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Abstract

Background \We evaluated the feasibility, safety, and efficacy of a 2D-planar robot for minimally supervised home-
based upper-limb therapy for post-stroke hemiparesis.

Methods The H-Man, end effector robot, combined with web-based software application for remote tele-monitoring
were evaluated at homes of participants. Inclusion criteria were: strokes > 28 days, Fugl-Meyer Motor Assessment
(FMA) > 10-60/66, presence of a carer and absence of medical contraindications. Participants performed self-directed,
minimally supervised robotics-assisted therapy (RAT) at home for 30 consecutive days, after 2 therapist-supervised
clinic on-boarding sessions. Web-based compliance measures were: accessed sessions of > 20 min/day, training
minutes/day and active training hours/30 days. Clinical outcomes at weeks 0, 5 (post-training), 12 and 24 (follow-up)
consisted of FMA, Action Research Arm Test (ARAT) and WHO-Stroke Specific Quality of Life (SSQOL). To estimate
immediate economic benefits of the home-based robotic therapy, we performed cost-effectiveness analysis (CEA),
followed by budget impact analysis (BIA).

Results Altogether, all 12 participants completed Home-RAT without adverse events; 9 (75.0%) were males, mean
(SD) age, 59.4 years (9.5), median (IQR) stroke duration 38.6 weeks (25.4, 79.6) baseline FMA (0-66) 42.1+13.2, ARAT
(0-57) 25.4+19.5, SSQOL (0-245) 185.3+32.8. At week 5 follow-up, mean (SD) accessed days were 26.3 days +6.4,
active training hours of 35.3 h+14.7/30 days, or ~ 6 days/week and 77 training minutes + 20.9/day were observed.
Significant gains were observed from baseline across time; AFMA 2.4 at week 5 (FMA 44.5, Cl 95% 39.7-49.3, p < 0.05)
and AFMA 3.7 at week 24 (FMA 45.8, C1 95% 40.5-51, p < 0.05); AARAT 2.6 at week 5 (ARAT 28.0, Cl 95% 19.3-36.7,

p <0.05), and AARAT 4.8 at week 24 (ARAT 30.2, C1 95% 21.2-39.1, p < 0.05). At week 5 follow-up, 91% of participants
rated their overall experience as satisfied or very satisfied. Incremental CEA observed savings of -S$144/per cure
over 24 weeks, BIA—potentially 12% impact reduction over five years.
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Trial registration: NCT05212181 (https://clinicaltrials.gov).

effectiveness

Conclusions This study demonstrates the feasibility, acceptability, safety, clinical efficacy, and cost-effectiveness
of a home-based, web-enabled telemonitored carer-supervised robotics-aided therapy.

Keywords Telerehabilitation, Tele-monitoring, Stroke, Robotics-assisted therapy, End effector robot, Upper limb, Cost-

Introduction

Stroke is a disorder characterized by significant impair-
ment of sensorimotor and cognitive functions. Globally,
stroke is the second-leading cause of death, accounting
for 11.6% of total deaths and the third-leading cause of
death and disability combined, accounting for 5.7% of
total disability-adjusted life years (DALYs) [1].

In particular, hemiparetic weakness is common after
stroke [2, 3], affecting 70—-80% of stroke survivors. In
terms of upper extremity (UE) motor function, only
10-20% of stroke survivors achieve complete or use-
ful upper limb recovery [4, 5]. Thus, stroke should be
regarded as a long-term condition requiring continuing
support [6].

Stroke rehabilitation aims to maximise functional
independence and improve the patient’s quality of life
through a combination of reduction of impairment and
learning of compensatory motor strategies [7]. Greater
functional independence in the patient leads to reduced
caregiver burden, better quality of life and potentially
lower costs of care [8]. Current evidence in stroke reha-
bilitation emphasises the need for repetitive, inten-
sive and adaptive task-specific UE training to facilitate
motor relearning and neuroplasticity [9, 10].

@

Fig. 1 H-Man upper-limb rehabilitation robot. a Robot and graphic interface for exergames. b Study participant training at home with the H-Man

Upper-limb Robotics-Assisted Therapy (RAT) can
deliver task-specific, repetitive, intensive UE exercises
safely with comparable clinical outcomes and improved
neuroplasticity [11-13]. Current studies on RAT and
dose-matched conventional therapy show comparable
effects on improving motor outcome with high levels
of safety and acceptability, with reduced supervision of
therapist. [14—17]. Thus, RAT provides a potential solu-
tion to provide quality-ensured upper limb intensive
therapy and decrease therapists’ workload [12, 18].

The development of table-top, portable, simple to use,
upper limb end effectors has afforded innovative, effec-
tive, low-cost solutions comparable to more complex
exoskeletal robots. A typical model is the current device
tested, a 2-dimensional planar end effector robot which
is a portable, low-cost commercial model with haptic
handle. (www.articares.com) (Fig. 1a) This was combined
with a web-based telerehabilitation platform and clini-
cally applied as a potential innovation to extend clinic
RAT and circumvent barriers such as scheduling, lim-
ited access from pandemic-related lockdowns, through
decentralized and minimally supervised home-based
therapy [14, 19-22].

It had also long been assumed that stroke patients
reach a plateau in their recovery within 6 months of their
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stroke, however, several studies challenge this assump-
tion. A proportion of interventions delivered >6 months
post-stroke demonstrated a positive benefit for individu-
als in the chronic stage of stroke [23]. Ward et al. reported
results of a clinic-based UE rehabilitation programme
consisting of 90 h over 3 weeks, for chronic stroke sur-
vivors (median time 18 months post-stroke) with severe
UE disability (mean Fugl-Meyer-Motor Assessment
(FMA) score 26/66), who achieved clinically significant
gains of 42% in motricity and 50% gains in motor func-
tion, which persisted for 6 months [24, 25].

These findings suggest that given the length of time
needed for post-stroke UE recovery in relation to motor
and functional benefits, substantial provisions should be
made for post-hospitalisation rehabilitation to be contin-
ued for months to years after the initial stroke. However,
challenges remain in matching therapy provision to opti-
mise recovery or neuroplasticity in the poststroke suba-
cute to chronic phase, in large part related to healthcare
resource limitations and various barriers. For example, a
2014 Singaporean study found that, in general, post-hos-
pital rehabilitation attendance was low [26]. While 87.1%
of the patients viewed rehabilitation as beneficial, overall
longitudinal attendance rate fell from 100% as inpatient
to 20.3% at 3 months, 9.8% at 6 months, 6.3% at 9 months
and 4.3% at 12 months. Reasons for this included physi-
cal and social barriers, which were high initially, but
decreased with time, while the prevalence of financial
and perceptual barriers increased with time [26].

Home-based training and telerehabilitation combined
with technology deployment at home or nursing facili-
ties are various methods which can increase therapy
delivery without over-burdening healthcare manpower.
[19, 22, 27]. Also, home-based therapy combined with
telerehabilitation and technology are potential methods
to optimise therapy intensity and circumvent traditional
barriers to access, such as transportation, scheduling and
staff availability [19].

Telerehabilitation (TR) for stroke rehabilitation has
emerged as a feasible way to deliver various services
asynchronously or simultaneously, thus prolonging, or
intensifying hospital or clinic-based treatments without
concomitant strain on healthcare resources and circum-
venting physical barriers or clinic scheduling. Stroke
patients who completed home-based telerehabilitation
achieved outcomes equal to or better than those from
conventional care during the first 3 months of stroke.
Home-based self-managed UE therapy can also be
regarded as another method for extending UE rehabilita-
tion beyond the clinic. A systematic review by Westlake
et al., showed largely equivalent efficacy between clinic
and purposely designed, self-managed UE home pro-
grammes [27-30].
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A large randomised controlled trial (RCT) of 124
subacute and chronic strokes with moderate to severe
UE impairment established that 36 h of 70 min each of
telerehabilitation, combining computer games with and
without supervision, was non-inferior to dose-matched
clinic-based rehabilitation, with both groups achiev-
ing 7.86-8.36 FMA gains after 6 weeks of training [31].
Reports involving minimally- or un-supervised home-
based actuated robot aided training with asynchro-
nous therapist monitoring are sparse, hence this novel
therapeutic approach requires further study to deter-
mine its feasibility, safety and efficacy and role in stroke
rehabilitation.

However, development of medical robotic devices suit-
able for home-based use still lags with respect to other
technologies involved in telerehabilitation such as digi-
tal telecommunications and virtual reality. There is a
need for less complex and user-friendly robotic systems
designed specifically for non-clinical environments [32].
However, most commercially available robots for reha-
bilitation usually have large dimensions and are complex
and costly to operate, which makes them suitable only
for clinical settings. Consequently, to-date, there are few
publications pertaining to minimally supervised or unsu-
pervised telerehabilitation at home involving RAT.

Hence, this pilot study aimed to evaluate the feasibil-
ity, safety, and efficacy of carer-minimally supervised
RAT using a portable arm robot, H-Man (Articares Pte
Ltd, Singapore) within homes of patients, supervised by
carers (i.e., family members or untrained paid helpers,)
supported by a web-based platform and remote telemon-
itoring. For this study, we termed H-Man and web-based
platform as “Home-RAT” Analysis of the experimental
data involved both longitudinal assessment of standard-
ised outcome measures and patient-reported outcomes.
Secondary outcomes evaluated included the cost-effec-
tiveness and budget impact of Home-RAT.

The innovations of this study fall into four main cat-
egories: user acceptance, initial training effectiveness,
asynchronous interaction with the clinician and clinical
efficacy.

The study’s hypothesis was that telerehabilitation using
a carer-minimally supervised portable robot at home for
30 days and clinic remote telemonitoring by occupational
therapists (OT) would be feasible to achieve the follow-
ing outcomes:

i. 75% of sample achieving an active day defined as
any log-in of >20 min/day continuously.
ii. <10% drop out rate of enrolled participants during
the 30-day robot-assisted home training period.
ili. <10% of participants’ adverse events related to
robotics-assisted therapy such as arm pain, shoul-
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der pain, increased spasticity on clinically meas-
ured scales by independent assessors.

Materials and methods

A prospective, pilot, feasibility trial of hemiparetic stroke
patients with independent outcomes assessment and
longitudinal follow up for 24 weeks was conducted in a
single ambulatory centre, with affiliations to a tertiary
inpatient rehabilitation unit. The goal of this study was
to determine the feasibility, safety, and acceptability of
implementing a clinic-to-home rehabilitation pathway
using RAT, deploying a portable, 2D planar end-effector
robot designed for upper-limb therapy, focused on train-
ing shoulder and elbow flexion and extension (Fig. 1a).
The system provides smart physical human-robot inter-
action (haptics) in partial substitution of physical interac-
tion with a therapist, coupled with remote telemonitoring
via a web-based software (www.articares.com) (Fig. 1b).

Hardware
The upper-limb rehabilitation robot employed in this
study is shown in Fig. 1la. H-Man is a portable, planar
end-effector device designed to help train arm move-
ments, and is essentially a powered, cable-driven differ-
ential mechanism [33].

The mechanism design provides the
advantages:

following

+ High back drivability: Back drivability refers to the
ease with which the user can move the handle in
the absence of motor actuation. Compared to other
robot designs, the inertia and friction felt by the
user’s hand when moving the handle are minimal.
In this way, the user concentrates on performing the
training tasks rather than overcoming the resistance
of the mechanism. The device’s high back drivability
also eliminates the need for feedback control, which
in turn guarantees the robot’s contact stability. This
makes H-Man inherently safe for manual interaction
with the user.

« Optimal workspace dimensions: The workspace
of H-Man on the horizontal plane is 334.5 mm x
350 mm which defines all possible positions of the
handle. The total footprint of the device is 665 mm x
620 mm x 105 mm.

H-Man can provide end-effector forces of up to 23
Newtons in any specified direction of the planar work-
space to collaborate in the rehabilitation task. Previous
clinical studies with Home-RAT can be found in [14, 20,
33].
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Robotic intervention (exergames)

Therapy sessions with Home-RAT involved the partici-
pant performing a series of game-like training exercises
or ‘exergames’ provided by the robot’s software. The
exergame’s graphic user interface provides the user with
a virtual manual task to execute, such as capturing fish
in a pond, serving meals to customers, etc. The Home-
RAT interacts physically with the user by exerting con-
trolled forces on the handle. Depending on the type of
task, these forces can either help the user in completing
the required movements or create a challenge, such as
adding resistance or introducing perturbations. In some
games, the control software features an adaptive com-
ponent that automatically adapts the intensity of the
therapy to the patient’s current level of recovery. Tables 5
and 6 in Appendix 1 present a summary of the exergames
employed in this study.

Exergames were prescribed by an OT and tailored to
each participant’s needs; working towards prescribing
exergames to improve arm coordination, strength and/or
agility. Agility was defined as the average speed of point-
to-point movements.

The exergame’s levels of assistance, resistance or per-
turbation are adjusted in the robot software based on the
patient’s kinematic performance metrics. The metrics are
computed from the sensor data (specifically handle posi-
tion data) generated by the robot during the patient’s pre-
vious training exercises.

As the exergaming interface was in development during
the pilot trial and initially commenced with 3 exergames,
halfway into the study period, a further 5 exergames were
added by the software developers. Consequently, we
assigned participants to 2 groups for participation evalu-
ation; Group 1 consisted of 6 participants (P01-P06) who
trained with 3 different exergames at home. We refer to
these as exergames E;. (Appendix 1, Table 5). Group 2
also consisting of 6 participants (P07-P012; group 2). For
the trials with group 2 we incorporated a new set with an
additional 5 exergames; we refer to these as exergames E,
(Appendix 1, Table 6). Thus, group 2 trained with a total
of 8 exergames at home (Appendix 1, Table 6).

Remote monitoring software

The H-Man is controlled by a software application called
the CARE Platform [34]. The software features a remote
monitoring component capable of linking up the super-
vising clinician with one or several patients receiving
robotic therapy in their homes (Fig. 2). In compliance
with the institution’s Medical Devices and Operational
Technology Security (MDOTS) [35], no personal iden-
tifiers (name, identity numbers, addresses) were stored
in the robot or web-based platform which was not


http://www.articares.com

Aguirre-Ollinger et al. Journal of NeuroEngineering and Rehabilitation

(2024) 21:207

Page 5 of 30

Cloud Infrastructure

Web Application

: afje e
A i ‘w .1] —>|||| —»‘ Internet :
S e———— AP o | — | r—
- é Encrypted | Gateway Processed ~ Archive Encrypted { Hospital
. ospita
Patient & secure Data Data & secure . ‘ A
home Robot
(H-MAN)

Fig. 2 Schematic illustration of H-Man and web platform architecture. Motion and performance data are generated from each training session
with the robot. Data collection is performed by the software application (CARE Platform installed in the robot’s PC). Only non-identifiable (non-Pll)
data are collected from the user. The bulk of the data consist of robot motion data and performance data generated during training. Data are
uploaded in encrypted form to a secure cloud-based server. Data can be accessed remotely by registered users (for example the supervising

clinician) by means of a web-based software application

connected with the healthcare institution’s network and
H-Man robot external USB ports were disabled.

The software’s communication framework featured
encrypted transmission of training data from Home-RAT
to a secure database, and generation of data analysis and
progress reports, allowing remote access by clinicians
with secure log in passwords to view and manage partici-
pants’ therapy schedules and generate reports remotely.

Study setting

The study was conducted from 3 March 2022 to 1 Sep-
tember 2023 at the Tan Tock Seng Hospital, Clinic for
Advanced Rehabilitation Therapeutics (TTSH-CART) in
Singapore, an ambulatory rehabilitation facility providing
comprehensive medical rehabilitation consultations and
multi-disciplinary rehabilitation therapies, incorporat-
ing various rehabilitation technologies (e.g., robot-aided
therapies, virtual reality training, neuromuscular electri-
cal stimulation etc.). TTSH CART is directly linked to
Tan Tock Seng Hospital (TTSH) Rehabilitation Centre,
a 95-bed inpatient tertiary rehabilitation unit providing
acute inpatient neurorehabilitation programs.

Study participants

The majority of participants had completed inpatient
rehabilitation at TTSH Rehabilitation Centre and were
recruited consecutively according to the following study
inclusion criteria; first-ever clinical stroke (ischaemic or
hemorrhagic) confirmed by admitting doctors and CT,
CT angiography or MRI brain imaging, aged 21-90 years,
duration of>28 days post-stroke, upper limb motor
impairment measured with Fugl-Meyer Motor Assess-
ment scale (FMA) scale between 10 and 60/66 [25],
presence of stable home situation and a carer to super-
vise home-based RAT, Montreal Cognitive Assessment

(MoCA) score>21/30 and ability to understand purpose
of research [36].

The study’s exclusion criteria were: non-stroke related
causes of arm motor impairment, severe aphasia, medi-
cal conditions incompatible with research participation
such as uncontrolled medical illnesses (hypertension or
diabetes, ischaemic heart disease, congestive heart fail-
ure, bronchial asthma, severe / untreated depression,
agitation, end stage renal/liver/heart/lung failure, unre-
solved cancers, anticipated life expectancy of <6 months,
inability to tolerate sitting continuously for 60 min, local
factors potentially worsened by intensive robot-aided
arm therapy and computer-based training: active seizures
within 3 months, spasticity of Modified Ashworth Scale
grades>2 skin wounds, shoulder, arm pain visual ana-
logue scale>5/10, active upper limb fractures, arthritis,
fixed upper limb flexion contractures, hemi anesthesia of
affected limb, severe visual impairment or visual neglect
affecting ability to interact with the H-Man user inter-
face, history of dementia, severe depression or behav-
ioural problems, absence of a reliable carer to provide
supervision during home training. Pregnant and or lac-
tating females were also excluded.

Study protocol and ethics statement
Institutional ethical approvals were obtained by the
National Healthcare Group, Domain Specific Review
Boards (NHG-DSRB 2021/00156) prior to participant
recruitment and study procedures. The study was con-
ducted in accordance with the Declaration of Helsinki,
which governs ethical principles for medical research
involving human subjects. All participants signed written
informed consent prior to enrolment. The study was reg-
istered with www.clinicaltrials.gov (NCT: 05212181) [37].
Retrospective data related to participants’ demo-
graphic, acute stroke characteristics and individualised
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billed cost data were extracted from institutional elec-
tronic medical records. All other clinical or robotic met-
ric data were prospectively collected.

The protocol for the home-based training and follow-
up is shown schematically in Fig. 3. Following eligibil-
ity screening and signed informed consent, 2 clinic
onboarding (Visits V1, V2 occurred before and after, TO
respectively, for baseline outcomes) sessions of 90 min
each were conducted within a week by an OT for both
the participants and their appointed carer. This was fol-
lowed by a single home visit (Visit V3) by the vendor to
deliver and set up the H-Man at the participants’ homes.
Simultaneously, an OT was present at this home visit for
appropriate interfacing of the participants to Home-RAT,
reinforcement of Home-RAT training, safe operations,
and handling of the robot. From the next day, Home-RAT
was commenced for 30 consecutive days. The Home-
RAT was then retrieved from the participants’ homes.

At week 5 (Visit V4, T1), participants returned to the
clinic for 1 session of clinic-based OT. Follow-up assess-
ment sessions using standardised outcome measures
were conducted in the clinic on weeks 5 (T1), 12 (T2)
and 24 (T3) (Fig. 3). All TO-T4 assessments and up to
10 remote telemonitoring sessions were conducted by
an independent experienced OT, not involved in V1-2
interventions.

Description of in-clinic phase

Following screening and informed consent, each par-
ticipant was assigned a unique research identifier code,
which was used in data collection forms, the clinic and
home robots and a web-based platform to identify par-
ticipants. Participants were then assessed at baseline by
an OT using the above outcome measures (TO, visit 1),
followed by 2x90-min clinic onboarding sessions (V2-
V3) at TTSH-CART. The main purposes were to intro-
duce participants to Home-RAT training, familiarise
participants to the various exergames, training sched-
ules and progression and to train their carers on proper
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operational handling, safety aspects and progression of
training on the Home-RAT. Particular attention was paid
to proper trunk posture and positioning in height-adjust-
able chairs with appropriate hemiplegic shoulder posi-
tioning and hand straps to the robotic handle as needed.

Subsequently, visit 3 occurred at the participants’
homes with the concurrent delivery and installation
of the Home-RAT by the vendor and training set up by
CART OT over 90 min (Fig. 3). The goal of this visit was
to ensure continuity of ergonomic positioning of the par-
ticipant, which was previously established during the
prior 2 clinic onboarding sessions; also, supervision or
manual assistance from carers or next of kin as needed
for proper positioning at the Home-RAT or for turning
on /off and adjustment of controls; and revision of safety
and trouble-shooting protocols by participants and car-
ers. Participants were given contact numbers to short
message or contact OTs or vendor in case of physical or
technical difficulties respectively. A paper record was also
provided for manual logging of dates, start and end times
of each of the training sessions as a consistency counter-
check against the web-based cloud data.

Home training phase

Participants were instructed to perform daily home-
based Home-RAT training for the next 30 days, starting
at 20-30 min per session daily and progressing with rest
breaks as needed to 60 min/day at the end of the first
week and further increasing to 120 min daily in distrib-
uted sessions by the end of the second week. OTs did not
perform synchronous tele-monitoring facing the partici-
pants during the 30-day home training phase.

Remote asynchronous tele-monitoring via the web-
based cloud platform was performed by OTs in the
clinic for 10 min each, up to 10 sessions over 30 days
(i.e., 2-3 times per week). This involved accessing the
cloud data and participants’ performance (log-in dura-
tion, dates, times via a graphical interface). The first
remote monitoring session occurred 24 h after visit 3

\v3 Home Training |
Weskd Second insisliation HMAN delivered Home Waoki2 Weakot
On-boarding Clinic On- of HMAN - *Follow-Up Follow-Up Follow-Up
& boarding at Home 40 Daysof Training A ment | | A ment | | Assessment
Assessment
Remote Monitoring
(10 x 10 min)

<— Onboarding —»

Home Training Phase

<+— Follow-Up Phase ——»

Legend: V: Visit, T: Time point from recruitment® Included 1 clinic OT session for functional training

Fig. 3 Protocol for the study
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(delivery and set-up of Home-RAT) and proceeded as
per protocol at 2-3x/week up to 10 sessions/30 days.
Telephone calls or short messaging from OTs to par-
ticipants/carers were on an as-needed basis, when the
following situations were encountered: absence of web-
based cloud activity noted for > 24 h initially, intermit-
tent, or poor compliance (i.e., irregular, or infrequent
log-in <20 min each time) or failure to progress train-
ing duration to 60 min/day by day 14/30 days.

At the end of 30 days, the Home-RAT was retrieved
from participants’ homes by the vendor.

Follow-up phase
These consisted of 3 clinic visits of 60—90 min each
(visits 4—6, or T1,2,3). These included 1 session of
independently rated outcome measures and functional
retraining by OT at week 5 (T1, visit 4), and 2 fur-
ther follow up outcome measures, assessed by OT at
weeks 12 (T2, visit 5), and weeks 24 (T3, visit 6). At
T1, visit 4, functional retraining was performed prior
to T1 outcome assessment, this consisted of limb rang-
ing and mobilisation followed by guided practice of
reach coordination and grasp/release functions utilis-
ing neuro-facilitatory handling techniques such as the
Bobath Concept and Neurodevelopmental Treatment,
with Task-oriented Training [38, 39]. At T3 and T4 fol-
low-up points, we documented which participants had
concomitant rehabilitation interventions, however, the
exact amounts or intensity of upper limb training or
interventions, were not documented in line with insti-
tutional ethical regulations due to electronic medical
records outside of study protocol and site.

Participants were discharged from the study at week
24 upon completion of all study interventions and out-
come measures.

Outcome measures
Therapy plan: adherence
Primary outcomes of participants’ adherence with the
therapy plan, were defined in two ways. Firstly, we
defined as an "active day" any day within the 30-day
therapy programme in which a participant train-
ing was logged into the robot’s software for at least
20 min. Secondly, we defined “active hours/30 days”
or “active minutes/day’; the total time spent, removing
idling time of the robotic handle. These were counter
checked against participants ‘manual logs filled out
during home RAT training.

Patterns of participant usage per day according to
date and time stamped on the web application.
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Participant subjective ratings

Patient reported outcome measures (via standard ques-
tionnaire), where participants rated on a Likert scale
[40] of 1-5, with 1 being strongly disagree and 5 being
strongly agree on their home-based experience with
Home-RAT. The questions (1-7) were as follows:

It is easy to learn how to use the system.

The set-up was comfortable.

The training was easy to complete at home.

The training was not boring.

The training was useful for exercising my arm.

The home robot training should be part of standard
therapy.

7. 1 am overall satisfied with the performance of the
robotic system.

O U W

Standardised clinical outcomes

The following secondary efficacy and health-related qual-
ity of life (Hr-QOL) outcomes were measured T0,1,2,3 by
an independent, experienced OT assessor not involved in
training visits 1-3. These were done to assess the dura-
bility of any gains over 24 weeks (follow-up period of
19 weeks).

+ Upper extremity (UE) Fugl-Meyer Motor Assess-
ment (FMA) is a widely used quantitative measure of
motor impairment to evaluate upper-limb recovery
[25]. Its scores range from O being the minimum to
the maximum score of 66 points and is divided into
UE including shoulder-elbow, and coordination and
speed (0—42) and distal wrist-hand scores (0-24).

o Action Research Arm Test (ARAT) is a 19-item
observational measure of upper-extremity per-
formance score and score ranges from O being the
minimum to the maximum score of 57 points. [41,
42]. It consists of 4 sub-tests (grasp, grip, pinch, and
gross movement). Each task performance is rated on
a 4-point scale ranging from 0 (no movement) to 3
(normal movement). The subscale ranges for each
subtest are; grasp (6 items, 0-18), grip (4 items,
0-12), pinch (6 items, 0-18) and gross movement (3
items, 0-9). Scores from each task are summed, with
a minimum total score of 0 to a maximum score of 57
[41, 42).

o Affected hand grip strength was measured using
Jamar Dynamometer (kg) using the mean reading of
3 attempts [43].

+ The Stroke Specific Quality of Life Scale (SSQOL),
an instrument intended to measure the quality of
life specific to stroke patients [44]. The instrument
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consists of 49 items within 12 domains such as fam-
ily roles, self-care, and mobility. Each item is scored
on a 5-point Likert scale [40] from 1-5, with a mini-
mum total score of 49 and a maximum of 245. Higher
scores imply higher QOL.

Safety data
In terms of participant safety monitoring, these included
clinical measures of hemiparetic limb spasticity of shoul-
der adductors, elbow flexors, wrist and finger flexors
using the Modified Ashworth Scale scores (MAS) [45]
and shoulder/arm visual analogue scale pain scale (VAS
0-10) at rest for T0,1,2,3. [46] (Appendix 3, Tables 8, 9).
All participant demographic and clinical data were
collected and managed on the REDCap electronic tool
hosted at the National Healthcare Group [35].

Statistical analysis

As this was a pilot feasibility trial, formal statistical power
calculation was not performed. A minimum sample size
of 10 was planned and factoring in a~20% drop out
rate (~2 subjects), the total sample size was 12. All eli-
gible patients were consecutively screened and recruited.
Modified intention to treat analyses was performed [47].
A normality test (Shapiro Wilk p value was>0.05) was
performed for all the main outcome variables. All vari-
ables were found to be normally distributed, except for
ARAT at week 24, whereby, skewness and kurtosis tests
conducted for ARAT at week 24 showed a skewness of
-0.0242 indicating a nearly symmetric distribution and
kurtosis value of 1.253 suggesting a less peaked distri-
bution and has lighter tails, indicating that data points
are more evenly spread around the mean compared to a
normal distribution. Overall, these values suggested that
the distribution is approximately normal, which is gener-
ally acceptable for conducting parametric tests. We then
analysed differences for main outcome variables between
T0-T1, TO-T2 and TO-T3.

In our analysis, we employed a mixed random effect
modelling procedure for all pre-specified outcomes
(FMA total, ARAT Total and SSQOL), following the
standard univariate and multivariate stepwise backwards
regression analysis technique.

In this standard procedure, the first step was to conduct
a univariate analysis to identify putative predictor vari-
ables associated with the outcome measures. A signifi-
cance threshold p <0.1 was used in this stage in order not
to miss any potentially clinically important predictors.

In the multivariate analysis, the final fitted models
were constructed using multivariate backward stepwise
regression procedures. The known clinically important
variables are forcefully adjusted in the model. The final
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statistical significance remained conventionally defined
as p<0.05.

Age, nature of the stroke (Haemorrhagic and Infarct/
Ischemic), duration of stroke, affected side of stroke
(right, left & both), frequencies of home-based exercise
(captured via cloud data) were forcefully adjusted in the
multivariate model. The inclusion of these covariates,
despite the lack of statistical significance in the univariate
analysis, was motivated by their known clinical relevance
and potential to influence the outcomes.

Initial exploratory analysis employed the paired t-test
to determine the changes in the mean scores of outcome
variables over time using paired t-test.

Final adjusted clinical effect sizes for FMA referring
to intervention of COT, RAT at clinic and RAT at home
(using Home-RAT) were calculated using multivariate
mixed random effect models with unstructured covari-
ances and sandwich regressor (Robust Variance) option
to take into account for quantifying heterogeneity within
subject variability for repeatedly measured FMA scores
over time; unstructured covariance matrix which provide
a flexible framework for modelling the correlation struc-
ture of the data, while the sandwich estimator helped to
correct for any potential misspecification of the covari-
ance matrix.

The final independent variables included in the multi-
variate model were: (1) nature of the stroke, classified as
infarct, haemorrhagic, (2) recurrence of stroke (classified
as yes or no), (3) side of the stroke (classified as right, left,
or both), (4) intensity of training (measured as total days
trained per month). (Refer to Appendix 5 Table 15).

The level of statistical significance for all tests was set at
two-sided p <0.05.

Cost-effectiveness analysis (CEA)
The CEA [48] was conducted based on societal (stroke
survivors’ and hospital’s) perspectives. The time hori-
zon of the analysis was set at ~24 weeks in line with the
study duration. In this initial analysis, we quantified and
compared the costs of each intervention at the follow up
(week 24), COT, RAT at clinic and RAT at home (using
Home-RAT) and their corresponding effectiveness meas-
ures, such as clinical FMA outcomes. Cost data for COT,
RAT at clinic were retrospective, billed data for each par-
ticipant where available. RAT at home billed data was col-
lected prospectively for all 12 participants. All costs were
estimated in Singapore dollars (S$). Details on the esti-
mation of healthcare and non-healthcare related medical
costs for all interventions are provided in Appendix 2.
FMA scores for COT and RAT at clinic were obtained
from an earlier conducted randomised clinical trial
(RCT) in 2018 at the same clinic as the current study
[14]. With reference to this study by Budhota et al., we
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[ Enrolled ]
(N=12)

A4

Completed
H-Man at home (N=12)
Lost to follow up (2):
> P06 at week 12 and P12 at
week 24

[ Follow-up J

Completed follow-up
(N=10)

Fig. 4 Participant recruitment flow diagram

provide a summary of the comparison groups’ base-
line characteristics, intervention and follow up, which
were used for CEA. The non-inferiority RCT design was
used in the first laboratory prototype of Home-RAT to
compare 2 intervention groups: (i)18 X 90-min sessions
over 6 weeks, thrice weekly, of in-clinic supervised RAT
(60 min of H-Man and 30 min of COT per session) with
(ii) duration-matched in-clinic 90 min per session, thrice
weekly, supervised COT by OT.

The baseline FMA and ARAT of both intervention
groups were similar; FMA (RAT group) 40.3 (SD 9.3) vs
FMA (COT group) 35.9 (SD 11.7), p>0.05; and ARAT
(RAT group) 26.6 (SD 16.6) vs ARAT (COT group) 18.9
(SD 15.6), p>0.05. The baseline FMA and ARAT values

ICER =

(RAT intervention group) were comparable with the cur-
rent study’s baseline values of FMA 42.1 (SD 13.2) and
baseline ARAT 25.4 (SD 19.5) [14]. The duration of fol-
low up was similar for Budhota et al. and current study, at
24 weeks after baseline measurements.

Adjusted clinical effect sizes for FMA referring to COT,
RAT at clinic and RAT at home were calculated using
multivariate mixed random effect models and clinically
important variables were adjusted in the models (more
details in Sect. 2.8.4). CEA was carried out using model-
based, estimated individual predicted clinical effect sizes,
and healthcare, non-healthcare costs, and total costs for
3 unique treatment pathways.

Incremental Cost-Effectiveness Ratio (ICER) was cal-
culated using the following formula (1):

(Cost of New Intervention — Cost of Comparator)

(1)

(Eﬁ’ectiveness of New Intervention — Effectiveness of Compamtor)
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The ICER indicates the additional cost incurred to
attain an additional unit of effectiveness with the new
intervention when compared to the alternate choice or
comparator.

Budget impact analysis (BIA)

The BIA [49] aimed to estimate the potential impact of
increased uptake of a new intervention (RAT at home)
compared to the current model—only COT. BIA used
Singapore’s national perspective and a five-year time
horizon. To estimate the annual number of stroke sur-
vivors eligible for post-stroke rehabilitation, we used
national statistics reported by the Singapore Stroke Reg-
istry [50] and the Ministry of Health data [51].

Results

Participants and study

Altogether, 12 participants were enrolled from an initial
sample of 20 outpatients. Figure 4 shows the participant
recruitment flow diagram. All 12 (100%) participants
completed initial on-boarding phase of 3 visits (V0-3)
and 30 days of minimally supervised Home-RAT train-
ing without adverse events or training-related side effects
such as shoulder/arm pain, increased arm spasticity or
cybersickness. Ten out of 12 participants (83.3%) com-
pleted the 24 weeks study while 2 out of 12 (16.7%) were
lost to follow-up during the follow-up phase (P06, P12).

Table 1 shows the 12 individual participants’ baseline
data. Altogether, there were 9 (75%) males and the mean
(+SD) age 59.4 (+9.5) years with an equal number of
right (6) and left (6) hemiplegic participants. All partici-
pants were in chronic phase of stroke, with considerable
variation in the individuals’ time after stroke—median
duration 38.6 weeks (IQR 25.4, 79.6). It was also noted
that 8/12 (66.7%) participants had concomitant COT as
part of usual standard therapy over 24 weeks.

The baseline total FMA score was mean (SD) 42.1
(+13.2) with subtotal FMA (proximal) of 28.9 (+6.5) and
subtotal FMA (distal) of 13.2 (+7.0). Mean (+SD) total
ARAT (0-57) was 25.4 (+19.5) while subtotal ARAT
scores were 8.1 (£7.1) grasp, 5.6 (+4.7) grip, 5.5 (+6.8)
pinch and 6.3 (+1.8) gross. This indicated a chronic pop-
ulation with moderate to severe poststroke arm motor
impairment.

Mean (+SD) hemiplegic hand grip strength was 7.8
(+2.8) kg, SSQOL (0-245) 185.3 (+ 32.8) (See Appendix 3
for baseline spasticity).

Follow-up phase and safety data
During the 19-week follow-up phase, 2 out of 12 partici-
pants (16.7%) were uncontactable (P06, P12).
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Two participants (P005, P010) encountered minor
equipment malfunctions, rectified expediently with
replacement robots. Two (P001, P008) had software
malfunctions, rectified virtually. Mean VAS pain score
showed no change across time points TO-T3 (Table 13),
and no appreciable increase in clinical spasticity using
total (summated) Modified Ashworth Scale (MAS)
between TO to T3 were observed (Appendix 3, Tables 8,
9).

Training compliance obtained from web-based platform
data

Training time, compliance with training plan and training
patterns

In this study, we defined "active days" as days in which a
participant trained at home and logged into the CARE
platform at least once for 20 min. The number of active
days per participant (mean,+SD) was 23.0 (+7.9) for
Group 1(trained with 3 home exergames), 29.7 (+0.8) for
Group 2 and 26.3 (+6.4) for the combined groups over a
total of 30 days (Fig. 5a). Notably, Group 2 (trained with
8 home exergames), reported ~100% compliance with
the goal of daily training during the 30-day intervention
period.

The total training time (mean, + SD) defined as “active
hours” per participant during the home trials, removing
robotic idling (non-training) time over 30 days, was 28.4
(x15.1), 42.2 (+11.6), 35.3 (+14.7) hours for Group 1,
Group 2, and combined groups respectively (Fig. 5b).

On active daily minutes, the participants averaged
(+SD) 68.9 (+21.4), 85.3 (+23.4), and 77.1 (+23.0) total
minutes of training for Group 1, Group 2, and the com-
bined groups respectively (Fig. 5¢). There was a sizable
proportion of training sessions exceeding 60 min/day
of training, with Group 2 averaging~90 min of training
daily. Usual COTS is capped at 60 min/session in our
healthcare institution.

No participant reached the advised training duration
limit of 120 min/day.

Participants in both groups divided their training
into ~2 or more sessions per day (Fig. 6a). Robotic non-
training or idling time, for example, pausing to decide
which game to use next, or simply resting, was also
documented. Comparing groups 1 and 2, 20% less non-
training time was documented in group 2, with an overall
total of 22% of training time spent idling (Fig. 6b).

Figure 7 shows the training time per week per partici-
pant for each group. Participants in Group 1 showed a
steady decline in training time from week to week, with
mean weekly hours reduced by 52% from week 1 to 4.
Group 2 participants, on their part, essentially main-
tained a consistent duration of training hours from week
to week.
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Fig.5 Participants’compliance with the training plan (mean,+SD)
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Fig. 6 Patterns in the participants’home-based training (mean, £ SD).
a Number of training sessions per active day. b Percentage
of non-training time per session

Figure 8 shows the participants’ self-reported out-
comes. In general, all 12 participants felt that the exer-
games was easy to learn, 10/12 were overall quite or
well satisfied with the overall experience and deemed
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it to be useful with a comfortable setup; and 4/12
opined that the exergames could be boring. Overall,
75% (9/12) desired that Home-RAT to be part of their
standard treatment. Individual comments recorded
participants’ positive feedback of training at home and
motivation related to virtual reality games while some
negative feedback was related to robot dimensions,
software glitches and stress of training intensity (see
Appendix 4 for individual recorded comments from
participants).

Clinical outcomes summary

For each participant, the clinical outcomes were meas-
ured via assessments post-trial on weeks 5, 12 and 24.
Table 2 provides a summary of the clinical outcomes.

Fugl-Meyer Assessment (0-66). Significant FMA
gains were observed across all timepoints and sustained
beyond training phase to week 24 (Fig. 9); AFMA of
2.4 at week 5 (FMA 44.5, 13.9, p=0.02), from baseline
(FMA 42.1, 13.2), AEMA 4.3 at week 12 (FMA 46.4,
14.6, p=0.004) and AFMA 3.7 at week 24 (FMA 45.8,
14.1, p=0.02).

In terms of individual AFMA compared with base-
line TO, a minimal detectable change (MDC) of>5.25
was observed in 2/12 participants at T1, 4/12 at T2,
and 3/12 at T3. For the minimal clinical important dif-
ference (MCID) FMA range 4.25-7.25 compared with
baseline TO, this was observed in 3/12 of participants at
T1,7/12 at T2, and 3/12 at T3.

ARAT (0-57). Similarly, significant, and modest
ARAT gains were observed across time and sustained
beyond training phase to week 24 (Fig. 10); AARAT
2.6 at week 5 (ARAT 28.0, 20.3 p=0.03), from baseline
(ARAT 254, 19.5, p=0.04), and AARAT 4.8 at week 24
(ARAT 30.2, 21.6, p=0.004).

In terms of individual AARAT compared with base-
line TO, MDC A3-7 was observed in 4/12 participants
at T1, 4/12 at T2 and 6/12 at T3, while MCID changes
of A5.7 ARAT were observed in 3/12 at T1, 3/12 at T2
and 3/12 at T3.

WHO-SSQOL (0-245): Significant gains were
observed only from week 0 to 24 (Fig. 11); AWHO-
SSQOL 17.2 at week 24 (WHO-SSQOL 202.4, 28.5,
p=0.008) from baseline (WHO-SSQOL 185.3, 32.8).
Changes from week 5 to baseline AWHO-SSQOL 5.2
(SSQOL 190.4, 31.4, p=0.15) and week 12 to baseline
and AWHO-SSQOL 6 (SSQOL 191.7, 32.4, p=0.25)
were not statistically significant.

See Appendix 3, Tables 8, 9, 10, 11, 12, 13, 14 for
MAS, FMA, ARAT, HGS (affected), WHO-SSQOL,
VAS pain respectively.
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Table 2 Summary data of clinical outcomes by timepoint

Variables, TO T1 T2 T3

Mean (SD)/time  Week 0 Week 5 Week 12 Week 24
point

FMA/66 421 (132)  445(139) 464(146) 458(14.1)
ARAT/57 254(195) 280(203) 282(207) 302(216)
HGS (Affected) (kg) 78(2.8) 86(2.2) 93(23) 104 (3.8)
SSQOL/245 185.3(32.8) 1904 (31.4) 191.7(324) 2024 (285)

FMA Fugl Meyer Assessment scale score, ARAT Action Research Arm Test, HGS
Hand Grip Strength, SSQOL Stroke specific Quality of Life

Health-economic outcomes summary
Cost savings were observed for (S$ 2,416.9) Home-RAT
compared to (S$ 3,191.0) COT (control) (p>0.05) and
(S$ 3,282.1) RAT in clinic. This was mainly related to
the lower mean healthcare cost of Home-RAT. Table 3
describes the breakdown costs for each intervention.
Clinical outcome—the adjusted predicted mean
(£ SD) values of FMA for Home-RAT, COT, and RAT at
clinic were 45.8 (x14.1), 40.4 (+11.6) and 45.3 (+11.4),
respectively.
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As shown in Fig. 12, CEA comparing Home-RAT
with COT demonstrated a positive incremental effect
of AFMA +5.4 with a negative incremental cost-effec-
tiveness ratio (ICER) of S$ -143.73 per cure. These
results indicated that Home-RAT was cost-effective.

In Singapore, assuming a national perspective, with an
annual 4% increase in stroke cases [50], a first-year sur-
vival rate of 75% [52] and referral for rehabilitation ser-
vices of 47.2% [51], the cost of using only COT by 19,842
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stroke survivors could reach S$ 63,316,616 over five years.
As shown in Table 4, a stepwise increase in uptake of RAT
at home could reduce the annual budget impact from 5 to
19%, on average, 12% of the total cost [Appendix 2].

Discussion

General summary of study outcomes, feasibility, safety,
usability data and sample characteristics

Findings from this pilot study demonstrate prelimi-
nary feasibility, acceptability, safety, clinical efficacy, and
cost-effectiveness of a web-enabled telemonitored carer-
supervised RAT at home using a 2D planar end effector
robot, H-Man. There were no major hardware/software
malfunctions which majorly disrupted home training
and comparisons with manual logged data and cloud
data were largely similar. No participants dropped out
due to any major adverse events or increases in pain or
spasticity.

In terms of “active days” observed, this was aggre-
gated at 87.7% (26.3/30 days adherence) for the entire
sample (groups 1 & 2) with a mean of 77 min /day,
on~26/30 days of active exergaming (i.e., exceeding the
primary outcome goals set at the commencement of the
study. This exceeds clinical scheduled intensity of 60 min
twice weekly for clinic-based RAT by 4 times.

This was the first time Home-RAT was deployed in
home settings with carer supervision. Study inclusion
criteria were purposively broad (FMA 10-60) to allow a
wide range of UE impairment levels to be trained. Our
lower FMA inclusion limit was 10 points less than Bud-
hota et al’s which described the first RCT for in-clinic
H-Man training using FMA 20-50) [14] and the lowest
FMA was 15. Our sample’s baseline FMA scores were
comparable to that of the telerehabilitation (TR) groups
of a large RCT on post stroke TR (our 42.1 vs Cramer
et al’s 42.8) [31].

COT was provided only once during the 5-week train-
ing period for functional training, as the main purpose
of the study was to evaluate feasibility and acceptance
of Home-RAT with telemonitoring platform, patterns of
self-driven practice at home, clinical efficacy and cost-
effectiveness. It was also noted that 8/12 (66.7%) partici-
pants had concomitant COT as part of usual standard
therapy over 24 weeks and this was not disrupted during
the 24-week study duration.

Sample baseline characteristics

In terms of participants’ ages, our mean age of ~ 60 years
was a decade younger than Singapore’s mean age of
stroke of 69.8 years, with a predominant younger stroke
population with only 2/12 aged>65 years [50], but of
similar age at study to the cohort studied by Cramer et al.
(our 60 years vs Cramer et als 62 years) [31]. A higher
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Table 3 Mean healthcare, non-healthcare cost, and total cost of clinic-based conventional occupational therapy (COT), RAT at clinic
and Home-RAT (N = 11 because one participant did not have retrospective clinical data)

Mean (SD) S$ COT matched toRAT at clinic RAT at clinic Home-RAT
(Control) (Current research
intervention)
Total (A+B) 3,191.04 (1,258.50) 3,282.14 (1,386.05) 2,416.92 (253.26)

(A) Healthcare costs 2,826.12(1,173.91)

Programme cost 2,826.12 (1,173.91)

2917.22(1,31251)
2,917.22(1,312.51)

2,187.61 (262.62)
2,050.39 (232.71)

Telemonitoring cost 0.00 0.00 137.22 (83.99)
(B) Non-healthcare costs 364.92 (125.34) 364.92 (125.32) 229.31 (53.56)
Waiting time 0.00 0.00 29.53 (55.20)
Transportation 364.92 (125.34) 364.92 (125.32) 92.03 (35.30)
Home related furniture 0.00 0.00 107.75 (30.75)
S$ Singapore dollar
For FMA outcome
cost = -774.14 (negative cost/cost saving) (2416.92 - 3191.06)
g Effect = + 5.39 (+ve Gain) (45.75 - 40.36)
o ICER = - 143.73 /cure (cost saving per cure)
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Reject
SGD 250 Confidence ellipse
g Means centered
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? Adopt g 4 4 '\\
0 v’ . ¥ X
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Fig. 12 Cost-effectiveness analysis (CEA) comparing Home-RAT (current research intervention), RAT at clinic and COT. CEA shows that Home-RAT

dominates over COT

proportion of haemorrhagic strokes (25%) was noted in
comparison to global proportions at 10-15%, typical of
Asian stroke demographics [1]. In addition, the chronic-
ity of stroke and wide variation in stroke durations with a
median time from stroke of 38 weeks and 25% < 24 weeks,
were similar to other studies [19, 31]

Summary of safety data
With regards to safety data, this was satisfactory,
as all 12 (100%) participants completed 30 days of

Home-RAT training with 0% dropouts and no adverse
events possibly related to RAT, such as /shoulder
pain or increased shoulder/elbow spasticity. This
was explained by meticulous attention paid to proper
trunk and arm positioning preserving shoulder bio-
mechanics during onboarding and home training
and provision of passive arm supports as needed and
intelligent haptic forces feedback to prevent excessive
arm effort. Notably, post-training satisfaction score
recorded >83% (10/12) of overall satisfaction score as
quite or very satisfied. Individual participant feedback
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Table 4 Budget impact analysis of the implementation of Home-based Telerehabilitation over five years in Singapore

Year First year Eligible Only clinic-based Combined use home-RAT and COT Budget impact (Combined use
stroke stroke COT (control) of home-RAT and COT vs use of
survivors survivors only COT)

Users of COT (%) Total cost (SS)  Users of Total cost (S$) Total cost difference  Total (%)
home-RAT difference
(%)

2024 7,761 3,663 100 11,688,780 733 (20) 11,121,659 -567,120 5

2025 8,072 3,810 12,157,862 1,143 (30) 11,273,043 —884,819 7

2026 8,395 3,962 12,642,900 1,981 (50) 11,109,369 —1,533,532 12

2027 8,731 4121 13,150,276 2,885 (70) 10,917,172 —2,233,104 17

2028 9,080 4,286 13,676,797 3,429 (80) 11,022,495 —2,654,303 19

Sum 42,038 19,842 63,316,616 55,443,738 —7,872,878

gave opportunities for further technology and deliv-
ery improvements. This finding was similar to Cramer
et al’s study of 124 patients who reported<2% of
adverse events in the telerehabilitation group, all unre-
lated to the study interventions [31].

Regarding the performance of the H-Man robotic
platform, this was overall robust and reliable, with 2/12
hardware issues, solved by delivery of a replacement
robot, and 2/12 self-limiting software issues; both did
not appreciably delay training in the 4 participants.

Summary of objectives

In terms of the primary objectives, these exceeded initial
set objectives of >75% compliance. Through performance
generated on cloud data, compliance at home was 87.7%
with self-directed exergaming, occurring on a mean
of >26 /30 days, 6 days per week and a mean duration of
77 min daily. This average intensity (~30.3 h/month) far
exceeded the current centre’s standard in-clinic intensity
of 8-hourly sessions/month by ~ fourfold. Notably, group
2 participants (n=6), who were able to access a total of
8 exergames compared to 3 for group 1, recorded 96.7%
(29/30 days) adherence. The level of adherence (averaging
92.2% for group 1 & 2) was comparable to a large study
by Cramer et al. (98.3%), where 50% of the delivered
telerehabilitation sessions were supervised by profession-
als [31].

Telerehabilitation for stroke rehabilitation

Technology considerations for robotics-aided TR at home
Since the mid-90’s to 2000, there has been a surge of TR
to address population-level issues in stroke care, such as
the reduction of hospitalisation stay and costs through
various TR services such as videos, online educational
materials or instructions, or supervised training via
TR and RAT combined with TR. For the latter, several

critical factors are needed for successful implementation,
such as reliable internet connections for accessing cloud
data, secure web-based portals to allow telemonitor-
ing by healthcare professionals, low-cost, non-complex,
portable devices with interactive sensing and gaming
devices. Important features for TR incorporating RAT
training devices include platforms or delivery systems
which enhance engagement rather than discourage, auto-
mate delivery and progression of exercise intensity pro-
gression, adapt and assess real time performance [53].
Remote human factors such as prompt attention and
encouragement ensure that patients remain supported
during TR [54].

Few upper limb robotic systems have been developed
for use as home-based TR devices. Previous reports of
simple distal portable and passive limb robots such as
Hand Mentor devices [55] and SCRIPT passive ortho-
sis [56] have been described, focusing on usability and
participant feedback for further improvements. These
devices are passive wrist and hand orthosis, without
active generation of forces or control of moments.

Guillen-Climent et al., reported a safety and usability
study of 9 subacute and chronic stroke patients using
an unactuated robotic system with a software system
based on interactive gaming, the MERLIN, for daily arm
and hand rehabilitation for 3 weeks, including 2 weeks
at home with 50% (3x/week for the second week) of the
time under supervision [19]. Self-directed movements of
the wrist were needed for patients and games included
assessment and training content, in total 7 games, includ-
ing online games and word or puzzle games, challeng-
ing both UE motor abilities and cognitive abilities [19].
Moderate observable gains in mean total AFMA 4.0 at
3 weeks post-intervention, including 2 weeks at home,
was observed and high satisfaction scores using objective
usability and assistive aid assessment scales, indicating
that home-based technology was feasible and safe with
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high participant motivation. This benchmark for home-
based robotic training is comparable to largest AFMA
at 4.3 at week 12 follow up of our sample with variations
in the proportion of clinic vs home training durations
between our study with Guillen-Climent et al.

RAT and TR clinical efficacy

In the first clinical study on H-Man utilising a 2-arm
RCT design with combinatory OT, Budhota et al., dem-
onstrated over 24 weeks, FMA gains of A4.2, at lower
limit of MCID, after 18 h over 6 weeks of in-clinic train-
ing [14]. Clinical efficacy of these results was similar to
lab versions of the H-Man previously used: AFMA 4.2
H-Man at clinic [14] vs AFMA 3.7 (current Home-RAT)
at week 24 follow-up with similar arm impairment inclu-
sion criteria, albeit this pilot study did not incorporate
COT during the month-long training phase. Overall,
these treatment gains in clinic or home are comparable
with AFMA ranges of 2.8—4.0 for various RAT in-clinic
trials using including end-effector upper limb RAT [15-
17,57, 58].

Over 24 weeks of follow-up, gains in AFMA were
sustained over baseline. However, we could not totally
ascribe these gains to be solely due to H-Man training as
a concomitant low-intensity standard COT was ongoing
in 8/12 (66.7%) participants.

Cramer et al., demonstrated that the efficacy of upper
limb home-based telerehabilitation (TR) to be compa-
rable to in-clinic therapy with non-inferior results, not-
ing that both TR at home and in clinic therapy groups
achieved minimal clinically important difference (MCID)
in AFMA, exceeding 7 points [31]. In this study, 124
patients were randomised to 2 groups of either TR or
clinic-based matched therapy, combining unsuper-
vised and supervised via computer games and dose and
duration-matched in-clinic therapy, 70 min 6 days per
week [31]. Our study participants achieved lower AFMA
4.2 at week 12 and AFMA 3.7 at week 24, compared to
Cramer et al., (AFMA >7) despite similar baseline FMA
and similar training intensity of 70 min, 6 days per week.
Individually, 3/12 (25%) of our sample achieved MCID
gains at week 24 (follow up T3) for FMA A4.25 at least,
and ARATAS5.7, in particular 6/12 (50%) of the sample at
week 12 (T2) achieved MDC (A3-7) for ARAT.

We postulate that this disparity could be explained by
differences in home technology used (actuated robot
ours, vs computer games, Cramer et al.), duration of
chronicity post stroke (38 weeks, ours vs 18 weeks
Cramer et al.). More importantly, a vital factor in the dif-
ference in clinical efficacy could be related to the lack of
combinatory directly- supervised OT with technology
deployment, as 50% of 18 TR home sessions in Cramer
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et al., were directly supervised and 50% were not in com-
parison to our home technology deployment which was
care-supervised and remotely therapist-monitored.

A meta-analysis by Toh et al., on home-based UE reha-
bilitation on stroke survivors found home-based reha-
bilitation to be more effective in improving hemiplegic
upper limb function (SMD 0.28, p<0.001) than in-clinic
conventional therapy [59]. On the contrary, results from
robotic studies, favoured their control groups that used
the “no technology” home exercises programme after
treatment but not at follow-up. Comparing home-based
robotic-powered assisted interventions with clinic con-
trols, these had modest effects, likely due to the low dura-
tion, intensity, and limited number of exercises of these
RAT (3 exercises) compared to COT (34 exercises) [59].
Again, this reinforces the importance of RAT design for
use in remote locations from close supervision, in pro-
moting adherence through motivational strategies, large
numbers of virtual reality varied exercises and affordable
cost.

RAT and TR economic evaluation
CEA established RAT at home, using H-Man as a cheap
and clinically effective option compared to the alterna-
tives, COT, and RAT at clinic. RAT at clinic, compared
to COT, incurred higher costs, as the intervention cost
included fully OT-supervised sessions and additional
robot costs. In concordance with these, a RCT con-
ducted by Fernandez-Garcia et al. showed that a fully
supervised mode of RAT at clinic is not a cost-effective
option compared to COT [60]. Therefore, RAT at clinic
would not represent a preferred mode for therapy deliv-
ery in future. On the other hand, RAT at home, where
device rental scheme was employed, compared to COT,
reduced healthcare cost by 24%, which was possible by
decreasing the need for an OT’s presence during therapy
sessions. Lower healthcare cost and higher clinical gains
made H-Man at home more cost-effective than compara-
tors. However, the findings of our CEA differed from the
study by Adie et al. [61]. In their analysis, based on an
RCT, authors concluded that home-based TR was not a
cost-effective option compared to the self-administered
Graded Repetitive Arm Supplementary Programme
(GRASP). Adie et al’s unfavorable health-economic
results for home-based TR could be attributed to the
selection of GRASP—a cost-free comparator (control)
and the use of a commercial gaming console as a new
intervention, which might not have adequate capabilities
for rehabilitation purposes.

Furthermore, our cost outcomes were comparable with
previous studies investigating cost of RAT at home [62,
63]. Like those studies, our results showed that the major
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costs were saved through decreased therapist’s presence
during therapy provision. However, in our study, (24%)
total cost reduction with Home-RAT compared to clinic-
based COT was lower than the findings of (65%) Hous-
ley et al. [62] and (44%) Lloréns et al. [63]. This could be
explained by large differences in estimated non-health-
care costs, such as transportation cost. In the case of
Singapore, transportation costs were minimal and had a
negligible effect on overall cost savings with Home-RAT;
While other studies reported 75% [62]-88% [63] of total
cost reduction due to decreased transportation with a
robot at home.

In Singapore, over a five-year span, if by the end of the
fifth year, 80% of stroke survivors use RAT at home, it
could potentially yield annual cost savings of 19%. How-
ever, it is essential to note that the actual cost savings of
a novel approach would be contingent upon the number
of individuals referred to RAT at home. Thus, uptake
rates would require further validation and scrutiny by the
stakeholders.

Study limitations

We highlight the following limitations: the small sample
size due to the objectives of a pilot trial and the absence
of a control intervention arm of either standard COT or
clinic-based RAT. A small sample size did not provide
enough statistical power to detect differences in eco-
nomic outcomes. Objective evaluation of system usability
and motivational scales were not used. Also, retrospec-
tively collected cost data for RAT at clinic and COT did
not represent actual incurred cost; rather, it was esti-
mated based on current attended sessions and estima-
tions were also calculated for transportation and waiting
time.

Data on health outcome measures (SSQOL) for RAT
at clinic and COT groups were not available to estimate
health utilities. Hence, we performed CEA using clinical
outcomes (FMA).

Conclusions

We were able to demonstrate a feasible pilot trial for
home-based robot-aided rehabilitation TR using telem-
onitoring with a high level of safety, acceptability with
modest sustained gains in upper extremity FMA, com-
parable with other home-based passive robotic devices;
with lower healthcare costs through reductions in num-
bers of clinic visits and preliminary positive cost effec-
tiveness. Considering the non-inferior outcomes of
RAT either in clinic or via TR compared with COT, the
ability to reduce healthcare costs and positively impact
productivity provides evidence-based solutions to under-
resourced healthcare systems. Hence, our findings need
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to be duplicated and further well-designed randomised
controlled trials combining in-clinic COT with home-
based robot-aided TR conducted, to compare clinical
efficacy, cost effectiveness, types of devices and sustain-
ability from all stakeholders; i.e. patients, practitioners,
payors and society.

Furthermore, the presence of cloud computed data
facilitates a deeper understanding of dose—response rela-
tionships in home-based RAT due to higher numbers
of multiple data points per day compared with weekly
clinic-based therapy. Detailed analyses of willingness to
pay, levels of acceptance amongst healthcare providers,
patients and administrators are also needed to evaluate
levels of adoption.

Appendix

Appendix 1

Exergames

Tables 5 and 6 present a summary of the exergames
employed in this study.

Appendix 2

Cost data sources and model inputs—methodology

Total, healthcare and non-healthcare cost components
comparing COT and RAT at clinic were computed based
on participants’ retrospective billed clinical programme
costs during the study duration.

Healthcare costs included onboarding and outcomes/
telemonitoring by OT, home visits, H-Man at home
rental and supporting furniture.

Non-healthcare costs included participants’ and car-
ers’ transport, clinic waiting & payment time, carer home
supervision time directed towards providing care for
patient either during clinic COT or home RAT TR, the
latter would include the use of home-related utilities and
Wi-Fi [66, 67].

Healthcare costs

Healthcare costs for COT and RAT at clinic were esti-
mated based on therapy sessions performed at TTSH
CART, which was obtained from retrospective billed cost
per individual patient (2021-2022), where available (11
participants in a RAT at clinic at group had retrospective
data). COT in clinic sessions were matched with RAT at
clinic for parity. See Table 3.

Healthcare medical cost for H-Man at home was
derived by combining the cost of a single (90-min) home
visit by an OT and fixed monthly rental of the H-Man
device and furniture (where needed).
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Table 7 Budget impact analysis (BIA)

Parameter Value Source

a Individuals affected by stroke at the start point 8846in 2019 [50]

b Annual mean incremental rate of stroke incident 4% [50]

C First-year post-stroke survival rate 75% [52]

d Percentage of stroke survivors referred to Conventional Occupational 47.2% [51]
Therapy (COT)

e Total mean cost of COT in clinic S$ 3,191 Our study

f Total mean cost of home-based Robot-Assisted Rehabilitation (RAT) S$ 2,417 Our study
and Telerehabilitation (TR)

915 Annual rate of COT users in a clinic 1-5=100% Assumption

NRawtii-s Annual rate of home-based RAT and TR users over 5 years 1=20%; ,=30%, 3="50%, Assumption

4=70%, s=80%
Neotiss Annual rate of COT users in a clinic over 5 years 1=80%, ,=70%, 3="50%, Assumption

+=30%, s=20%
(1) Total annual cost of monotherapy of COT=(a+axb)xcxdxexg;
(2) Total annual cost of new model = (a +axb) xcxdxexhcy.5)+((@a+axb)xcxdxfxhg eris)
(3) Incremental annual cost for 5 years = Total cost of a new model over 5 years—Total cost monotherapy of COT over 5 years

Non-healthcare costs
Non-healthcare costs for COT in clinic and RAT at clinic  Table 8 Baseline individual spasticity scores by Modified
consisted of (i) transportation costs estimated based Ashworth Scale (MAS)* by arm region (N=12)

on the distance from individuals’ homes to the clinic, Participant No Modified Ashworth Scale (MAS)
using standard fares for public and private transporta-

Shoulder Elbow Wrist Fingers

tion in Singapore; (ii) caregiver time (waiting time) to
provide either clinic-based COTs or Home-RAT, and (ii) 001 1 1 2 2
resources needed for devices’ home deployment. The car- 002 1 15 2 15
egiver time-related cost of Home-RAT was estimated for 003 0 1 1 15
5 in-clinic non-therapy visits and home-based assistance =~ 004 0 2 2 1.5
during home usage of the device. 005 0 1 1 1

The salary rates were derived from respective data 006 0 1 0 0
sources for each type of caregiver [68, 69]. The trans- 007 0 1 0 0
portation cost of Home-RAT included the cost of com- 008 0 1 1 0
muting for 5 in-clinic non-therapy visits (estimated 009 0 1 1 1
identically to COT and RAT at clinic, the monthly rent 010 0 1 0 1
of home space [70] to accommodate the device and the 011 1 2 2 15
bill for electricity consumed by the device (estimates pro- 012 0 2 2 1.5
vided by the developer). See Table 7. *MAS 1+ was assigned with numerical value of 1.5 to allow computation)

Appendix 3
Baseline characteristics and clinical variables
See Tables 8, 9, 10, 11, 12, 13, and 14.



Aguirre-Ollinger et al. Journal of NeuroEngineering and Rehabilitation

Table 9 Total spasticity scores by Modified Ashworth Scale
(MAS) by time point (N=12)

Total Modified Ashworth Scale (MAS) score

Participant No TO T1 T2 T3
Week 0 Week 5 Week 12 Week 24
001 6 4 55 6
002 6 5 4
003 5 55 6 7
004 35 4 4 4.5
005 55 55 5 35
006 3 1 1 1
007 1 1 1 1
008 1 1 1 25
009 2 1 1 1
010 3 25 6.5 5
011 2 35 2 2
012 6.5 4.5 5 4

*MAS 1+ was assigned with numerical value of 1.5 to allow computation of all
regions to arrive at a total MAS score)

Appendix 4
Summary of participant subjective feedback
Participant feedback at week 5.

It is good that I can be able to do it on my own time
without needing to travel for therapy.

It is good that my therapist can support from afar
without any need for a home visit.

(2024) 21:207

iii.
iv.

Vi.
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I am able to feel resistance and tone strength.

I enjoy the racing car game.

I enjoy fishing and explore the world game.

I like the pictures from explore the world and want
to get more points for fishing and drone games.

Participant suggestions or improvements at week 5.

ii.
iii.

System occasionally hangs, there were certain game
glitches, brush would freeze occasionally, and I am
unable to move it — had to resort to using another
hand to push.

Graphics quality could be improved.

I prefer to have a scoring system to indicate my
performance and could add graded increase in
game difficulty.

iv. I had to pull the handle very hard as there was too
much resistance.

v. Smaller dimension would be better — table is too
big, and my arm keeps hitting the edge of the
device.

vi. Intensity of exercise required for 30 days might be
overwhelming — tough to integrate exercises with
full programme.

vii. Duration was too long, and it was tiring, games
were also repetitive without any music or sound.

Appendix 5

Summary of univariate and multivariate statistical values
See Tables 15, 16.
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Table 11 Total ARAT scores across timepoints (N=12) Table 13 Total WHO-SSQOL scores across timepoints (N=12)
Participant Total ARAT Scores Participant WHO-SSQOL scores
ne TO (Week 1) T1(Week5) T2 (Week T3 (Week 24) ne TO (Week 1) T1(Week5) T2 (Week T3 (Week 24)
12) 12)

Total Total Total Total Total Total Total Total
001 3 4 3 3 001 173 188 194 207
002 12 12 13 12 002 184 191 183 177
003 24 21 20 23 003 197 210 221 229
004 6 6 7 9 004 155 164 171 162
005 38 39 39 46 005 237 216 231 230
006 22 34 35 41 006 177 195 190 199
007 48 54 55 55 007 221 236 233 243
008 45 45 43 48 008 122 119 128 164
009 55 56 57 57 009 214 224 232 239
010 4 6 5 5 010 200 191 165 176
011 43 49 51 53 011 196 188 174 203
012 5 10 10 10 012 147 163 178 200
Mean 254 28.0 282 30.2 Mean 1853 190.4 191.7 2024
SD 19.5 20.3 20.7 216 SD 328 314 324 285
Table 12 Mean hand grip strength scores across time points Table 14 VAS Pain scores across timepoints (N=12)
(N=12) Participant VAS Pain score
:aorticipant Hand Grip Strength (kg) (Affected) no 70 (Week 1) T1(Week5) T2 (Week T3 (Week 24)

TO (Week 1) T1(Week5) T2(Week T3 (Week24) 12)

12) Total Total Total Total

Average Average Average Average 001 0 0 0 0
001 6.2 56 7.1 59 002 0 0 0 0
002 6.2 7.6 7.2 74 003 0 0 0 0
003 134 9.8 89 83 004 0 0 0 0
004 59 55 6.2 56 005 0 0 0 0
005 6.9 8.1 9.6 9.3 006 2 0 0 0
006 85 95 14.0 184 007 0 0 0 0
007 8.2 9.5 9.2 1.1 008 0 0 0 0
008 10.3 119 1.1 16.0 009 4 0 0 0
009 11.2 12.1 12.1 12.2 010 0 0 0 0
010 34 89 7.6 9.9 011 0 0 0 0
0n1 84 85 10.6 10.3 012 2 0 1 0
012 54 6.0 7.7 10.0
Mean 7.8 8.6 93 104

SD 28 2.2 23 38
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