what is done during stroke
rehabilitation, where clinicians use clinical reasoning and
employ a combination of tasks and activities, although
not necessarily tailored to each of their client’s poten-
tial, to promote recovery. One limitation of our study
design, however, is that we cannot determine the relative
importance of one or another component of the SUPER
intervention.

While 32% of our participants improved FMA-UE
and 50% improved ABILHAND scores greater than the
MCID value of each measure, 82% showed improvements
in at least one of the outcome measures (FMA-UE, ABIL-
HAND, MAL-14 or SIS) greater than the MCID values. It
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is, however, difficult to explain an improvement in activi-
ties involving the UE, as measured by the MAL and SIS,
without a decrease in the underlying impairment level, as
measured by the FMA-UE. We prefer therefore to keep
the more conservative estimate of 64% of participants
showing improvements in the FMA-UE or ABILHAND,
following the SUPER intervention.

Another limitation of the current study is the absence
of a control group making it harder to attribute improve-
ments in UE function specifically to the SUPER inter-
vention. For example, as our participants were all in the
chronic stage of stroke, some may have suffered from
physical deconditioning of their affected UE due to dis-
use. A rehabilitation intervention based on usual care
(e.g., exercises and ADL tasks) may have yielded simi-
lar results. Indeed, research indicates that both robotics
and VR lead to similar improvements in UE function as
conventional therapy (not using rehabilitation technol-
ogy modalities) when practice time is matched [8]. In
addition, we did not assess if gains in UE function were
maintained in the months following the intervention. A
follow-up study could include a control group receiving
time-matched conventional therapy and reassessment
after 3—6 months.

Conclusions

Approximately two thirds (64%) of chronic stroke partici-
pants improved their UE function, following 12 sessions
of the SUPER intervention, which combined robotics, VR
and NMES. Participants with both good and poor poten-
tial for recovery of hand function displayed clinically
important improvements, indicating that our personal-
ized intervention is suitable for individuals with moder-
ate, as well as with severe limitations due to stroke. In
addition, the intervention was feasible and safe. Future
work will look at how the SUPER intervention could be
improved to better target hand function and to determine
if functional gains are maintained after 3 to 6 months.
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