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Abstract

Purpose of Review Stroke is the leading cause of permanent motor disability in the United States (US), but there has been
little progress in developing novel, effective strategies for treating post-stroke motor deficits. The past decade has seen
the rapid development of many promising, gamified neurorehabilitation technologies; however, clinical adoption remains
limited. The purpose of this review is to evaluate the recent literature surrounding the adoption and use of gamification in
neurorehabilitation after stroke.

Recent Findings Gamification of neurorehabilitation protocols is both feasible and effective. Deployment strategies and
scalability need to be addressed with more rigor. Relationship between engaged time on task and rehabilitation outcomes
should be explored further as it may create benefits beyond repetitive movement.

Summary As gamification becomes a more common and feasible way of delivering exercise-based therapies, additional
benefits of gamification are emerging. In spite of this, questions still exist about scalability and widespread clinical adoption.

Keywords Stroke - Neurological rehabilitation - Virtual reality - Video games - Stroke rehabilitation

Introduction

Stroke is the leading cause of permanent motor disability in
the United States (US), affecting over seven million Ameri-
cans and costing the nation approximately $34,000,000,000
per year [1]. Furthermore, as the prevalence of stroke
is increasing as the US population continues to age at an
unprecedented rate, the total expected burden of stroke
in the US from 2005 to 2050 is currently set at more than
2.2 trillion dollars [2]. Thus, the development of effective

This article is part of the Topical Collection on
Neurorehabilitation and Recovery

< David Putrino
David.putrino@mountsinai.org

Abilities Research Center, Department of Rehabilitation
and Human Performance, Icahn School of Medicine

at Mount Sinai, 1 Gustave L. Levy Place, New York,
NY 10029, USA

Department of Neurosurgery, Icahn School of Medicine
at Mount Sinai, New York, NY, USA

strategies to deal with this upcoming burden of care must
be considered a national priority. A major contributor to
the lifetime burden of stroke is the commonality of serious
long-term motor disabilities associated with stroke, result-
ing in decreased functional independence [1]. Stroke-related
motor impairments are persistent, disabling, and difficult to
treat [3]. Over 15 years of follow-up, roughly two-thirds of
stroke survivors will consistently report significant disability
that interferes with independent performance of activities of
daily living [4]. In addition, this functional impairment is
associated with depression, anxiety, and decreased quality
of life in chronic stroke survivors [4]. Despite the enormous
public health cost of stroke, there are few approaches that
have succeeded in integrating affordable and accessible tech-
nologies into stroke recovery.

Post-stroke recovery is complex and may be mediated by
numerous neurobiological factors such as size and location
of the lesion, age, comorbid conditions, presence of cogni-
tive deficits, overall symptom severity, active medications,
and genetic components to name just a few [5] The results
of multiple meta-analyses demonstrate that no single thera-
peutic approach has emerged as a reliably effective therapy
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for functional recovery in chronic stroke survivors [3, 6, 7].
In a well-powered retrospective analysis, Ward et al. showed
impressive therapeutic outcomes in chronic stroke survivors
who underwent intensive (90 hours over 9 weeks) rehabilita-
tion that took advantage of advanced technologies such as
neuromodulation and rehabilitation robotics [See]. By con-
trast, in a large (n=770) stroke rehabilitation randomized
controlled trial, Rodgers et al. showed no difference between
conventional rehabilitation techniques compared with other
forms of advanced upper limb rehabilitation [9]. However,
despite the size of the population, the results of this study
are difficult to interpret due to the wide range in participant
time post-stroke (1-260 weeks), the relatively low protocol-
allowed dosage of the advanced therapeutic interventions
(2.25 hours/week over 12 weeks), and the use of a single
robotic device that is not ideal for training upper limb func-
tional movements. Historically, literature from animal mod-
els advocates for high repetitions of task-specific movements
that also involve an active learning component to promote
training with intention. High repetitions, alone, are not suf-
ficient to drive plasticity in chronic stroke recovery [10].
In addition, the importance of an enriched environment in
combination with task-specific training has been shown to
be essential for optimizing recovery in animal models [11].
Unfortunately, human studies of improvement in chronic
stroke survivors are less consistent: although there is mod-
erate evidence that at least 20 hours of repetitive task train-
ing is important for improving arm function post-stroke [3],
increased therapeutic intensity and therapy time does not
always equate to a better outcome [7]. While the current
consensus in the stroke rehabilitation community is primar-
ily supportive of intensive doses of neurorehabilitation for
stroke survivors, given the inconsistencies in the literature,
it is often difficult to justify the logistical and economical
challenges associated with the delivery of such high doses
of rehabilitation. Thus, due to increasing economic pressures
and inconclusive evidence for appropriate rehabilitation,
stroke survivors will often experience a progressive retrac-
tion of services over time, resulting in decreased accessibil-
ity to rehabilitation services [12, 13].

Much of the hesitance that surrounds the delivery of high
doses of neurorehabilitation is focused on the resource inten-
sive nature of traditional neurorehabilitation. Conventional
therapeutic approaches to outpatient stroke rehabilitation
suffer from several logistical and ideological flaws. They
often require regular clinical visits, which are expensive and
often inconvenient. Alternatively, outpatient rehabilitation
may involve self-directed home exercises, which are often
monotonous and difficult to complete correctly without feed-
back. In both cases, an essential contributor in ensuring that
rehabilitation exercises are completed with adequate inten-
sity and regularity appears to be the enjoyment of the stroke
survivor. There is evidence to suggest that encouraging
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exercises in a highly engaged state can significantly improve
therapeutic outcome [14]. Furthermore, maintaining high
levels of motivation in stroke survivors also appears to be
an important feature of successful stroke rehabilitation inter-
vention [15].

On paper, the gamification of neurorehabilitation has
the potential to address many of the issues associated with
the delivery of therapeutic exercises that are highly intense,
engaging, and low-cost. Recent advances in motion capture
technology and gaming development software have made
such approaches highly feasible [16]. Despite this, gamified
approaches to neurorehabilitation are still far from stand-
ard of care. Thus, the role of this review is to investigate
the current state-of-the-science surrounding gamification
of neurorehabilitation: both its efficacy and viability as a
highly scalable, future-proof rehabilitation service deploy-
ment strategy that can meet the growing need for long-term
neurorehabilitation.

The Spectrum of Gamified Rehabilitation

Central to the study of the gamification of neurorehabilita-
tion is the question of efficacy. The first step for gamified
therapy to be recognized as a viable therapeutic tool is that
it must be shown to be at least as effective as conventional
therapy. This is an emerging field, and thus many papers
have been published recently that attempt to investigate the
efficacy and non-inferiority of gamified neurorehabilitation
[Bee, 17ee]. A systematic approach to interrogating data-
bases such as PubMed, Cinahl, and Google Scholar reveals
more than 15,000 articles published on the topic of gamified
stroke rehabilitation with more than 50% of those articles
published within the last 5 years. In addition to this recent
growth, another evident trend in the literature is that the
scope, definitions, and nomenclature surrounding the field
of gamified therapy are rapidly broadening.

To that end, we will begin the narrative review with
some considerations regarding the nomenclature and core
concepts surrounding different gamified neurorehabilita-
tion styles, technologies, and techniques. For instance,
gaming consoles such as the Nintendo Wii and Micro-
soft Xbox Kinect are often classified as Virtual Reality.
Although in the strictest sense, these technologies meet
the technological definition of “virtual reality,” it is impor-
tant that we acknowledge that the diversity of technology
represented by this term has expanded to the point where
specialized nomenclature is required. In fact, that these
non-immersive gaming modalities are still referred to as
VR by the neurorehabilitation community highlights the
need for advancements in the field. By collapsing vide-
ogame consoles and immersive neurorehabilitation sys-
tems into the same “VR” category, systematic reviews
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and meta-analyses may draw inaccurate conclusions about
the relative efficacies of different approaches to gamified
neurorehabilitation. This nomenclature exists, however,
does not fully capture the finite differences within these
categories. Expanding upon the existing nomenclature, a
distinction can be made between exergaming and serious
games. Exergaming has been defined across the literature
as games in which an individual interacts with a gaming
scenario through movement [18, 19]. Exergames are com-
mercially available gaming systems that can be adopted for
rehabilitation or for purely recreational use. On the con-
trary, serious games are systems designed specifically for
rehabilitation purposes [20]. Similarly, when considering
robotic neurorehabilitation, one must be aware that much
of the existing literature fails to differentiate between
robotic intervention with and without gamified elements.
This leaves us unable to determine the role that gamifica-
tion plays in driving functional improvements compared
with benefits derived from active-assisted motions con-
trolled or enabled by the robotic device. Finally, under-
standing the distinction between the concepts of synchro-
nous and asynchronous telerehabilitation is an important
concept to explore. Synchronous telerehabilitation encom-
passes evaluation and treatment performed remotely by a
clinician and often utilizes gamified rehabilitation plat-
forms as a medium for intervention. By contrast, in asyn-
chronous telerehabilitation, patients are assigned a set
of exercises by the treating clinician to be performed in
an unsupervised environment. With the advancement of
telerehabilitation technology, asynchronous sessions can
be logged, and can provide the patient with real-time feed-
back about task performance. However, optimal ratios of
synchronous to asynchronous telerehabilitation have not
been adequately explored and could have great implica-
tions for value-based care. Furthermore, a lack of estab-
lished parameters for asynchronous and synchronous care
fails to identify the threshold of skilled therapy interven-
tion to impart a meaningful clinical and functional dif-
ference. These nomenclature considerations are important
factors in establishing a comprehensive understanding of
the literature.

For the purposes of this review, we have identified three
categories of gamified neurorehabilitation: (1) Non-Robotic
Gamified Neurorchabilitation (NRGN), where actions in
the game are controlled by consumer electronic devices; (2)
Robot-enabled Gamified Neurorehabilitation (RGN) where
actions in the video games are controlled by limb move-
ments that are enabled or resisted by a robotic device; and
(3) Immersive Virtual Reality modality (IVR), where the
user experiences a fully artificial environment through vir-
tual reality headsets. Although we acknowledge that mixed
reality and augmented reality approaches to gamified neu-
rorehabilitation are exciting emerging approaches, due to

lack of literature, these technologies will not be discussed
in this review (Table 1).

Non-Robotic Gamified Neurorehabilitation
(NRGN)

Non-Robotic Gamified Neurorehabilitation (NRGN) plat-
forms encompass a wide variety of gamified neuroreha-
bilitation technologies. NRGN systems may be specifically
designed for rehabilitation purposes with targeted therapeu-
tic interventions implemented in a gamified medium (Mind
Motion Go, Mind Maze). In other cases, commercially avail-
able gaming systems may be adopted within the scope of
rehabilitation interventions (Nintendo Wii, Sony PlaySta-
tion). In both cases, NRGN platforms utilize a variety of
technologies to allow end users to interact with the interven-
tions including motion capture, controller-based accelerom-
eters and gyroscopes, and force plates. While these differ-
ences are noted in the clinical space, the literature often fails
to discreetly characterize and differentiate between the two.
For the purposes of this narrative, we will consider NRGN
as the above detailed categories.

In a recent Cochrane review by Laver et al., 42% of RCTS
included NRGN exergaming platforms, including Nintendo
Wii [n=15], GestureTek IREX [n=8], Microsoft Kinect
[n=4], and Playstation EyeToy [n=1] [21]. Despite the
reportedly high number of NRGN platforms identified, the
review failed to differentiate between purely NRGN systems
and IVR. Both modalities were included together with no
subgroup analysis completed to compare forms of therapy.
This consistent misnomer in the literature fails to clearly dis-
tinguish the benefits of NRGN from other gamified mediums
including VR.

Overall, NRGN was shown to be safe and effective in
improving arm motor function and activities of daily living
after stroke with clinically significant effects and reasonable
effect sizes [21]. The use of Sony Playstation EyeToy2 and
Nintendo Wii has been widely investigated for post-stroke
rehabilitation [22-27] and both present low-cost and accessi-
ble options with promising results for stroke recovery. Play-
station 2-based therapy is shown to be feasible and enjoyable
[22, 27], leading to clinically significant improvements in
motor function post-stroke [23, 28]. Reported shortcom-
ings described include physical limitations experienced by
those with moderate to severe motor impairments that may
make interaction with NRGN platforms more difficult. This
increased task difficulty may be frustrating for some end
users. As such, it has been suggested that NRGN may be
more appropriate for those with higher levels of mobility
[22]. Furthermore, platform reported performance met-
rics may not be sufficiently detailed to inform progress and
provide adequate feedback to patients and therapists alike.

@ Springer



Current Neurology and Neuroscience Reports (2022) 22:183-195

186

sjuoweAoIdw [euonoUN 0) SUONNJLIUOD SAT)E[AI JIAY) PUE)SISPUN 0} UoneIyIwes

JNOYIIM UONBIIGRYSI PI[qRU-)0QOI "SA UONBOYTWES JO 9[0X OPIoads 9y} PojeSTISOAUL 9ARY SAIPNIS JOMIJ ‘QOUSPIAS | ALY 0) PIISPISUOD 3G ULD 30I)S J0J UONBIIRYSIOINU d130q0T YSNOYI[V »

(VSN ‘sd13o1ouyda, yooq

uorsiazadns £r

-901,]) 3son) SNNO(Q) :SQWRIIOXY  -ANIR ASO[O pue 2oeds pajedIpap syospeay A
(L10T “Te1@  Jojunowe a3re[ ® sarmbar uayyQ - sisATered 9joidwos yyim syjuoned  -Tear [eniara ySnoay) JUSWUOIAUD
SISJeS]) auren) uone[Iqeyay SSoUYOIS Ul SONIANOR UONBAIISQO UONOR  [eIoynIe A[[nJ B s90uoradxo 19sn (JAI) uoneIIqeyaIol
Ve KITey TemITA :SowesS SnoIeg  UOTOW PUR SSOUIZZIP 9SNed Ue)-  JIWISd SJUQUIUOIIAUS QAISIOUILI]- 9y} QIOYM JUSWUUOIAUD FuTwIen) -noN A)[eay [enMIA QAISIOWIW]
(puerIezZIIMS syuaned parredut
‘ew0d0H) ‘Sunidg osuwiry :AJuo S9sed Auew UI asn Ay3y ur suonnadar JudwaAow 901A9p 2130qOI
j10ddns Ky1aeas sopraoid 10qoy  woy Juaadxd sansst K10je[n3Y - Jo srequunu y3Iy so[qeuy - ® AQ PIISISAI 10 pA[qeuo I8
(VSN sowioy Auew J0J 9[qISSa00e NOY pue Jey[} SYUSWAOW qUII] AQ PI[[ON
“a130[0UYd9], UOTIOJA]) UONOAUT jou Quridiooy reorsAyd o3rey - S[oA9] AI[Iqe [eUONOUN] JsOW -U09 aIe Jwes 2y} ul Suonoe (ND¥) uoneliqey
+VT JUSWISAOW [)IM SISISSE J0qOY A3o10uyo9) 2AIsuadxy - Je SIOAIAINS 901s Aq d[qes() - QIoUM SoWES 09pPIA [RUONIPEI], -9IOINAN PIYTWED) PI[qeug-10qoy
(19110mU0D) 2anNdepY
Suruonisod quif jo juowain  dnjas AFo[ouyo9) pajeordwodun) - YoIS0T ‘TIA\ OPUUIN 1OUTY]
(vsSn -Seoul/I0J 2ouepIngG JUAIOLYNSU] - Suturer)  1JOSOIOIA 9'T) SIOIAIP OIUOIIID
‘OpusIuIN) I TIM : SuweSIoxy,, Juow 01QOIOE 1M PIUIqUIOD 9q UBD) - JOWNSUOD £q PO[[ONUOD Tt dwed
(PURLIOZ)IMS ‘QZBWPUIIA) -Ired T 9J9A9S IIM SIOAIAINS Anqiqeress 1oy renuajod Y3y - U} UI SUOTIOB QIAYM  SW)SAS (ND¥N) uoneifq
VI 0D UOHOJNPUIA . Quwes snoLs,,  ayo:ns 1oy Aeridordde jou uayyQ - 1500 JOMO'T - uoneYI[IqeYeIOINaU POYIWED) -BUYIOINON PIYIUEL) OIJ0qOY-UON
Q0UIPIAD
JO [oA] sordurexyq SOSSAUNBIA syiduang uonIuyop JUBHIOA WNIPaW UONBIYIWeRD)

QOUSPIAD JO S[OAJ] JIAY) PUE UOTIRII[IqEYDI0INAU payTwes Jo So[A)s JUaIdI | djqel

pringer

Qs



Current Neurology and Neuroscience Reports (2022) 22:183-195

187

Nintendo Wii-based therapy (using the Wii-Fit and the Wii-
Balance board) is also shown to be feasible and effective for
post-stroke rehabilitation even in individuals of older age
and with limited function [24, 25, 29, 30]. It has been asso-
ciated with significant improvements in arm motor function
[24, 25, 29] and higher levels of patient engagement and
compliance when compared to usual care [25]. Wii-based
targeted upper limb rehabilitation has potential to improve
cardiovascular fitness [26], mobility, as well as dynamic and
static balance, which has important clinical relevance for
reducing fall-risk post-stroke. Using surface electromyogra-
phy (EMG), Trihn et al. also showed physiological evidence
for facilitated muscle activation and lower-limb improve-
ments even after an UE-targeted problem, highlighting the
importance of standing during stroke therapy [26].

Similar to Wii and Playstation, the Nintendo Xbox Kinect
also has positive evidence in improving motor function and
performance in activities of daily living, but showed no
evidence of improving motor strength [31]. Multiple other
gaming setups have been tested, and despite depicting varied
sample sizes, most show promising results: Donoso-Brown
tested a EMG-controlled video game setup and found that
it may facilitate muscle activation; Carabeo et al. tested an
Android-based tablet game (FINDEX) and found improve-
ments in hand dexterity [32], Kim et al. investigated the
a portable augmented reality gaming system (IREX) and
found that patients in the gaming group had significant
improvements in static and dynamic balance and increased
ambulation function in comparison with the conventional
physical therapy group [29].

Novel approaches to NRGN continue to emerge in the
neurorehabilitation space. A recent study by Krakauer et al.
investigated a novel NRGN approach, neuroanimation ther-
apy (NAT) [33]. In this multi-center, single-blinded parallel
randomized controlled trial, Krakauer et al. compared high-
intensity upper limb rehabilitation using NAT, traditional
occupation therapy, and historical controls in individuals
with subacute stroke. They found that high-intensity upper
limb rehabilitation emphasizing movement quality was supe-
rior to gains demonstrated by those receiving standard physi-
cal therapy in the historical control group.

NRGN is motivating gamification and may be more
engaging than standard therapy exercises [25, 32, 34].
Large RCTs show high adherence rates [17ee, 22, 35] to
NRGN interventions when compared to standard of care. In
addition to improved motor function, gamified rehabilita-
tion strategies result in optimal levels of compliance [36],
usability [16], and enjoyment [16, 37], directly influencing
rehabilitation outcomes [37]. NRGN platforms present a
feasible option to harness the multitude of facets needed to
drive optimized motor performance in a salient, enjoyable
medium. Despite this globally positive evidence, a lack of
differentiating between exergames and serious games in the

NRGN space presents a limitation in interpretation. Because
of this, superiority of one intervention vs. another cannot be
clearly discerned. More attention and investigation of the
distinct difference in exergame NRGN and serious game
NRGN is warranted.

The ultimate goal should be to narrow the gap between
exergames and serious games, to ensure that gamified
rehabilitation is, at a minimum, as enjoyable as playing
mainstream video games. By adopting concepts of univer-
sal design, technologies such as the QuadStick controller
(QuadStick, USA), the Logitech Adaptive Gaming Kit (Log-
itech, USA), and the XBox Microsoft, USA) are making this
possible [38].

Immersive Virtual Reality (IVR)

IVR deploys the use of headsets that display highly realistic
multisensory simulated environments, allowing patients to
interact with the virtual environments. When combined with
treadmill or hand-held controllers, it encourages life-like
movements, maximizing task-oriented intense exercise rep-
etitions [39, 40]. Moreover, IVR may involve visual, audio,
and vibrotactile cueing and real-time feedback, which can
facilitate cortical reorganization and promote body control
entrainment and proprioception [40, 41].

One of the biggest challenges related to evaluating the
quality of evidence for IVR stroke rehabilitation therapies
stems from the fact that most systematic reviews and meta-
analyses include both immersive and non-immersive VR
modalities, making it difficult to accurately determine the
true efficacy or effectiveness of IVR [21, 42]. However, [IVR
systems specifically built for rehabilitation are likely more
effective for upper limb recovery than commercially avail-
able IVR systems because they incorporate key principles
of neurorehabilitation underlying recovery and brain repair:
task-specific practice, multisensory feedback, increasing dif-
ficulty, variable practice, and mechanisms to promote the use
of the paretic limb [43]. Additionally, IVR may be imple-
mented as a medium of mental practice and action observa-
tion in upper extremity recovery of stroke. While not a game,
per se, the evidence supporting the use of mental practice in
post-stroke recovery can be facilitated more readily through
the use of IVR [44, 45].

The only meta-analysis to specifically evaluate IVR
therapies for stroke rehabilitation found that patients who
received IVR rehabilitation showed a trend toward signifi-
cantly greater improvements compared to those receiving
traditional or conventional therapies [46], showing benefits
in treating both lower and upper extremity impairments.
However, studies had limited statistical power (10 partici-
pants per experimental group on average) and limited design
(no long-term follow-up), showing weak to moderate quality
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of evidence. In addition, studies included in the meta-anal-
ysis exclusively targeted chronic stroke, limiting generaliz-
ability of the findings [46e].

With only one meta-analysis available on this topic, it
is still unclear whether IVR rehabilitation is more benefi-
cial to stroke-related upper or lower extremity impairments.
Individuals receiving IVR therapy showed statistically and
clinically significant improvements in mobility (measured
by the TUG test) when compared with the control group
[40, 46¢]. Moreover, IVR paired with treadmill training
resulted in positive effects on gait and balance (measured
by the 6GMWT, IOMWT and TUG), and was shown to be
superior to standard treadmill training in regards to improve-
ments in medial-lateral dynamic balance control and sit-to-
stand transfers [47]. Evidence supporting the efficacy of IVR
rehabilitation for the upper extremity is more limited [48,
49]. Although some positive results were described [48],
other studies also failed to show significant improvements
in upper extremity function or impairment in response to
IVR rehabilitation [48]. When considering the efficacy of
IVR rehabilitation, realism of the virtual environments and
immersion of each user can have significant effects on the
overall efficacy of the therapy [46e, 50]. Further research is
required to both create truly immersive IVR rehabilitation
environments that simulate real-world task performance, and
better understand how these features modulate the therapeu-
tic effect of IVR rehabilitation.

Robot-Enabled Gamified
Neurorehabilitation (RGN)

Robot-mediated rehabilitation for stroke is supported by a
substantial body of literature and is shown to enable high-
intensity, high-repetition, adaptive, and quantifiable motor
training. Of the available robotic technologies, most come
standard with gamification. Despite this, however, the litera-
ture fails to control for the significant differences in gami-
fication mediums within robotic-enabled gamified neurore-
habilitation. The extent of gamification is highly variable
ranging from simplistic interactive therapeutic games (i.e.,
Fig. 1) to more engaging exergames (i.e., Fig. 2). Few stud-
ies have investigated the efficacy of robotic rehabilitation
and gamification compared with robotic rehabilitation with-
out gamification.

Multiple reviews and meta-analyses have analyzed the
outcomes of upper extremity robotic rehabilitation and indi-
cated substantial improvements in arm function (as meas-
ured by the Fugl-Meyer assessment) across acute, subacute,
and chronic stroke populations, with especially clinical
meaningful effects in chronic stroke survivors [51-53]. Ber-
tani et al. analyzed 14 randomized trials, systematic reviews,
and meta-analysis and concluded that robotic therapy after
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Fig. 1. Rendering of a simple interactive game commonly integrated
in robotic therapies. The goal of this game would be to hit the target
(red dot) by using robot-enabled upper extremity motor control

stroke involving intensive, repetitive, and task-oriented exer-
cises may drive positive reorganization in the motor cor-
tex and lead to improved outcomes [51]. The most recent
Cochrane review found that robot-assisted rehabilitation had
high-quality evidence for improving ADL and arm muscle
strength [53]. Similar to other gamified rehabilitation sys-
tems, heterogeneity across study populations and designs
limits the clinical interpretation of these positive findings
and despite overall positive outcomes, superiority against
standard care is still controversial [9, 51]. Of note, RATULS,
the largest randomized controlled trial published to date,
involved 770 stroke survivors and found that improvements
in upper limb impairment after robot-assisted training using
the MIT-Manus did not translate into clinical function and
improvements in ADL, showing no superiority against a
dose-matched usual care. Importantly, the trial highlighted
that neither robot-assisted training nor usual care was cost-
effective and concluded that robot-assisted therapy might
benefit from combined approaches with functionally orien-
tated therapies [9].

Robotics for lower extremity rehabilitation, particularly
gait training, has been well reported in the literature [53-55].
Despite this level of evidence for robotic gait training in
stroke, there exists a significant limitation in generaliza-
tion and clinical application. The literature fails to distin-
guish between gamified robotic gait training (i.e., Lokomat,
Hocoma) and non-gamified robotic gait training (i.e., EKSO
NR Exoskeleton, EKSO Bionics, ReWalk Exoskeleton,
ReWalk Robotics). This lack of distinction limits the body
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Fig. 2. Example of an exer-
game, where wrist movements
(flexion/extension, pronation/
supination, radial/ulnar devia-
tion) control an airplane’s speed
and direction, moving it toward
a specific target

Rings Lvi 1
Speed Lvi 1

of evidence and clinical application of such findings as the
literature demonstrates the neuroplastic benefits of gamified
interventions [42].

Behavioral and Neurophysiological Effects
of Gamified Therapy

Playing video games is shown to have positive meaning-
ful behavioral effects across cognitive, motor, and affec-
tive domains [42]. Although neurophysiological processes
induced by playing video games are not fully established,
they are likely related to alterations of neural processing
in the ventral striatum (VS), the area involved with dopa-
minergic pathways and associated with reward processing
and motivation [56]. PET studies showed that playing video
games led to a substantial increase in endogenous striatal
dopamine release, comparable to amphetamine and meth-
amphetamine injections [57], and other neuroimaging stud-
ies support that idea by showing that video game playing is

0:06

associated with structural alterations in the striatal reward
system [58].

Improved attention, visual-motor, and cognitive-motor
performance also have been described, with potentially
durable improvements that can transfer beyond gaming envi-
ronments into daily living [42]. Overall gaming literature
reports on better integration between attentional and sensori-
motor areas and improvements in peripheral visual attention.
Volumetric increases in hippocampus and temporal lobe
suggest improvements in visuospatial and navigation skills
[59] and changes in prefrontal areas are linked to improve-
ments in cognitive control and working memory. Lastly,
gamified therapies can lead to increased cortical recruitment
to optimize neuroplasticity, especially when combined with
aerobic exercise and motor skill practice [60].

It stands to reason that all of the aforementioned effects
of gamification have the potential to enhance the efficacy
of neurorehabilitation if they can be successfully integrated
into existing stroke rehabilitation paradigms. However, in
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the domain of rehabilitation, serious games, and exergames,
the term “gamification” is often used broadly. Many reha-
bilitation programs claim to be “gamified,” when they are
simply providing a user interface that provides patients with
interactive and continuous feedback about task performance
parameters. Such simple attempts at gamification are much
less likely to produce the neurobiological responses to gami-
fication that have been discussed, which may not produce
the desired outcome of gamification as has been observed
in other fields [61-63] Thus, as studies begin to explore the
utility and efficacy of gamification in stroke rehabilitation, it
is crucial that patient feedback related to engagement is also
included as a variable, since it has been shown to signifi-
cantly modulate therapeutic outcome [16, 17ee]. Literature
evaluating the relationship between quality of gamification
and its subsequent effect on the efficacy of gamified stroke
rehabilitation is notably lacking and more research in this
domain is required.

Overall Conclusions for Gamified Therapy
Efficacy

Overall, literature on gamified therapies has shown expo-
nential growth in the last few years. Despite limited sample
sizes and limited data to enable comparisons across differ-
ent gaming modalities and stroke populations, the available
literature favors gamified rehabilitation when compared to
conventional rehabilitation [42, 64, 65]. Gamified therapies
can promote major components of a successful rehabilita-
tion program: high intensity of task-oriented and purpose-
ful movements [22], optimal levels of enjoyment [16, 66],
engagement [41, 67, 68], and motivation [68, 69]. Impor-
tantly, gamified therapy is shown to be effective and able
to produce positive and long-lasting effects on motor and
functional outcomes even at chronic phases post-stroke (>6
months), when typically spontaneous motor recovery tends
to slow down and motor gains are more difficult to achieve
[42, 51, 64]. Qualitative findings also show that gamified
home-based therapy increases participation and independ-
ence in daily activities, alleviates social isolation, and gives
patients a sense of ownership and control over the rehabilita-
tion process [68].

Adherence, Motivation, and Potential to Increase
Therapy Hours Through Asynchronous Therapy

High-intensity therapy is needed to induce neuroplastic
changes and harness motor recovery after stroke [70] but
traditional rehabilitation approaches may not produce ade-
quate doses of task-specific practice [71]. Lack of motiva-
tion and adherence to therapy are major barriers to optimal
rehabilitation after stroke [72], as it can significantly hinder

@ Springer

therapy intensity and negatively impact the number of rep-
etitions. Playing games enables repetitive exercises to be
more engaging and motivating [68] and therefore patients
are more likely to achieve sufficient rehabilitation dosage
[69]. Lohse and colleagues [72] proposed that integrating
games into rehabilitation therapies can increase time spent
in therapy by increasing the likelihood of (1) starting a ther-
apy session (engagement), (2) staying in therapy (increased
engagement and delayed disengagement), and (3) coming
back for another session (reengagement). With that in mind,
optimizing gaming setups to be engaging and motivating can
play a direct influence on gamified rehabilitation outcomes.

Patient’s adherence to gamified interventions depends
on multiple personal factors including intrinsic motivation,
technology literacy, and underlying mental or cognitive
impairments. In addition, different gaming systems will lead
to different levels of engagement and enjoyment, as not all
games are made the same [67]. Current evidence indicates
that gaming features such as fantasy (versus realistic or
mixed) scenarios and team (versus individual) activities are
correlated to larger effect sizes [65] and that playing compet-
itive exercises, especially against non-impaired adversaries,
may lead to higher enjoyment and motivation [73]. Janssen
et al. determined that a context- and interest-related game
results in increased engagement and motivation, which can
be utilized to activate reward systems in the brain, encourag-
ing more therapy. More work needs to be done to determine
optimal gaming settings.

Cases Against Integration of Gamified Therapy
into the HEP

Key Barriers to Adoption in Current-Day Clinics

The long-standing time gap between innovation and adop-
tion, often referred to as “the Valley of Death,” has proven to
be a significant barrier to the acceptance and application of
novel treatment approaches across the healthcare ecosystem.
While advances continue to be made across the biomedical
research space, the time of technology transfer from bench to
bedside is an estimated 17 years [74]. This significant lag in
time to adoption has resulted in inferior intervention strate-
gies that fail to capture the necessary intensity or repetition
required to support fundamental principles of motor learn-
ing, neuroplasticity, and ultimately, motor recovery.
Despite a growing body of evidence to support the utili-
zation of gamified rehabilitation technology in the care of
patients following stroke, translation into standard of care
physical therapy practice and home-based telerehabilitation
programs remains limited. A number of barriers have been
identified in adoption of gamified telerehabilitation in clini-
cal/institutional and patient facing domains of clinical prac-
tice. The acceptance rate of novel technology by physical
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therapists and rehabilitation professionals has been stunted
by a lack of technological competence and knowledge base
among clinicians. Lack of technological fluency results in
lower rate of adoption of telerehabilitation strategies and
a greater degree of resistance to deviate from previously
established in-clinic practice patterns [75]. Likewise, patient
buy-in of both physical space and technology competence
has further limited more widespread adoption despite sup-
porting evidence. Without the guidance of a physical thera-
pist either on site or virtually, patient compliance is at risk.
These barriers must be accounted for in order to successfully
implement a gamified telerehabilitation program.

Self-efficacy and technology competence are two major
barriers to the clinician specific adoption of gamified reha-
bilitation and virtual reality rehabilitation technology in
clinical practice [76¢]. In a study by Levac et al., a clinician-
reported survey assessing the barriers to adoption of virtual
reality-based gamified rehabilitation in practice identified
ease of use, lack of knowledge regarding virtual reality tech-
nology, and need for clinical support for successful adoption
as primary personal factors limiting adoption of technology
in practice [77]. This lack of knowledge may be due to lack
of experience, or lack of access to continuing professional
development with a focus in technology and clinical applica-
tions. The degree of technological competence of physical
therapists in the neurorehabilitation space has become a pri-
mary target of knowledge translation (KT) task forces both
at the institutional and personal levels [76e, 77]. The goal of
such knowledge translation task forces should be to identify
gaps in clinic-based utilization of technology to optimize
adoption of technology in the home, telerehabilitation space
[76e, 77]. Additional barriers faced by clinicians in adopting
gamified telerehabilitation practice may be in preconceived
attitudes and culture toward technological adoption [76e].
Optimal integration and adoption of gamified rehabilitation
both in clinic and in the telerehabilitation space are largely
influenced by institutional and cultural support of integra-
tion within the clinical setting. Clinical settings that provide
clinicians access to gamified rehabilitation platforms with
the appropriate education for use likely see an increase in
utilization in patient care.

Cost has further been identified as a factor influenc-
ing the adoption of technology in clinician practice [42,
76¢]. The initial upfront cost of gamified rehabilitation
technology can be a significant expense for clinics. Com-
bined with a lack of clinician driven adoption as dis-
cussed previously, organizations may be less incentivized
to invest in technology as return on investment has been
identified as cause for concern. Until recently, no current
procedural terminology (CPT) codes existed to support
the cost of home-based rehabilitation technology. In the
2022 Physician Fee Schedule, the Centers for Medicare
and Medicaid (CMS) have proposed novel category III

remote therapeutic monitoring (RTM) codes to support
reimbursement for the setup, education, and asynchronous
use of rehabilitation technology in the home. The advent
of RTM CPT codes presents a needed solution to address
cost disparities often identified as barrier to clinical adop-
tion of advanced neurorehabilitation technologies.

Patient use of technology and the barriers of asynchro-
nous technology may further limit adoption of gamified
rehabilitation. In a systematic review by Chen et al., physi-
cal space and technical proficiency were identified as two
primary limitations for patient compliance and adoption
of in-home technology for rehabilitation [68]. Physical
barriers included gamified rehabilitation devices that
took up large amounts of space and those that posed as
physical barriers within the home [68]. Technical profi-
ciency of the patient and/or caregiver must be accounted
for when designing and implementing a gamified teler-
ehabilitation program. For many patients interacting with
technology from device setup to utilization [68]. Devices
that require specific sequencing for setup, turning on/off,
and charging batteries may pose a challenge for patients
who are unfamiliar with technology systems. Patient bar-
riers further identified include limitations of not having
a “live” therapist treating [68]. In a study by Hung et al.,
patients and clinicians were surveyed regarding opinions
on rehabilitation [78]. When asked about the limitations of
home-based rehabilitation versus rehabilitation provided
in clinic, patients identified “No therapists’ instructions,”
“Lack of facility modalities,” “Tend to slack off,” and
“No corrections on posture” as the primary drawbacks
of a telerehabilitation program when compared to face-
to-face rehabilitation following stroke [78]. The limita-
tions of asynchronous participation in gamified therapy
are further underscored by findings of Cramer et al. in
which the clinical decision making of a skilled therapist
was highlighted to optimize adoption of gamified technol-
ogy [17ee]. Identification of these barriers emphasizes the
necessity for gamified rehabilitation to be patient centered
and adopted into clinical practice rather than arbitrarily
given to patients without guidance.

In light of pre-existing barriers to adoption identified
above, the COVID-19 pandemic presented an opportunity
for the rapid adoption and implementation of technology-
enabled rehabilitation and telemedicine solutions across
the continuum of care. Uptake of technology-based care
and delivery substantially increased from the onset of the
COVID-19 pandemic through present time [79]. This accel-
eration in clinical utility of technology-based solutions far
surpassed the aforementioned 17-year time gap of stand-
ard practice. As such, an opportunity presents to further
defy barriers of adoption to accelerate clinician and patient
acceptance of advanced technology solutions for optimized
care.

@ Springer



192

Current Neurology and Neuroscience Reports (2022) 22:183-195

How Do Gamification and Conventional PT Co-exist

As the role and practice patterns of physical therapists in
neurorehabilitation and the healthcare space have contin-
ued to develop over time, cultural shifts and education are
paramount to ensure that gamified rehabilitation and con-
ventional physical therapy paradigms co-exist symbiotically.
The advancement of biotechnology as it pertains to gamified
rehabilitation is dependent on the physical therapy profes-
sion’s ability to work alongside scientists, engineers, and
researchers to develop and support new rehabilitation tech-
nologies from design to implementation [80]. The American
Physical Therapy Association (APTA)’s Physical Therapy
and Society Summit (PASS) Meeting in 2006 clearly out-
lined the profession’s commitment to the adoption and inte-
gration of novel technology into clinical practice [81]. The
PASS Steering Committee emphasized the collaborative,
interdisciplinary role physical therapists across the contin-
uum of practice play in technology and gamification. The
Steering Committee emphasized the concept that therapists
should not merely “use” technology but rather serve to col-
laborate to become leaders in the development, testing, and
implementation [81]. This allows therapists to utilize their
skillset, clinical experience, and expertise in movement sci-
ence and rehabilitation to identify barriers to practice and
facilitate technology and gamification as adjuncts to existing
therapeutic and motor control paradigms implemented in
conventional practice. As highlighted in the APTA’s Vision
Statement, innovation across practice settings, paradigms,
education, and research is of central importance for the
advancement of the field [5].

In the clinical space, acceptance and adoption of technol-
ogy will allow for advancement of both gamified treatment
modality development and clinical practice in its entirety.
Technology and gamified rehabilitation does not aim to
replace clinical decision making, clinical practice, and
skillset of a physical therapist. Gamified rehabilitation and
rehabilitation technology serve as augmentative tools and
platforms that augment clinical practice, allowing for opti-
mized interventions. The successful coexistence of gamified
rehabilitation and technology in physical therapy practice is
dependent on the clinician’s ability to view technology as a
compliment to clinical practice as opposed to a replacement.

Conclusion

The body of literature surrounding gamified rehabilitation
therapy is rapidly expanding and there is strong evidence
suggesting efficacy. However, in spite of the continued clini-
cal and research development, there remain challenges to
adoption and widespread implementation. As research into
gamification becomes more sophisticated, further research
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is required to evaluate the specific neurobiological under-
pinnings of gamified environments that are being used in
neurorehabilitation. In addition, in the field of rehabilitation
robotics, no studies have attempted to control for the effects
of gamification paired with robotics compared to robotics
alone. A more detailed understanding of these issues would
likely result in more efficacious gamified neurorehabilita-
tion environments and a stronger argument for mainstream
adoption.
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