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Digital Therapeutics: Emerging New Therapy for
Neurologic Deficits after Stroke
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Digital therapeutics is an evidence-based intervention using high-quality software, with the sole
purpose of treatment. As many healthcare systems are encountering high demands of quality
outcomes, the need for digital therapeutics is gradually increasing in the clinical field. We conducted
review of the implications of digital therapeutics in the treatment of neurological deficits for stroke
patients. The implications of digital therapeutics have been discussed in four domains: cognition,
speech and aphasia, motor, and vision. It was evident that different forms of digital therapeutics such
as online platforms, virtual reality trainings, and iPad applications have been investigated in many
trials to test its feasibility in clinical use. Although digital therapeutics may deliver high-quality
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solutions to healthcare services, the medicalization of digital therapeutics is accompanied with many
limitations. Clinically validated digital therapeutics should be developed to prove its efficacy in stroke

rehabilitation.
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Introduction

The use of mobile digital technology in clinical practice is ex-
panding continuously. By 2020, it is estimated that approxi-
mately 80% of the world adult population will own smart-
phones, mirroring the exceptional growth in technology ac-
cess.' This progression is affecting many aspects of our lives in-
cluding communication, finance, education, and healthcare.
Through the development of technology, healthcare profes-
sionals and patients are becoming capable of monitoring and
managing both acute and chronic conditions.

Digital therapeutics is a newly emerging concept of thera-
peutic approach in the healthcare system. It is a subdivision of
digital health, which defines a healthcare system driven using
any form of digital technology to enhance the efficacy of
healthcare delivery, such as robotics and artificial intelligence,

genomics, mobile phone applications, and telemedicine. These
technologies are applied in the clinical field to aid in diagnosis,
clinical decision making, treatment, and care delivery? Mean-
while, digital therapeutics is an evidence-based intervention
using high-quality software and focuses on treatment.** The
components of digital therapeutics include smartphones, per-
sonal digital assistants, virtual reality (VR), and tablet comput-
ers that converge with software algorithms. The use of com-
puting power and connectivity capabilities of smartphones
such as specific mobile applications, personalized patient edu-
cation, Internet-based cognitive-behavioral therapy, and virtual
health coach is an important feature of digital therapeutics.>®
Stroke is the leading cause of chronic disability and mortality
in many countries.” Brain injuries from stroke result in de-
creased neuroplasticity of the brain, which is the process of re-
organization within the brain to recover itself from functional
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impairments. This process is time dependent and associated
with progressive and continuous learning and practice. Reha-
bilitation therapy comprising stepwise training focuses on pro-
viding stimulation for neurons in the brain such that the brain
remains active and forms neuroplasticity. It aims to restore the
function of patients by promoting neuroplasticity to form new
connections within the brain.? Digital therapeutics that per-
form similarly and focus on progressive repetitive practice to
stimulate cortical reorganization are being developed. Various
technologies used in digital therapeutics can deliver repetitive,
goal-oriented tasks with variability while providing perfor-
mance feedback. Task difficulty can be adjusted and scaled to a
patient's capability, and remote social interaction is facilitated
within the system.’

Although evidence suggests that post-stroke rehabilitation
lessens disabilities,” the number of patients receiving rehabili-
tation therapy is less than one-third, and the frequency of
therapy varies by patient.”” Many healthcare systems struggle
to deliver high-quality outcomes owing to the greater inci-
dence of chronic diseases resulting from an increasing ageing
population.'” Access to rehabilitation has become limited and
dependent on patients' socioeconomic status.” Disengagement,
inactivity, boredom, and social isolation are typical in stroke
rehabilitation, thus adversely affecting functional outcomes.”
Digital therapeutics can provide a high-quality cost-benefit
solution to these challenges in stroke rehabilitation, thus pro-
viding a rapid and accurate management program. The use of
iPads, gaming technology, and VR enables productive training
with enhanced sensory stimulation, thereby optimizing the
restoration of neuroplasticity and provides ease of use and
navigation for patients.” Reduced level of boredom and feel-
ings of isolation have been reported by rehabilitation thera-
pists, and satisfaction rates have increased in patients after the
introduction of iPad-based training." Technology is allowing
patients to become more active in managing their own health,
thus increasing patient motivation and engagement; therefore,
healthcare will transition out of a clinic and into a home.

Previous studies demonstrated that the use of digital thera-
peutics is gradually expanding in the clinical field. Digital ther-
apeutics is currently widely used as a treatment for psychiatric
conditions such as depression and anxiety disorders. Following
these studies, many trials have been conducted to investigate
the feasibility of digital therapeutics in neurological disorders
such as epilepsy, multiple sclerosis, Alzheimer's disease, and
stroke. These conditions represent challenging and costly prob-
lems, where many treatment options have limited efficacy and
require time-intensive interactions with therapists. The aim of
this study is to provide a review regarding the implication of
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digital therapeutics in the treatment of neurologic deficits fol-
lowing stroke in four domains—cognition, speech and aphasia,

motor, and vision.

Interventions for cognitive function

Current cognitive rehabilitation involves conventional exercises
using pencil and paper assisted by therapists and computer-
assisted training; they broadly target attention, working mem-
ory, and executive functions such as problem-solving and plan-
ning."” Restitution rehabilitation restores cognitive functions
through repeated practice and specifically targets impaired
cognitive functions. Compensation rehabilitation reduces the
effects of cognitive impairment on functional abilities, and
training is focused on achieving activities of daily living. Pa-
tients are trained to minimize demands on impaired functions
through increasing awareness and adapting to functional
loss.'® Memory rehabilitation especially focuses on compensa-
tion training; it teaches patients to use internal aids such as
mnemonics and mental imagery and external aids such as
writing diaries and lists to help patients remember important
information."”

Cognitive rehabilitation is an area where online platform
therapeutics has been broadly developed, and many studies
have demonstrated the benefit of computerized therapeutics
as a rehabilitation program. Evidence suggests that the best
method to enhance neuroplasticity and to rehabilitate the
brain is by playing video games.® In a study, the brain magnetic
resonance image of patients who played video games showed
an increase in grey matter in areas of the brain responsible for
executive and memory functions.”® Several video game-based
rehabilitation tools are being developed, including online plat-
forms, iPad applications, and VR trainings. A summary of the
reviewed studies is shown in Table 1.

Online platform interventions

Cogmed Working Memory Training (Pearson Education Inc.,
Stockholm, Sweden) is an online platform involving a digital
rehabilitation program implemented to improve working mem-
ory functions in cognitively impaired patients. The program
consists of visuo-spatial and verbal working memory tasks,
where patients are required to remember the position of a
stimulus and reproduce the stimulus in the same order and in
the reverse order, thus challenging the patient's working mem-
ory capacity.” A trial using Cogmed training at home in stroke
patients showed improvement in working memory and atten-
tion in patients who received training. Furthermore, these pa-
tients reported fewer cognitive problems after training.*® Many
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studies have reported similar results that demonstrated an im-
provement in working memory and executive function in pa-
tients using Cogmed.”*

The Working Memory (WOME) software (RehaCom, Hasomed
GmbH, Berlin, Germany) is a computer software that provides
therapy-assisted training to enhance working memory. The
memory training in this software include card game tasks
where patients are asked to remember a short series of cards
and reproduce the card in the reverse order, and symbol
matching tasks and exercises using letters and words. In a
study, individualized memory training using the WOME soft-
ware and standard memory training in the clinical setting was
compared. The results of the study showed significant improve-
ment in working memory in patients who received the training,
thus demonstrating the effectiveness of the WOME software
as a cognitive rehabilitation software.2* Other online platforms
included Lumosity (Lumos Lab, San Francisco, CA, USA),
CogniPlus (https://www.schuhfried.com), CogniFit Software
(https://www.cognifit.com), and INSIGHT (Posit Science Corpo-
ration, San Francisco, CA, USA).

iPad-based interventions

An iPad-based application, Constant Therapy (The Learning
Corp., Newton, MA, USA), was developed as a rehabilitation
program for improving both language and cognitive skills in
stroke patients with aphasia. Tasks were classified into either
language or cognitive tasks: language tasks included naming,
reading, writing, and sentence planning, whereas cognitive
tasks included visuo-spatial processing, memory, attention,
problem solving, and executive function. The cognitive tasks
included symbol matching, calculation, functional reading, and
memory tasks using pictures and words. In a study, patients us-
ing Constant Therapy demonstrated greater positive changes
especially in the memory task compared with the patients who
did not, demonstrating the feasibility of using tablet-based
software to deliver tailored language and cognitive therapy.”® A
further study was performed using Constant Therapy to directly
compare software therapy with clinic therapy. The results of
the study showed similar outcomes for patients using software
therapy and clinic therapy. However, patients using software
therapy could master the task faster compared with patients
who received clinic therapy, thus demonstrating the potential
of the software rehabilitation program for stroke patients.?

VR-based interventions

The use of VR for cognitive rehabilitation is necessitated, as
controlled trials and available training using VR systems are
lacking. VR training with BTs-Nirvana using the interactive-
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semi-immersive program (I-SIP) created a series of interactive
exercises targeting attention, memory, spatial cognition, and
executive function. VR-programmed movements that correlate
to virtual touch aim to move or manipulate specific objects in
different directions to form a dynamic interaction in a virtual
environment. A study compared VR-based cognitive training
and conventional cognitive rehabilitation in stroke patients.
The results showed greater improvement in attention and
memory assessments in patients who received VR training. This
study demonstrated that VR training can be considered as a
useful complementary treatment to improve visuo-spatial defi-
cits and motor functions as well as cognitive functions.?”

Interventions for speech and aphasia

Two types of aphasia are common in stroke patients: fluent
aphasia where the patient's ability to understand the meaning
of spoken words is significantly impaired and nonfluent apha-
sia where speech output becomes severely reduced and limited
in speaking and writing. Semantic training is provided to pa-
tients with fluent aphasia, which is a meaning-based approach
to therapy; it focuses on training based on synonyms and ant-
onyms, completion of sentences, and word description tasks.
Phonological training is provided to patients with nonfluent
aphasia, which focuses on auditory or articulatory word forms,
such as emphasizing word sounds and speech productions.”
Typically, both semantic and phonological trainings are used in
combination for aphasia rehabilitation, targeting different lan-
guage domains such as naming, comprehension, sentence pro-
cessing and production, and writing skills.®

Evidence suggests that a high intensity rehabilitation pro-
gram is associated with better outcomes.*® Recent studies have
also shown that intensive repetitive treatment may result in
better outcomes; however, sustained training is required at a
lower intensity to maintain the improvements from the thera-
py.”" The current traditional rehabilitation for aphasia requires
high levels of therapist involvement, and patients often receive
limited support to maintain their progress. The use of computer
technology has since been investigated increasingly in aphasia
rehabilitation. The use of digital therapeutics in either home or
clinical settings can facilitate high-intensity programs and
support the discharge of patients while maintaining the im-
provements from rehabilitation.?

iPad-based training has been developed the most for speech
and language rehabilitation; additionally, the use of iPads and
computers has been shown effective owing to their applicabili-
ty for repetitive task training using images.” The independent
use of a technology-based rehabilitation program using a com-
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puter, iPad tablet, VR, and iPod has been evaluated to investi-
gate the efficacy of therapy in patients with aphasia. A sum-
mary of the reviewed studies is shown in Table 2.

Computer-based interventions: semantic training
and phonological training

The StepByStep (Steps Consulting Ltd., South Gloucestershire,
UK) computer program includes over 10,000 language exercises
ranging from listening to target words; it produces words with
visual, semantic, and phonemic cues for writing words or pro-
ducing sentences.® A trial was conducted to investigate the
efficacy of self-managed computer treatments for patients
with chronic post-stroke aphasia. It was demonstrated that
patients who received StepByStep training demonstrated
greater improvement in naming ability compared with patients
who received the standard speech and language therapy.®
Multicue is another computer-based word finding therapy for
patients with post-stroke aphasia. The program comprises a
series of pictures that are randomly presented to patients to
target naming and verbal communication skills. Self-adminis-
tered cues are presented to patients to stimulate independence
by encouraging them to discover the most helpful cues.** A
study that investigated Multicue as a rehabilitation program
demonstrated significant improvement in naming abilities
measured through the Boston Naming Test in patients who re-
ceived the training; however, no significant improvement was
shown in verbal communication skills. The study suggested
that in chronic aphasia patients, Multicue may exhibit a posi-
tive effect on word finding in picture naming but not on verbal
communication.® MossTalk Words (Moss Rehabilitation Re-
search Institute, Elkins Park, PA, USA) offers training that com-
prises picture-naming tests with multiple auditory and visual
cues to facilitate the training. Two studies have been per-
formed to test the effectiveness of the MossTalk Words pro-
gram.**¥ These studies demonstrated that independent com-
puterized therapies can be as effective as clinician-guided
therapies.*® Furthermore, improvement in naming ability has
been shown after training, regardless of the training intensity.*’

iPad-based interventions: semantic training and
phonological training

Additionally, iPad-based aphasia rehabilitation therapy has
been explored, including Constant Therapy. Constant Therapy
includes 37 evidence-based cognitive and language tasks of
different difficulty levels. In a study, patients who received the
Constant Therapy training demonstrated greater improvements
in accuracy and latency.® Lingraphica TalkPath Therapy (Lin-
graphica, Princeton, NJ, USA) is another iPad-based program
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for stroke patients; it includes exercises for rebuilding speech
and language skills. The exercise targets listening, speaking,
reading, and writing abilities. In a study, patients who used
TalkPath Therapy demonstrated significant improvements in
spontaneous speech, auditory verbal comprehension, repeti-
tion, and naming tasks.®® Language TherAppy (https://tactus-
therapy.com) is a self-delivered iPad-based speech therapy. In a
clinical trial, patients who used Language TherAppy as an
aphasia rehabilitation tool demonstrated significant improve-
ments in reading, writing, naming, and comprehension tasks.*
Another tablet-based technology was used to maintain and
augment a 2-week intensive clinical speech and language
therapy for patients with post-stroke communication deficits.
Interactive iPad Books, which includes self-managed tasks, was
created using the iBooks Author software; it targets object and
verb naming that is to be practiced in a home setting. The tasks
included confrontation, naming, repeating words out loud after
a video model, and matching pictures with words presented on
an iPad. A speech and language therapist was also in contact
with the participants weekly via the GoToMeeting application.
All the participants maintained the improvements from the in-
tensive clinical therapy and could learn new words after train-
ing in a home setting using the iBooks.*® Other iPad-based
aphasia rehabilitation applications include iAphasia and Sen-
tenceShaper (https://sentenceshaper.com).

VR-based interventions: phonological training

Sentactics (Sentactics Corporation, Concord, CA, USA) aims to
deliver computer-automated treatment for underlying forms,
which is a linguistic treatment for improving nonfluent apha-
sia. Interactive software enables the delivery of speech therapy
for improving disorganized sentence production and compre-
hension through a virtual clinician. Patients are trained by re-
peating after the virtual clinician, reading sentences and de-
scribing pictures presented on the screen aloud. Thompson et
al."" conducted a study to test the efficacy of Sentactics as an
aphasia rehabilitation tool. Computer-delivered Sentactics was
compared with a clinician-delivered therapy. The results
showed that patients who received Sentactics training demon-
strated a significant improvement in comprehension and
speech production. The outcomes of Sentactics and the clini-
cian-guided therapy were similar, suggesting that technology-
delivered therapy is a viable option for aphasia rehabilitation
programs.*' Another VR aphasia therapy is Web Oral Reading
for Language in Aphasia (ORLA, Rehabilitation Institute of Chi-
cago, Chicago, IL, USA). ORLA is a therapy program where pa-
tients repeatedly read aloud sentences, first in unison with a
clinician and then independently. The program was developed
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RCT, randomized controlled trial; IG, intervention group; CG, control group; OANB, Object and Action Naming Battery; BNT, Boston Naming test; ANELT-A, Amsterdam Nijmegen Everyday Language Test scale A; PNT,
Philadelphia Naming Test; PRT, Philadelphia Repetition Test; PORT, Philadelphia Oral Reading Test; WAB-R-CQ, Revised Western Aphasia Battery CQ; CLQT, Cognitive Linguistic Quick Test; PAPT, Pyramids and Palm
Trees; CETI, Communicative Effectiveness Index; NOMS, National Outcome Measurement System; RIC-CCRSA, Rehabilitation Institute of Chicago-Communication Confidence Rating Scale for Aphasia; BDAE, Boston
Diagnostic Aphasia Examination; VR, virtual reality; NAVS, North-western Assessment of Verbs and Sentences; ORLA, Oral Reading for Language in Aphasia; WAB-AQ, Western Aphasia Battery Aphasia Quotient.
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to improve a patient's reading comprehension skill by providing
practice in phonological and semantic reading routes.”? A study
comparing computer-delivered-ORLA and clinician-delivered
ORLA indicated no significant difference between the two
therapies. A small difference between the two groups was
deemed to be caused by the difference in opportunity for par-
ticipants to observe oral-motor movements of the therapist. To
overcome this difference, a newer version of Web-ORLA with a
virtual therapist whose lips movements are visible with speech
has been developed.” The virtual ORLA incorporated a three-
dimensional (3D) animated clinician with a digitalized female
voice. A trial was conducted regarding the efficacy of Web-
ORLA. Patients demonstrated a statistically significant im-
provement in language performance such as auditory compre-
hension, oral expression, and written expression after training.
Analysis of individual subject data indicated that almost 80%
of the participants receiving Web-ORLA exhibited a clinically
significant change in at least one language modality. Recently,
more versions of virtual therapists with visible speech has been
developed to be compatible with most personal computers,
web browsers, and smartphones, thus increasing compatibility

on a range of devices.**

iPod-based interventions: phonological training
Earlier studies of speech and language therapy reported that
delivering an audio-visual speech stimulation on an iPod screen
significantly increased the fluency of verbal output of patients
with nonfluent aphasia. The study used an iPod application, "vi-
sually assisted speech technology,” where the mouth of the
speaker was shown on the iPod screen; additionally, using the
audio-visual feedback, the patient attempted to mimic the
speaker. The results of the study showed that the use of audio-
visual feedback resulted in a greater improvement in speech
production compared with auditory-only speech stimuli.*®

Interventions for motor function

Motor deficits are a main symptom in stroke patients. Rehabili-
tation focuses on muscle strengthening, walking and balance
training, arm movement training, and fine movement train-
ing. The primary focus of the currently used motor rehabilita-
tion is the relearning of specific motor skills and daily task
training. Especially in the rehabilitation of stance and gait, a
task-specific repetitive approach is increasingly being used as
well as intensive preparatory training in the sitting and stand-
ing positions. The number of steps practiced per session is
shown to be important during rehabilitation trainings and gait-
training. Software and machineries are recommended, as the

https://doi.org/10.5853/j0s.2019.01963
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physical work required to practice a large number of steps is
difficult to achieve for unaided physiotherapists. The use of
gait-training software enables the early verticalization of pa-
tients and is more effective when compared with physiothera-
pist trainings alone in terms of improving the motor function
and increasing patient adherence to and enjoyment of exercise,
although it does not replace the physiotherapist.® The use of
video games and the third person view of patients themselves
in VR trainings render the technology highly suitable for lower
and upper limb motor trainings. However, these trainings do
not prevent patients from using compensatory body mecha-
nisms nor do they provide fine motor trainings such as finger
or wrist movements, which are areas for development.

Similar principles are applied in the rehabilitation of the upper
limb motor function. Physiotherapists train a patient's arm and
hand function with repetitive practice, focusing on strength, co-
ordination, and speed of movements.*® Robots, software, and VR
trainings have been proven effective as rehabilitation therapy.
Evidence shows that the neuroplasticity following stroke is relat-
ed to intensity, frequency, and duration of therapy.” Therefore,
tablet-based and VR-based trainings could provide an individu-
alized and repetitive practice environment. A summary of the re-
viewed studies is shown in Table 3.

VVR-based interventions

Lower limb motor function: walking and balance

Jintronix Rehabilitation System (JRS WAVE; http://www.jintro-
nix.com/) is a Microsoft-Kinect-based VR software program.
JRS WAVE provides one-on-one therapy sessions using the Mi-
crosoft Kinect infrared camera sensor device, which recognizes
and tracks the movements of patients in real time. Interactive-
motion-capture-based rehabilitation technology targets sitting
and standing balance, coordination and gait rehabilitation, as
well as upper limb motor, by using various therapeutic games
in both home and outpatient settings. By increasing patient
motivation and adherence using interactive video games, JRS
WAVE aims to increase the amount of exercise completed by
patients, as well as enable exercise both during and outside of
clinical therapy sessions. The interactive gesture-controlled
motion-capture games included sitting and standing tasks that
move the center of mass toward the limits of stability, and sit-
ting and standing lower limb activities that improve stepping
and gait. Furthermore, the system measures changes in speed
and motion range to provide feedback regarding therapy prog-
ress. A trial evaluated the feasibility of JRS WAVE for use in
stroke patients by comparing VR training under therapist su-
pervision with standard physiotherapy, in a hospital setting.

https://doi.org/10.5853/j0s.2019.01963
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Both types of training showed an improvement in sitting and
standing balance, walking and mobility tasks, and upper-limb
tasks, with no significant difference.

Another VR-based rehabilitation includes the Interactive Re-

51,52

habilitation Exercise software (IREX, GestureTek technologies,
Toronto, ON, Canada). Through VR exercise regimes such as
balancing, rotation, leaning, crouching, stair stepping, and ex-
ertion, IREX is designed to improve trunk and limb control, bal-
ance control, as well as fine and gross motor movements in
stroke patients. The physical tasks include snowboarding,
swimming, and goalkeeping, where the motion range is mea-
sured by a virtual goniometer.>® A study was conducted using
IREX to investigate the feasibility of motor rehabilitation train-
ing in hospital setting. The study demonstrated that patients
who received the training showed a reduction in impairments
of the lower extremity compared with patients who did not re-
ceive the training; this establishes the efficacy of video game
training in a VR environment.**

Upper limb motor function: gross and fine motor skills
A trial explored the advantages of using a virtual environment,
i.e., a computer-assisted rehabilitation environment (CAREN) for
post-stroke arm motor rehabilitation compared with using the
traditional physical exercise training over 4 weeks. The training
simulated a reach-to-grasp task in a supermarket shopping
scene, incorporating visual illusions to create 3D visual cues. Pa-
tients received training in the sitting position to encourage the
full range of movement at the shoulder and elbow. Electromag-
netic sensors were used to track arm and trunk positions while
patients pointed at the target on a supermarket shelf such as ice
cream, water, and vegetables, as fast and as accurately as possi-
ble following the instructions. Both groups showed increased
upper limb use and activity level, as well as performance im-
provement in the reach-to-grasp task; however, only the VR
training group demonstrated improvement in shoulder adduc-
tion, flexion, and elbow extension. The study suggested that the
better outcomes in VR training group may be attributed to the
more efficient use of feedback provided by the VR system.>

A single case study investigated the efficacy of VR training
using a haptic device and a 3D video game for motor rehabili-
tation in post-stroke patients with the left hemi-paretic arm.
Patients played a 3D ball-and-bricks game similar to a pool
ball game displayed on a screen, in which the ball was con-
trolled with the left arm using the haptic device. Participants
who received the training showed improvement in fine manual
dexterity, grip force, and motor control of the affected upper
extremity.®® Another study investigated the use of VR training
using the Microsoft Xbox 360 Kinect video game system in

http://j-stroke.org 249



Digital Therapeutics in Stroke

Choi et al.

JoS

"153] P4e0GH3Y 3|0H 6 'LdH6 ‘1S3] WUy Y21e3say U0y ‘Iyyy ‘Adesayy pauoddns
-JISNW 'S ‘JUSWISSISSE JIAIN-16NS "WINS 13531 3I0|g 9 X0g ‘19 1359} A|emM Wi-OL ‘LMIAI OL ‘3533 da3s ‘IS 1S3} Yoy [BUOIRdUNS ‘|44 19]EIS JUSWISSISSY J0JO|A PILIPOIA 'SYIAIN ‘WISAS UOIIRYI[IQEYDY XIUOAUIL 'SHT
1JUSWISSISSY 301G JIISBADIAI-NOPAYD “YSIAD 11S3L 3B SINUIN-OM] ‘I MIALL ‘1531 09 pue dn pawi] ‘DL ‘31BMYOS 3SI1219X3 UOIEM|IGRYSY SAIIILISIU| ‘YIY| ‘31835 Junowy HOT AYIAINdY JOJO|A 'SY-TVIAl 1S3 uoiduny
J10JO[Al J IO "LAINM ‘043G 10} 3|BIS DUBIIOUI] BUIYIEIY 'SSHY ‘JUSUWIUOIIAUD UOIFEY|IGBYI PI)SISSe-1aIndwiod ‘NIHYD ‘Aljeal [eniIA "YA ‘dnoib 043u0d 'DY) ‘dnoib uoruIAIR)UL '] ![Bl} P3||043U0D PIZIWOpUE) ‘|DY

’|0J3U03 10} ‘Ajuo
-OW Ul JUaWanoidwi ue pamoys o) 1dH6 AdeJayy |euonuAU0 15D Apnys
"SJUWIAAOW JO UOISIdId pue paads 199 UoISS3s 1SIN+Adesayy 0Z:9) p3j|04} ¢(£007)
Ul Juswanoiduwil Ue PaMoys Sjualied IVdY  UORUIAIRUIM €  [UlW OF 'SUOISSIS G| d1uoy) [BUOIJUSAUOD :0)| 1SN 0z :9| -Uod [edIUID |B 32 JIPIRUYRS
xaa SUOISS3S 6 X3aNH4 dde aweb «10T)
Auaaxap siuaned ul juawanoidw|  -N|4 UO 3UBUWLIOMId  UOIUSAISIUI M 9 [B10) 'UOISSIS/UlW OF duoy) € p3seq-plolpuy - Apnis 1oyo) ‘e 39 0aqeIe)
M
‘D) pue ul wesboud Jo uorny weiboud piepuels:g)  weiboid 3siIX Z€:9) «(£10T)
D] U33MIIQ DUIIP OU SEM Y| THINM  UOIUSNIRIUL M ¢ -3]dwiod 'palydadsun duoiy) weiboid pedi:p]  dwoy paseq-ped! 0€ 9| 104 ‘|B 39 uosaww3
‘D) 0} paJed
-wod |gg ul pue abe}s wosuunig
Y3 Ul }nsaJ Jaybiy Ajpuediiubis Ajuo
e pamoys 9| "sdnoib yjoq ul Jusw VING QB34 [BUOIIUIAUOD 1D W)SAS 193Uty 09€
-1e343-350d Juawanoidwi Juedlyubis abe3s wioysuunig AM/sawny HYA+QBYI X0QX HOSOIIN 91:9) (810T)
B PIMOYS S3INSEIW [BUOIIdUNS Y| 199 UONUANIAUINM G 'UOISSIS[UlW OF Paudadsun  [edisAyd [euoiuaAU0D D) Ysm buiutesy YA 610 DY |e 1 Jesyy llegy)
"SW023n0 Alepuod3s Jo Arewd ul weJboid 3sIIX3 |ed
sdnoib om3 3y} UIIMIIQ UIS Sem 159} due|eq bus -1sAyd dnoub pue pasije
UR4a41p oN “bulules) a)ye dueleq 9NLIMIA -NPIAIpUl—3aled [ensn 103 INVM 8€:D) «(8107)
buipueys uo panoidwi sdnoib yyog OL ‘IS 144 'SYININ  UoiUSAISIUI M 8 AMAY L 31ndeqns IAVM SHr 9| SYr buiutes YA SE:9I 104 ‘[E39 [[auue)
Ajwain PJEN[BAI 2I3M SIUW
-x3 J3ddn pa1d3jje 3y} 4O |0I3U0d y3buans dub UOIUIA -ssasse dn-moj|o4 pue
Jojow pue ‘3240) dub 'AJUIXAP (BN -puey JA}DWOWEUAQ -433ul-3sod YM 0z YM Ul SUOISSIS SJUSWSSISSe buiulesy IA9p dndey Apms o5(#007)
~UBW U1} Ul U33S 2J3M Sjudwidnosdui| 1S3] pieogbad anping  UOIRUIARUINM ¢ Z| 'UOISSIS/ulwi 0 pauidadsun  -1sod-aid ayy ur sabuey)  yaim buluiesy Yp | 3sed djbuig '|E 13 UJI01g
VSIND
Aq painseaw ‘A}w1xa J3MO| 3y} (bunyis ur) 3buajjeyd
ul Juswuiedwi pIseadIp e pamoys 3y} Inoym buturesy
D) Ul ueyy o ul s|enpiAipul I0|N VSIND UORUIA 4A+QEY2J PIEPUELS (9]
IMIAL pue IMINL  -433u1-3s0d ow-| ‘Aep/suols (butpuess ur) bulutes 6¢ D) w(102)
DL U0 393443 J33e31D € pamoys g DML UOUSARIUINM € -53S ZL-0L ‘UlW OE JU0lY)  YA+QEY) plepuelsipl X3 buluten YA 0€ 9l 104 €39 USMPN
bul
‘D) 03 pasedwiod -UleJ3} YA Y3 03 Jejiwis
D] Ul UOIX3]} PUB UOIIdNPPE JIp|NOYs SjuawaAow buryuiod pue
Ul U33s Sem Juawianoidui 433ealb SY-TVIN buiydeas bunabiey—bul
e 'uoiuanI)uI-Isod Juswianold 14IAM -UuleJ] [BUOIZUSAUOD D) 91:0) +(€102)
-wi Juediiubis e pamoys sdnoib ylog SSdY  UOIUINUIM ¢ YM/Aep € 'UlW Gf duoiy) Buiuiesy YA NIYYD bulutesy ya 91 :0) 104 °|e 33 uelueweigns
S} nsay S2INSEW 3W0INQ dn-mojjo4 Lﬂo\_»w:cuuzswwﬁ U.MV_%mMm uondudsap Apnig UOIJUAIIU| S w_wsmm ubisap Apnis Apnis

syualied 330415 Ul uonejigeyas [edisAyd se sarnadessyy [e3ibip uo sAIpNIs Jo Alewiwing

3/jos.2019.01963

85

.5

https://doi.org/10

http://j-stroke.org

250



Vol. 21 [ No. 3 / September 2019

sub-acute stroke patients. The training program focused on the
active movements of the upper extremity, where patients per-
formed bilateral shoulder abduction and adduction, elbow
flexion, and extension in video games. The study reported that
patients who received both VR training and conventional phys-
iotherapy showed significant improvement in Fugl-Meyer
scores compared to patients who only received conventional
therapy; thus, providing evidence that Kinect-based game
training in conjunction with conventional therapy may have
supplemental benefits for stroke patients.”

iPad-based interventions

Upper limb motor function: gross motor skills

Home exercise rehabilitation using videos and automated re-
minders on an iPad was compared with a paper-based conven-
tional home exercise program in stroke patients with upper
limb deficits. The iPad contains home exercise programs such
as stretching exercises to improve the motion range, as well as
strengthening and coordination exercises of the upper limb.
Shoulder flexion, extension, abduction, and wrist extension ex-
ercises for stretching and training against gravity are part of
the strengthening exercise. Between patients who used an iPad
program and those who used the conventional program, indi-
vidual home-based training in these patients showed no differ-
ence in the improvement of the upper limb function. The trial
demonstrated that the use of a home exercise program in both
the standard and electronic methods is a viable choice of
treatment for upper limb motor rehabilitation.®®

Upper limb motor function: fine motor skills

An Android-based tablet game, FINDEX, has been investigated as
a tool for motor rehabilitation in stroke patients with impaired
fine motor skills.”® FINDEX assesses and monitors a patient's fine
finger dexterity such as finger control, and coordination and
range of motions. Patients train their finger control using drag-
ging tasks, where they are asked to place pizza toppings in the
corresponding spaces; meanwhile, finger coordination is trained
using a tapping task, where patients are asked to tap piano keys
displayed on the screen to play the correct chords to accompany
the music. To improve the motion range of fingers, a stretch task
trains patients to move around a finger as far as possible while
maintaining one finger at one location on the screen. Three pa-
tients were trained in an in-patient setting using the application,
and the result of the study showed improvement in dexterity in
all patients. The findings from the study suggested that mobile
games such as FINDEX may be used as an effective therapeutic
tool for fine motor rehabilitation in a clinical setting. Other iPad-

https://doi.org/10.5853/j0s.2019.01963
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based therapeutic tools developed to improve fine motor skills
include Fruit Ninja® and Dexteria.®'

Music-supported therapy

Music therapies have been used in stroke rehabilitation to
stimulate motor functions, ranging from the use of rhythmic
auditory stimulation to music creation and performance on an
instrument. Music physiologically motivates and entrains
movement, where the rhythm in music acts as a stimulus for
motor function. The repetitive and predictable structures of
music are suitable cues for learning in motor rehabilitation.®?
Music-supported therapy (MST) presents a series of exercises
using electronic musical instruments such as a piano and a
drum to train fine and gross motor skills by inducing an inte-
gration of the auditory-sensorimotor pathway. Patients started
the exercises in a clinical setting by playing single tones, and
the number of tones increased in the subsequent levels until
the patients could play a tune comprising five to eight notes in
various sequences with the paretic hand. The patients showed
a significant improvement after the treatment in terms of
speed, precision, and smoothness of movements.®* In a study,
MST was combined with neuroimaging techniques to under-
stand the neuroplastic changes observed after the rehabilita-
tion program using functional magnetic resonance imaging
(fMRI). The study demonstrated that the music listening task in
patients showed a bilateral activation of the auditory-motor
circuit, highlighting that following MST, connectivity in the au-
ditory-motor circuit increased.’* Another technology with a
musical framework was introduced as physical rehabilitation in
stroke patients. A digital musical instrument involving drum-
ming to the beat using digital drum pads synced to an iPad ap-
plication was used to assess the improvement of the upper
limb movements in a clinical setting. Patients would select
their favorite music and correspondingly tap the image of drum
pads on the iPad screen to match the beat. The patients in-
volved in this study showed a significant increase in functional
measures after the intervention period.®®

Interventions for vision

Rehabilitation for visuo-spatial neglect is necessitated for digital
therapeutics. Although visual impairments following stroke have
profound effects on patients, a standard systematic approach for
comprehensive visual rehabilitation does not exist in contrast to
cognitive, speech, and motor rehabilitation.®® Visual rehabilita-
tion following stroke focuses on the visual field defect, strabis-
mus and ocular motility, central vision impairment, visuo-spatial
neglect, and visual perceptual deficits.” The developed digital
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therapeutics are focused on visual field defects. iPad-based or
VR-based interventions for visual impairments are not widely
available, thus prompting the further development of digital
therapeutics for post-stroke visual rehabilitation.

The approaches to traditional rehabilitation for visual field
defects include substitution therapy using visual aids such as
prisms, compensation therapy using intact residual abilities,
and restitution therapy, which is focused on regenerating the
plasticity of neural tissues by continuously presenting stimuli
in the blind field.®®% Recently, visual perceptual learning (VPL)
has been introduced for vision restitution therapy. Repetitive
visual training stimulates damaged visual cortices, thus result-
ing in a long-term enhancement of perceptual tasks.”” The use
of computer-based digital therapeutics in compensation and
restitution therapy including VPL has been investigated. A
summary of the reviewed studies is shown in Table 4.

Computer-based visual compensation therapy

Compensation therapy is a search-and-scan training program
that allows patients to compensate for impairments by training
the speed and accuracy of eye movements.” NeuroEyeCoach
(NEC) is a compensation therapy developed by NovaVision (No-
vaVision Inc., Boca Raton, FL, USA).”" It is a software program
that uses saccadic training such as finding objects to improve
visual search efficiency and navigation skills. Patients are asked
to search the computer screen for words, numbers, or pictures
and decide if a particular item is present. The level of difficulty
is altered by changing the target positions and by a more com-
plex search with multiple distractors. In a study, participants
showed significant improvements in computerized tasks such
as cancellation tasks and simple visual search tasks after re-
ceiving individual NEC training in clinical settings. The results
of this study demonstrated that NEC training can be used as
an effective compensatory therapy in patients with visual field
defects.”” Another pilot study showed significantly improved
performances in exploration and reading tasks in patients with
visual field defects following individualized home-based com-
pensatory training using a computer software.”* The training
comprised the visual exploration task, where patients had to
search for a defined target on the screen among distractors,
and the reading task, which required searching for a nonword
target among a number of different words. VISIOcoach (www.
visiocoach.de) suggested another compensation therapy for
patients with hemianopia or quadrantanopia. It is a software
rehabilitation composed of saccade training to improve natural
search and spatial orientation. A study exploring the effect and
feasibility of VISIOcoach showed that the saccade amplitude
and eye movement in a blind hemifield improved in patients

252  http://j-stroke.org
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after a home-based self-training, although no significant dif-
ference was shown in reading tests after the training.”* The
study concluded that VISIOcoach rehabilitation training is a
feasible option and can be used as an effective home-based
saccadic training tool. It was also suggested that compensatory
therapy may induce neuroplasticity in stroke patients, follow-
ing an fMRI study that demonstrated the significant activation
of the oculomotor cortical field after compensatory training.”

Computer-based visual restoration therapy

In the 1990s, Kasten and Sabel” published data regarding the
efficacy of a computer-based visual restoration therapy (VRT).
The system presents repetitive light stimuli in the border zone
between the blind field and the intact visual field. Computerized
VRT aims to strengthen the information processing of residual

[® dem-

neurons by activating cells repeatedly. Kasten and Sabe
onstrated the use of computer-based VRT in patients with hom-
onymous visual field defects (HVFDs), where significant improve-
ments in light stimuli detection and color discrimination in the

1”7 investi-

blind field were shown. Another study by Kasten et a
gated the feasibility of computer-based training in patients with
optic nerve or post-chiasmatic brain injury. The computer screen
flashed light to a patient's blind spot border zone to stimulate
and expand the visual field. The study reported up to a 5° en-
largement of the visual field in 95% of the participants. Further-
more, patients reported a general sense of improved vision such
as an improvements in detecting and localizing stimuli, and
reading.”” However, the results of these studies were later criti-
cized for the fact that the patients may have developed com-
pensatory eye movements instead of vision restoration, as the
VRT program in the study failed to allow a firm central fixation
of eye movements.”® A following study repeated the trial using a
scanning laser ophthalmoscope to ensure exact eye fixation, and
the results showed no significant improvement in the visual field
of patients after a computerized VRT.® Another study using
computer-based VRT also demonstrated a minute effect on pa-
tients with HVFD.%

Huxlin add Cavanaugh’ demonstrated that VPL training im-
proves performance in visual field tests in chronic stroke pa-
tients. VPL training involves a direction discrimination task and
orientation discrimination task, where participants are asked to
discriminate the left or right direction of random dot stimuli or
the vertical-horizontal orientation discrimination of static Ga-
bors presented on a computer screen. Prior to and following
the training, the Humphrey visual fields in patients were evalu-
ated. An online eye tracking software was used to ensure a
fixed eye position on the stimuli. The results showed a signifi-
cantly greater improvement in the Humphrey perimetry in
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trained patients compared with untrained patients.70 Using
the intensive repetitive VPL training, it was demonstrated that
stroke patients with damaged primary visual cortices can per-
ceptually relearn complex visual motion processing. The study
demonstrated that a thorough localized training with a direc-
tion integration task can improve the blind field vision of pa-
tients with cortical blindness (CB).8'#?

A VPL training program developed by Nunaps Inc. (https://
nunaps.com) also demonstrated the efficacy of software-based
VPL training in chronic CB patients following stroke. In an un-
published exploratory study, VPL occurrence resulted in a signif-
icant improvement in visual field defects, manifesting an in-
crease in the resting state functional connectivity between the
ipsilateral cuneus and the contralateral hippocampus. A follow-
ing unpublished small randomized trial showed a significantly
improved outcome in those who acquired performance im-
provements of VPL after training. Subsequently, a pivotal trial
will be conducted to determine the efficacy of digital therapeu-
tics, "Nunap-Vision" to treat visual field defects after stroke.

Limitations and future perspectives

Although digital therapeutics may influence the current
healthcare system, the medicalization of digital therapeutics is
accompanied with many limitations. Currently, high-quality
evidence that supports the clinical benefits of digital therapeu-
tics is lacking.®* Although the number of digital therapeutics-
related publications is increasing gradually, the published evi-
dence in support of its clinical use is limited. Several recent
meta-analyses and systemic reviews conclude that high-quali-
ty evidence is lacking for the use of digital therapeutics to
manage healthcare delivery.®*® Most clinical trials with digital
therapeutics for neurological disorders and stroke are still at
the proof-of-concept stage. The reliability of these studies is
limited owing to inadequate sample sizes and short follow-up
periods. If these studies are repeated in the future with a larger
sample size in a randomized manner, the currently significant
results may become nonsignificant. Other studies have used a
different evaluation tool for the outcome measures, which re-
sulted in variable degrees of outcomes. Most importantly, the
majority of these trials did not investigate the underlying neu-
ral mechanism of the positive effect of digital therapeutics. Fu-
ture proof-of-concept trials using digital therapeutics should
incorporate neuroimaging or electrophysiological tools to
search for biomarkers for mediating treatment effects.

A benefit of digital therapeutics is the ease of access to
healthcare data. However, this may create privacy and security
concerns. The medical ethics and legal acts governing the pri-

https://doi.org/10.5853/j0s.2019.01963
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vacy and security of these data do not extend outside the
healthcare setting, rendering it possible for technology devel-
opers to share or sell patients’ data to third parties.* For digital
therapeutics to be utilized to its full potential, the patients and
the healthcare system must be able to trust the digital tech-
nology with the data that they manifest. However, privacy and
security risk is another challenge that must be overcome to
improve healthcare delivery.

Currently, the regulatory framework of digital therapeutics is
highly ambiguous. Some have suggested that digital technolo-
gy should not necessitate the standards of evidence-based
medicine as new drugs should. The process of evidence-based
medicine is slow and struggles to keep pace with the dynamic
nature of digital technology, which may stifle the development
and delivery of the technology. Others responded that digital
therapeutics should not be exempted from the standards re-
quired of other treatments. An objective evidence-based evalu-
ation of digital therapeutics is required to set the standards for
developing digital therapeutics in the future.®®

Conclusions

Current studies on digital therapeutics in stroke rehabilitation
were reviewed herein. Previous studies and reviews have suc-
cessfully demonstrated the benefits of using different digital
technologies as rehabilitation tools and the feasibility of digital
therapeutics as the rehabilitation training of neurological defi-
cits in stroke patients. As the concept of digital therapeutics is
relatively new, the development of digital therapeutics is still
at its infancy. Digital therapeutics has the potential to develop
both quantitatively and qualitatively, as it as a promising ther-
apy for the rehabilitation for stroke patients. “Clinically vali-
dated" digital therapeutics should be developed to prove their
efficacy in the prevention and treatment of various neurologi-
cal disorders.
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