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Abstract

Augmented reality is increasingly used in health care, yet little is known about how AR is being used in physical therapy
practice and what clinical outcomes could occur with technology use. In this scoping review, a broad literature review was
conducted to gain an understanding of current knowledge of AR use and outcomes in physical therapy practice. A structured
literature search of articles published between 2000 to September 2023 that examined the use of AR in a physical therapy
context was conducted. Reference lists of articles for full review were searched for additional studies. Data from articles
meeting inclusion criteria were extracted and synthesized across studies. 549 articles were identified; 40 articles met criteria
for full review. Gait and balance of neurological and older adult populations were most frequently targeted, with more recent
studies including orthopedic and other populations. Approximately half were pilot or observational studies and half are
experimental. Many studies found within group improvements. Of studies reporting between group differences, AR in-
terventions were more effective in improving function almost half of the time, with 20%, 27% and 28% showing efficacy in
disability, balance, and gait outcomes. AR in physical therapy holds promise; however, efficacy outcomes are unclear.

Keywords
Augmented reality, technology, physical therapy, rehabilitation

Date received: | February 2024; accepted: 16 April 2024

independence in patient’s daily lives. AR technology can
enhance physical therapy practice by improving providers’

Introduction

Augmented reality (AR), a technology that superimposes a
computer-generated image on an image in the real world,
allows interactions between virtual images or objects with
real world images. AR differs from virtual reality (VR)
technologies in that VR imitates the real world by putting
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people in an imaginary world, whereas AR is designed to
supplement the real world." AR is used in advertising to
help consumers virtually project imaginary elements into
the real world, such as a couch into a room of their home or
can be used to measure the length of a wall with a camera. In
medicine, AR is being used to enhance surgery and surgical
training,” > teach anatomy and physiology®’ and veterinary
medicine.”

AR presents many applications for the discipline of
physical therapy. Physical therapists assess, diagnose, and
treat movement disorders to optimize functional
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abilities to provide feedback to patients while performing
activities. For example, markers projected onto a treadmill
or floor can cue a patient to step at certain times as they
walk.” Markers projected on a screen or wall can facilitate
movement of weak extremities to reach a desired target
while guiding limb segments to follow specified biome-
chanically efficient pathways.'® AR applications could al-
low patients to visualize a weak or painful limb such as a
hand with a weak grip due to hemiparesis from a stroke to
practice grasping virtual objects."’

AR could also be used to provide quantitative feedback
to patients and clinicians of movement performance during
a clinical test. For example, a patient’s biomechanical
musculoskeletal system could be superimposed on their
own image while they are performing a squat.'* As the
individual squats, valid biomechanical measurements of
flexion, rotation, and abduction could be obtained at the
trunk, hip, knees, and ankles providing data to develop a
rehabilitation treatment plan, practice movement perfor-
mance, and evaluate outcomes over time. Use of AR could
be beneficial to physical therapy both in evaluation as well
as movement performance, particularly if the technology
can be deployed successfully in a remote telehealth
manner.

Digital telehealth is a rapidly growing field, accelerated
by the COVID pandemic. The COVID pandemic lock-
down and restricted access to healthcare accelerated the
need and desire to perform clinical care remotely in
people’s homes.'* As care was increasingly delivered in
the home, clinicians recognized the opportunity to use
telehealth to allow access to care, provide greater flexi-
bility and convenience to receiving care, and a broader
understanding of the contextual home environment of the
patient.'* Collecting objective data (e.g., range of motion,
balance) in one’s home was challenging with use of
standard telemedicine platforms including Zoom and
google hangout.

AR could have several applications in physical therapy,
yet little is known about how AR has been used in
physical therapy and whether efficacy outcomes are es-
tablished. In a recent systematic review of 11 studies with
meta-analysis of four randomized controlled trials pub-
lished in 2021,"° the authors found AR in conjunction
with physical therapy treatment targeting balance and
function had a small non-significant beneficial effect on
balance and a small statistically significant effect on the
timed-up-and-go test among adults with stroke'®'” and
older adults.'®' In the study, high heterogeneity was
noted with limited generalizability. Given the rapid
growth of AR in healthcare and the potential of AR to
augment physical therapy care, it would be beneficial to
understand historical development of the technology, the
areas of focus and applications, current evidence, and
future directions of this technology in physical therapy

practice. To address these needs, we conducted a scoping
review to (1) examine how AR technology is evolving in
the field of physical therapy among adults, (2) describe
the types of AR technologies that are being evaluated for
use in physical therapy applications, and (3) describe the
outcomes of physical therapy related AR technology to
date. Since the research on the application of AR in
physical therapy practice is in its infancy, our aim with
this scoping review was to examine broad applications of
AR on physical therapy and forecast how applications of
the technology are evolving.

Methods

A scoping review was conducted using recognized
guidelines.”® Following Peter et al.’s guidelines,® the
intent of scoping reviews is qualitative in nature and
targeted to “assess and understand the extent of the
knowledge in an emerging field or to identify, map, re-
port, or discuss the characteristics or concepts in that
field.” We approach this study, from this broader quali-
tative framework.

Search strategy

An experienced librarian was consulted to conduct a
structured search of published scientific literature from
2000 to September 2023 was performed in PubMed,
Pedro, Cochrane, and CINAHL databases. The keyword
strategy used to identify how AR has been incorporated
into physical therapy practices included “augmented
reality” AND (“physical therapy” OR “rehabilitation”
OR “exercise”) AND (“pain” OR “recovery of function”
OR “gait” OR “prognosis”). Articles were limited to
English language. See appendix for full search strategy in
each database. Reference lists of articles selected for full
review were searched to identify additional studies.
Review articles identified in the search were not included
in the data extraction process but reference lists were
searched for additional articles to be considered for full
text data extraction. (See Appendix 1 for full search
strategy)

Criteria for considering studies

Articles were selected for inclusion if (i) the subjects in-
cluded adults (over age 18) undergoing treatment that could
be provided by a physical therapist, (ii) the technology
tested was a type of AR, and (iii) if the study was designed
to examine an outcome of AR in the context of physical
therapy treatment. Articles were excluded if the article only
discussed technology developments of AR, if the tech-
nology used was solely VR, the study sample was not a
population generally treated by physical therapy, or the AR
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technology would not be used to treat a patient condition
seen by physical therapists.

Study selection and data extraction process

Articles identified in the literature search were uploaded to
Covidence to organize, review, identify duplicates, and
select the articles. Titles and abstracts of all articles in the
initial search were reviewed by three trained reviewers
(PYH, JS, MW). Two reviewers independently reviewed
each study title and abstract to decide which articles would
be included for full review. Disagreements were discussed
and, if needed, adjudicated by the full study team. Full text
articles were reviewed by two independent reviewers for
inclusion into the data extraction process. Disagreements
were discussed and, if needed, adjudicated by the full study
team. A data extraction table was developed to guide ex-
traction of data from full text articles. The following fields
were included in the data extraction table: (i) study design,
(i1) study sample characteristics, (iii) primary diagnosis and
sample size, (iv) AR technology description, (V) interven-
tion vs. assessment, (vi) outcomes, and (vii) general notes.
Three trained reviewers independently extracted data.
Disagreements were discussed and, if needed, adjudicated
by the full study team.

Assessment of the methodological quality

As a scoping review, we did not assess the methodo-
logical quality of the articles included for full review,
however, we included the data extraction table (Table 1)
which includes methodological details of the studies
included.

Data analysis

Data were analyzed descriptively and qualitatively. To
examine efficacy outcomes, results of primary outcomes
from the clinical trials were used. Between group scores
were used to establish efficacy; within group scores were
deemed not to establish efficacy between groups but treat.
Themes were generated across all domains through careful
synthesis as well as summary counts. Consensus was used
for all elements of synthesis.

Results

549 articles were identified through the search strategy;
40 articles met study criteria for full review. (See
Figure 1) 10 articles included general adult sam-
ples (four pilot studies,”’ > six  experimental
studies).'>'®1%227 (Table 1); 22 studies included adults
with chronic neurological conditions (15 pilot case or ob-

servational studies studies;” ''"**3° 7  experimental

studies.'®!74%4%) (See Table 2) Four articles were of or-
thopedic populations, (1 pilot study® 3 experimental
studies).**™*® (Table 3) One study examined clinical out-
comes of pulmonary function after knee surgery,*® one study
was among women recovering from breast cancer surgery,’”
one study of older women with sarcopenia,”’ and one patient
with burns.>* (Table 4)

2005 was the first publication of AR in a physical therapy
context—a case study of adults with stroke using a head
mounted device that facilitated visualizing the patient’s
hand over a virtual object (Figure 2).>® Between 2005 and
2015, 10 studies were published: eight studies of chronic
neurological patients”™!"'%!7283%40 and two studies of
general adult populations.'®?' Between 2016 and 2023,
30 additional articles were published: 14 studies of chronic

neurological patients,'*'%4!"#4; eight studies of general

adults,'>'%22727; four studies of orthopedic patients,4548;
one study of pulmonary function among surgical patients,*’;
one study of patients recovering from breast cancer sur-
gery,”’; one study of older women with sarcopenia,’’; and
one study of patients with burns.”® Of the 30 studies,
14 were published between 2022-2023,'2:23:27:37.39.43-50.52
The four studies of orthopedic populations*** were
published since 2022 as were the study of patients with
burns and breast cancer.’>*

Of the four experimental studies of older adults, two
studies showed between group differences in balance
showing increased improvements in the experimental AR
group,'®?° and two studies showed within group im-
provements but no between group improvements in
balance.'"* (Tables 1 and 5) Sample size ranged from 21 to
36. Of the two studies that showed the AR intervention had
greater benefits on balance, Ku et al.'® compared a 3-
dimensional AR training system using Kinect to a con-
ventional lower extremity strength and balance training
program three times per week, 30 min over 4 weeks. Chen
et al.? integrated AR into a Kinect system tai-chi coach
system with cues to align the body with the virtual coach
compared to traditional Tai-Chi in a treatment program of
3x/week, 30 min sessions for 8§ weeks. Within group dif-
ferences were found for AR interventions in balance,!*?’
strength,?® gait,'” falls efficacy,'>* and fall risk."® AR was
more effective in improving function in Ku et al and Chen
et al."®? The two studies of young adults tested an AR
exercise program for 4 weeks compared to physical ther-
apy”’ and physical therapy, feedback with a mirror, and no
feedback or therapists.'? (Tables 1 and 5) Nekar et al.'
showed AR exercise increased muscle strength compared
to no feedback and mirror training groups and increased
balance compared to the no feedback group; effects of
strength and balance were similar to therapist delivered
program. The types of AR applications varied across all
studies, with no studies reporting the same AR system.
(Table 1) Sample size ranged from 20 to 48. The findings
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Table 1. AR applications in general adult populations.

Sample/ Clinical outcomes (between groups
Author (year, Study Sample primary Intervention noted in text, otherwise within group
citation) design characteristics diagnosis AR technologies characteristics results are reported)
Pilot studies
Im et al. Pilot study Age: 5676 years;  Older adults 3-dimensional interactive augmented |0 sessions, 30 min/ * Improved balance and mobility
(2015)?' mean 65 years reality system with motion tracking session over 4 weeks (TUG)
N=18F((n=9;M kinetic sensor (xbox 360); 3D * Increased active ROM in hip flexion,
(n=29) depth map and 3 games. external and internal rotation, and
knee flexion over time with games
Blomqvist  Pilot study Age: 66—86 years Older adults HoloLens gaming (ball games) 2x/week X 6 weeks * No improvement in balance or falls
etal. N=7F(n=5;M with efficacy
(2021)* (n=2) balance
deficits
Kowatsch ~ Cross- Age:mean 37 Physical Smartphone and AR glasses for Experiment #1: Single * Increase in exercise accuracy over
etal. over El:n=15 therapy coaching and tracking to complete session 4 weeks
(2021** within-  E2:n = | patients exercises Experiment #2: 4-week
subject (non- follow-up
specific)
Park and Pilot study Age: 65+ years; Older AR game projected on the floor 30 min/sessions, 3x/week, ¢ Improved TUG, max inspiratory
Shin mean 70 years F: women X 6 weeks pressure
(2023)# (n=15) * No improvement in LE strength
Randomized controlled trials or quasi-experimental
Yoo etal. RCT Age: CG: 76 years; Older adults: AR with Otago exercise program CG: Otago exercise * EG: Improved balance, gait (velocity
(2013)"? EG: 73 years program 60 min and cadence), falls efficacy
F: (N =21) sessions, 3x/week, * CG: Improved balance and gait
12 weeks (velocity and cadence); no
EG: same CG program improvement in falls efficacy
with AR technology * Greater within group change noted
in EC in balance and gait measures
Lee etal. RCT Age: CG (self- Older adults AR platform with Otago exercise CG: Self-exercise Otago  * Knee and ankle strength improved
(2017)% exercise) 76 years program exercise all groups
EG (yoga): 76 years 30 min, 3X week X * Balance and falls efficacy improved
EG (AR): 73 years 4 weeks AR group
F: (N = 30) EG (yoga): Yoga
EG (AR): AR platform with
Otago exercise
program
Ku et al. RCT Age: range 56— Older adults  3D-ARS training system using kinect CG: conventional physical + Between group: Improved balance
(2019)'® 76 years; (N = 36) control sensor fitness lower extremity and TUG EG vs CG
CG: mean 65 years 3D environment displayed on a strength and balance 3X « Stability, fall risk improved both
EG: mean 65 years screen. week, 30 min X4 weeks  groups, greater improvement within
EG: 3D-ARS training AR group
Chen et al. RCT Age: >65 years; Older adults  Kinect system tai-chi coach display =~ CG: traditional tai-chi 3x/ * Between group: Improved balance
(2020)* (N =128) overlay scenario for the participant ~ week, 30 min x 8 weeks  and TUG in EG
CG: 75 years to follow and align body with the  EG: kinect tai-chi same * Strength improved both groups,
EG: 72 years virtual coach intensity and duration greater improvement in EG
Lee etal.  Single Age: (N = 39) Healthy AR exercise program CG: physical therapy * Improved balance both groups, no
2022)% blinded CG (n = 20): mean oun, EG: AR exercise program change in flexibilit;
young prog g Y
RCT 22 years EG (n = adult 35 min, 2x/week, for
19) mean 23 years 4 weeks
Nekar RCT Age: range 18-35 Healthy UNICARE-82 mobile AR system CG: 4 sets of squats, * Between group difference EG3 (AR)
etal (N = 48) young connected to Kinect camera V2. 30 reps, 3x/wk, 4 weeks  improved muscle strength
(2022)'2 CG: 24 years; adult Exercise protocol programmed without feedback compared to EGI and CG; EG3
EG (1): 25 years (male) into the device and respondents EGI: same training with (AR) improved balance to CG,

EG (2): 24 years
EG (3): 23 years

followed the cadence of program
by visual and auditory feedback

mirror
EG2: same training with
feedback by therapist
EG3: same training with
AR
4 x 30 squats with 2 min
rest, 3x/week, for
12 sessions

similar to EG2 and superior than
EGI but was not different from
EGI or EG2

No improvement in flexibility any

group

F: female; M: male; CG:

control group; EG: experimental group; TUG: timed up and go; ROM: range of motion; LE: lower extremity.
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Records identified from:
Databases (n=3)

Registers (Databases) (n=549)
Hand searching (n=1)

A 4

Records screened (n=410)

v

Records sought for retrieval

(n=112)

Records assessed for
eligibility (n=112)

|Screening | ||dentification |

| Eligibility

A

Studies included in review
(n=40)

‘ Include |

—

|——>| Records excluded (n=298) ‘

———>| Records not retrieved (n=0) |

Duplicate records removed before
screening (n=139)

Records excluded from review (n=70)

e Wrong study design (n=46)
Wrong outcomes (n=10)
Protocol for study only (n=6)
Wrong intervention (n=5)
No full text available (n=5)

Figure 1. Consort diagram.

in the pilot studies were similar to the experimental
studies.

Of the seven experimental studies of chronic neuro-
logical adult populations, six studies were of subjects with
strokes,'®!7*%*3 and one study was of subjects with spastic
paresis (n = 1).,** (Table 2) AR improved stride length
compared to control group in two studies examining gait
outcome.'*** One study showed between group differences
in gait velocity.'®*° Within group differences were observed
in muscle strength,17 muscle tone,!” balance,'®!” fear of
falling,** gait speed,** quality of life,*> and upper ex-
tremity function.*' (Tables 2 and 5) In one study of
people with hereditary spastic paraplegia, people who
received C-mill treadmill with AR did not show any
improvements in balance, gait or falls.** (Tables 2 and
5) Sample sizes ranged from 16 to 68 and were relatively
similar between studies that found between group dif-
ferences and those that did not. Intervention intensity
generally ranged from 20 min 3x/week to 60 min 5x/
week for four to 8 weeks. Types of AR applications
varied across studies. Results of experimental studies
were similar to pilot studies.

Among the three recent experimental studies of ortho-
pedic populations, (see Tables 3 and 5) one study showed an
AR knee surgical recovery program had significantly higher
improvements in pain and function compared to a traditional
knee surgical recovery program among people recovering

from knee surgery.*® Similarly, among people recovering
from rotator cuff repair, an intervention using AR with a
Kinect and 3-dimensional camera compared to a conven-
tional written home exercise program resulted in improved
clinical shoulder outcomes.*® On the other hand, there were
no between group differences in clinical outcomes among
patients recovering from total knee replacement surgery,
however, the AR group did have within group difference in
knee replacement clinical outcomes.*’ Sample sized ranged
from 40 to 115. Two studies used the UNICARE AR system,
an AR platform integrated into Xbox One Kinect with 3-
dimensional camera sensor serial plug-and-play device that
translates scene geometry into depth information to track the
movements of 25 joints with mixed results.*”** Duration of
intervention ranged from 6 to 12 weeks.

A randomized control trial of 70 patients recovering from
burns reported significant between group differences in
quality of life, function, body image, Hand function, work,
heat sensitivity, and face and neck domains at 6-weeks.’>
(See Table 4) Increased muscle performance was noted in an
AR based exercise program among 27 older adults with
Sarcopenia when exercising for 30 min 5 days/week for
12 weeks.”' (Table 4) On the other hand, within group
differences were found with an AR exercise based 12 weeks
program among breast cancer surgery patients.50

AR was utilized for a therapeutic context in all but one
study. Borresen et al.* examined the ability of AR to
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Table 2. AR applications in chronic neurologic populations.

Clinical outcomes (between
groups noted in text,

Author (year, Sample characteris- Primary otherwise within group
citation) Study design tics diagnosis AR technologies Approach results are reported)
Pilot studies
Luo et al. Case study Age: adults (no Stroke AR head mounted device 30 min, 3x/week, 6 weeks * AR did not show upper
etails)(N = allowing user to see own : on| extremity improvement.
2005)*8 details)(N = 3 llowing CG: AR only ity imp
hand with virtual object, EGI: AR + body power * AR + BPO or PPD showed
paired with body-powered device some improvement in
device (BPO) and EG2: AR +Pneumatic- upper extremity function
pneumatic-powered device powered device
(PPD)
Espay etal.  Case series aGe: mean 73 years  Parkinson’s Wearable, closed-loop, Twice daily, 30 min, 14 days * Improved walking velocity
range not provide isease accelerometer-driven, and stride len
2010)*° 2 provided  d | d d stride length
(N=13) wearable, visual-auditory
cueing device with project
tiled-floor pattern.
King et al. Case series Age: over 18 (N =4) Stroke Overhead mounted web 30 min, 3x/week, 4 weeks * Arm function improved in
camera witl computer subjects
2010)"" ith AR 2 subj
vision tracking position of
user’s hand or wrist during
active engagement with
virtual game for movement
Heeren et al. Pilot study Age: 55 years (N=16) Stroke C-mill VR+augmented reality | h, 10 sessions over 5- * Balance, gait speed, and
(2013)° treadmill with a screen in 6 weeks TUG, postural control
front together with improved
projections onto the
treadmill belt
ung et al. ge: adults; CG: mean  Stroke ead mounted display witl : 'weel * EG: Muscle activation of
| RCT Age: adults; CG Strok Head d displ ith  CG: EMG FES 3x/week EG: Muscl ivati f
ears (n = computer system to weeks astrocnemius, tibialis
2013)*° 58 y 5 AR comp y: 4 week g ius, tibiali
EG: mean 58.4 years display ideal and actual EG: AR based EMG FES anterior and gastrocnemius
n = ankle movement on x/week 4 weeks strength increased; no
5 kl 3x/week 4 k hi d
monitor change in ankle ROM
de Assis etal. Case study Case study #1: Age  Stroke AR technology that portrayed Physical therapy led treatment * AR training with
not reported- an environment in session conventional physical
2016)°"' d-CG AR envi i i ional physical
mean 59; EG mean which subjects could see 8 training sessions, 2x/week therapy showed trends for
51 (n=198) themselves and with augmented AR improved motor function
Case study #2: Age surroundings, for example, tracking compared to control
mean 54 years a mirror
(N=4)

Mousavi 2 group Age: mean 57 years  Stroke AR game projected on CG: computer game * AR group had 21% higher
Honduri observational (N=18) desktop area (3 rounds) game scores, 19% faster
etal study EG: AR game (3 rounds) reaching times and 15% less
(2016)°® movement variability

compared to the PC game.

Mouraux Pilot study Age: 34-75 years; chronic 3D glasses with AF 3D display 5 sessions, 20 min over * Pain improved after AR
etal N=22) neuropathic to capture movement of I week
(2017)'° pain in hemi-paretic limb and non-

unilateral hemiparetic limb
upper movement in real time
extremity

Kaneko et al. Case series Age: mean 55 years  Stroke Kinesthetic illusion induced 10 days (Mon—Fri) * Shoulder/Elbow/Forearm
(2019)* FF(n=4;M:(n=7) by visual stimulation and score on FMA and 2nd

conventional therapeutic through 5th finger flexor
exercise with muscles improved
neuromuscular electrical

stimulation

Tunur et al,, Pilot study Age, mean 69 years  Parkinson’s Google glass AR platform for 3 modules/day X 3 weeks * No improvement in
(2020) * N=7) disease gait and movement balance scores, quality of

life or mood.

Janssen et al.  Pilot study Age, mean 69 years  Parkinson’s HoloLens head mounted AR  single time use; 3 blocks, * Freeze if gait; AR improved
(2020)** (N=16) disease to display AR visual cues 15 trials compared to auditory cues

but not different than no
cues

AR group decreased peak
angular velocity and
improved step height

(continued)
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Table 2. (continued)

Clinical outcomes (between
groups noted in text,

Author (year, Sample characteris-  Primary otherwise within group
citation) Study design tics diagnosis AR technologies Approach results are reported)
Enam etal.  Case series Age: healthy control ~ Stroke AR features (e.g. stepping 3x/week X 4 weeks * The stroke experiment
(2021)* (n = 1): 55 years;  Healthy control stones) displayed on the subject showed greater
CG stroke (n = 1): treadmill belt and adjusted improvement in functional
59 years; EG stroke assessments compared to
(n = 2): 54 years: the stroke control
participant post
intervention.
Ko et al. Case series Age mean 55 (N =9) Stroke Halo Lens and EEG | session, several walking * Walking cadence improved
(2021)% monitoring, an auditory/ trials of | min but varied throughout
visual augmented reality individuals
interface, and gait analysis
platform triggered by
mixed reality gait task
Wang et al.  Observational Postural instability/ Parkinson’s C-mill VR +augmented reality 30 min/x7 days for | week  * Improved TUG, balance
(2022)*” case study gait disorder group disease treadmill with a screen in using the C-mill program and gait speed, tandem
age 60 years (n = front together with walking in both groups
29) non-PIGD projections onto the * Visually guided stepping
median age treadmill belt that provide and speed adaptations
62 years automated, standardized, improved in PIGD group
(n=123) and patient-tailored
walking adapt-ability
training
Lee et al. Pilot study Age: 71 years (N =9) Parkinson’s Google glass with 2 gait | session, comparing with and * “Walk with me” improved
(2023)* disease programs (walk with me, without AR average walking speed
unfreeze me) ¢ “Unfreeze me” worsens
walking speed
« Slight improvement in
UPDRS item 29 with walk
with me program
Randomized controlled trials or quasi-experimental
Kim and Lee RCT Age: adults (N = 28)  Stroke AR head-mounted display for CG: Treadmill training « Tibialis anterior and
(2012)"7 CG) mean 49 years; gait on treadmill with EGI: AR+functional electrical ~ quadriceps femoris
n=9 normal and animated gait stimulation (FES) and improve EGI and EG2
EG2: mean 51 years treadmill training * Medial gastrocnemius
(n = 9); EG2: mean EG2: FES and treadmill muscle tone decreased in
47 years (n = 10) training AR + FES group
20 min session 3x/week X * Balance, TUG improved in
8 weeks all groups
Park et al. RCT Age adults (N = 16)  Stroke AR HMD actual motion and  CG: conventional PT 60 min, * Between groups: Stride
(2013)* CG: mean: recorded postural control 5 days/week X 4 weeks length improved EG, no
48.75 years; training program EG: conventional PT as CG differences in other gait
EG: mean: 46 years with AR 30 min 3x/week, parameters
4 weeks * EG:limprovement velocity,
10-m walk test
* CG: no improvement in
gait
Lee et al. RCT Age: adults (N = 21)  Stroke SVGA head-mounted display CG: 30 min physical therapy ¢ Between group walking gait
(2014)'¢ CG: mean 54 years with postural control program 5x/week for velocity, step length, and
EG: mean 47.9 years 4 weeks stride length improved EG
EG: 30 min physical therapy vs CG
program 5x/week, 4 weeks ¢ TUG, balance, cadence
plus AR treatment 30 min improved within group
sessions 3x/week for * CG: No significant
4 weeks improvement in gait and
balance outcomes
Colomer Quasi- Age: >=35-<65;mean Stroke AR and Kinect depth sensor Phase A: conventional PT * Improvement upper
etal. experimental; 58 years (n = 30) for a projective tabletop 30 sessions (3-5 days/week  extremity function and
(2016)"' ABA reversal system with multitouch 45 min); Phase B: manual dexterity with AR

interaction

Conventional PT
30 sessions with AR (3—

5 days/week 45 min); Phase

A: repeated

intervention

Phase A (CG) no significant
improvement in upper
extremity function and
manual dexterity

(continued)
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Table 2. (continued)

Clinical outcomes (between
groups noted in text,

Author (year, Sample characteris- Primary otherwise within group
citation) Study design tics diagnosis AR technologies Approach results are reported)
Timmermans RCT Age: CG: 52 years; Stoke C-mill therapy (treadmill- CG: falls overground walking + EG improved context
etal. EG: 59 years (n = based training with AR gait- program 90 min, 2x/week specific walking speed
(2021)* 33) dependent projector- for 10 sessions * CG: no improvement
generated context on IG: C-mill AR walking
treadmill to elicit step program 90 min, 2x/week
adjustments) for 10 sessions
Lee et al. RCT Age: (N = 68) CG: Stroke AR home exercise system CG: written and pictorial HEP + Between group differences
(2023)* 66 years daily X 4 weeks improved TUG EG vs CG
EG: 60 years EG: 30 min/day, 5x/week X  * EG improved balance, fear
4 weeks; follow-up 4 weeks  of falling, quality of life
» CG: improved balance,
TUG, quality of life
Van de Venis RCT Age: (N = 36) CG: Hereditary C-mill-treadmill equipped CG: wait list * No within group
et al. 50 years; EG: spastic with AR EG: 50 min, 2x/week, improvements in obstacle
(2023)* 48 years paraplegia 5 weeks, with 15 weeks of  task performance, balance,

follow-up gait or falls

F: female; M: male; CG: control group; EG: experimental group; TUG: timed up and go; ROM: range of motion; FES: functional electrical stimulation; FMA:

Fugl-Meyer assessment.

accurately assess shoulder range of motion and strength
remotely. Gait, balance, and function were targeted most
frequently (Table 5).***>° One study examined the use of
an AR platform to improve pulmonary function among
people undergoing surgery at risk of pulmonary compli-
cations and found the AR intervention superior to con-
ventional care.*’

In summary, of published studies to date approxi-
mately half are pilot or observational studies and half are
experimental studies. (Figure 3) Of the experimental
studies, the clinical outcomes of balance, gait, function,
or disability/quality of life were reported 43 times, with
AR improving outcomes similar or superior to conven-
tional approaches in 93% (rn = 40/43). (Table 5) AR
interventions were more effective in improving function
almost half of the time (n = 6/14, 47%) with 20%, 27%
and 28% showing efficacy in disability, balance, and gait
outcomes. No study found between group differences
with AR in improving falls or falls efficacy. Improve-
ments in balance, falls, gait, function, and disability were
noted in 64% (n = 7/11), 83% (n = 5/6), 57% (n = 4/7),
50% (n="7/14) and 80% (n = 4/5) respectively. AR did not
improve clinical outcomes among people with hereditary
spastic paraplegia.**

Discussion

The literature evaluating the use of AR in physical therapy
applications is in its infancy but growing rapidly. This
scoping review shows there is promise in AR technologies
to improve clinical outcomes; however, it is unclear if AR is
superior to conventional treatments. Outcome assessments
are short-term and little is known about how AR could

augment conventional rehabilitation in the home setting.
Most of the research to date examines use of AR among
chronic neurological and older adult populations, with re-
cent advances in orthopedic and cancer surgery rehabili-
tation and burn rehabilitation. About half of the studies are
experimental and half are pilot or observational studies.

The types of AR interventions were highly variable
making it difficult to compare outcomes across studies. In
our study, balance, gait, and function outcomes were shown
to have the best evidence supporting AR interventions.
Disability outcomes were rarely studied and outcomes as-
sessed were highly variable across studies. As the field
grows, it is imperative to establish the clinical effects across
important patient clinical outcomes such as function, dis-
ability, participation, and quality of life.>

Our results are similar to Gil et al.,'>: and we concur that
generalization of findings is limited due to the small number
of studies, small sample sizes, and large heterogeneity in
study methodology. Our study differs from Gil et al.'” as the
nature or our scoping review was to examine the broad
context of AR applications in physical therapy, rather than
determine the efficacy of AR which was the focus of Gil
et al.’s' investigation that included a meta-analysis of four
studies. We aimed for a broader analysis to characterize
overall use of AR in PT in today’s clinical practice in order
to capture applications of AR in a broader context.

Most investigations of AR to date are in the controlled
experimental or clinical setting and conducted over short
time periods. In our study, there were no investigations of
use of AR as a supplement to conventional treatment to
support additional practice of evidence-based treatment in
the home setting, yet this is a critical need. Using tech-
nologies to facilitate home based treatment in conjunction
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Figure 2. Number of articles published by year.

Table 5. Summary of clinical outcomes reported in randomized controlled studies: between group differences, within group

differences, for no improvement for each outcome examined in the cited study.

Falls/Falls Disability/quality
Balance efficacy Gait Function of life
++; ++; ++;
Author (year, citation) +; —;/total ++; +; —;/total +; —;/total +; —;/total ++; +; —;/total
General adults young Yoo et al. (2013)"? + + +
older.......... Lee et al. (2017)%° + +
Ku et al. (2019)'® ++ + ++
Chen et al. (2020)¢  ++ ++
Lee et al. (2022)% +
Nekar et al. (2022)'%  ++
Total 3; 3; 0/6 0; 3; 0/3 0; I; 0/1 2; 0; 0/2 0; 0; 0/0
Chronic neurological Kim and Lee (2012)'7 + +
conditions Park et al. (2013)* ++ +
Lee et al. (2014)'® + ++ +
Colomer etal. (2016)*' +
Timmermans et al. +
(2021)*
Lee et al. (2023)* + + ++ +
Van de Venis et al. — - - —
(2023)*
Total 0; 3; 1/4 0;1; 12 2; 1; 1/4 I; 4; 1/6 0; I; 0/1
Ortho-pedic Li (2022)* ++
Shim et al. (2023)¥  + + + +
Shim et al. (2023)*® ++ +
Total 0; I; 0/1 0; 0; 0/3 0; I; 0/1 2; 1; 0/3 0; 2; 0/2
Other Park et al. (2023)%° + +
Jeon and Kim (2020)°' + + +
Zal et al. (2023)*2 ++ ++
Total 0; 0; 0/0 0; I; 0/1 0; I; 0/1 1;2;0 I; 1; 0/2
Total summary 3;7; 1/11 0; 5; 1/6 2; 4; 117 6;7;1/14 I; 4; 0/5

++: between group difference with augmented reality superior to control; +: within group significant improvement in augmented reality group; —: no
significant improvement; light gray shade: outcome not reported.
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= General adults (observational) m General adults (experimental)

m Neurologic (observational) = Neurologic (experimental)
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Figure 3. Number of studies of neurological, general adults,
orthopedic, and integumentary and other conditions
(observational study designs in gradient color; experimental study
designs in solid color).

with clinical care could enable greater practice of thera-
peutic skills and movement and perhaps integration of
therapeutic strategies into daily activities and improved
long-term outcomes.>* In this context, AR technology could
bridge the clinic to the home.>

One mechanism by which AR may effectively augment
physical therapy is by providing meaningful feedback to
patients and therapists to motivate and guide treatment
which can promote improved performance and motor
recovery.' %% Meaningful feedback is recognized as
important for motor recovery, correct performance of ex-
ercises for strength training, and behavior change.'? AR can
provide this type of meaningful feedback and could be used
in a remote digital telehealth application thereby providing
the clinician with a better understanding of movement in the
home and community setting. AR technologies could also
be motivating and foster adherence and increase effort at
specific tasks.**>> Newer applications of digital technolo-
gies support applications of AR with mixed digital pro-
graming such as virtual reality, perhaps even in a gaming
context to promote interest and engagement of therapeutic
activities in the home setting. Adherence of evidence-based
rehabilitation for people with chronic conditions is critical

for clinical outcomes, yet the majority of people with
chronic conditions do not engage in recommended pro-
grams. AR could be a tool to support adherence to rec-
ommended activities and could provide objective
information for providers and possibly provide incentives
for health plans.>®

Our finding that the type of AR technology was highly
varied between studies concurs with others.'”> High het-
erogeneity will limit the generalizability of findings, and it
may be helpful to have a classification system to define
technology types. Different approaches may result in dif-
ferent outcomes, and for physical therapy, it may be
meaningful to develop an AR classification system that
aligns with clinical and therapeutic needs that can then link
to physical therapy outcomes.’”

Only one study in our review examined the use of AR to
conduct a clinical exam in a virtual setting: a small pilot study
that examined reliability and validity over one time point.** The
ability to quantify biomechanical movement virtually could
guide clinical decision making and could have major implica-
tions on the measurement of clinical outcomes remotely. Use of
AR in this domain is promising but assessments must be valid
and reliable. Much research is needed in this area.

Digital health applications are anticipated to increase
substantially over the next decade. The use of AR in
physical therapy practice is in its infancy and research is
limited. With the explosion of technology development and
potential to augment physical therapy, it would be fruitful to
align research inquiries with the field of implementation
science.”® Implementation science, as applied to healthcare,
is the field of study that examines how novel approaches are
adopted and implemented by consumers (e.g., healthcare
providers, patients, and insurance regulators). Usability of
systems is paramount and perspectives of end-users of
technology provide valuable direction as to how the tech-
nology should be used. Integrating clinicians and patients in
technology development is essential. AR is a technology
that could be incorporated within existing treatment para-
digms and principles of implementation science can help
guide the understanding of barriers and facilitators to
adoption while simultaneously evaluating efficacy.

As technology is developed for implementation, re-
searchers and clinicians must consider and optimize acces-
sibility. Technologies need to be accessible across clinics and
user groups as well as accessible across function and cog-
nitive abilities. Additionally, to assure equitable access costs
of technologies need to be considered across user groups.

To our knowledge, this is the first study examining the
evolving context of the use of AR in physical therapy related
applications. Understanding the breadth of AR applications can
help researchers advance the field of study. However, our study
has a few limitations. First, while we employed a rigorous search
and screening process, we may have missed articles with our
scoping review methodology and broad exploration of our topic.
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Second, our study may have some biases as study quality and
meta-analytic approaches were not used to determine study
results. Third, definitions of AR in articles were not always
clear and as such we may have missed articles. Forth, given
the AR field in physical therapy is in its infancy and is
under a great deal of development, studies that did not find
within or between group differences may not be published
leading to potential publication bias.

In conclusion, AR is rapidly evolving in the field of
physical therapy and will likely continue as digital technol-
ogies are growing at an unprecedented rate. Many clinical
questions need to be answered, and to do so rigorous meth-
odological study designs of important patient and health
service clinical outcomes must be employed. First, AR
technologies, particularly those that are used to quantify
movement parameters need to be validated with gold standard
approaches. Second, efficacy and pragmatic studies are needed
to identify which clinical populations benefit from AR ap-
proaches, what dosing is needed for clinical outcomes, and
whether outcomes are short- or long-term. An important
opportunity for AR is to promote adherence to evidence-based
interventions. Studies should carefully study long-term ad-
herence and long-term outcomes as physical therapy inter-
ventions tend to be relatively short-term as adherence drops
after care is terminated. Further, as technologies are adopted
for practice, research efforts should identify implementation
strategies and outcomes.

AR holds promise in physical therapy. Without a doubt, the
next decade will see an explosion of AR, likely integrated with
other digital technologies, incorporated into clinical and
community treatment approaches. Perhaps the most appealing
application of AR is to augment clinical-based physical
therapy with guided practice of exercises and movement with
feedback to the patient and clinician for self-monitoring in the
community; yet little is known as to whether and how AR
could support clinical practice in this manner.
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