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Abstract 

Background: Falls have high socioeconomic costs. Information and communication technologies may support provision 
and monitoring of multisensory (MSR) physiotherapy programmes. The HOLOBalance platform used augmented reality 
holograms to provide patient-centred, individualised MSR. 
Objectives: To determine the platform’s safety, acceptability and feasibility, investigate functional gait and dynamic balance 
benefits and provide data for a definitive trial. 
Design and setting: Single-blinded pilot randomised controlled feasibility study. Interventions were conducted at clinical 
sites or participants’ homes in three European countries. 
Participants: Community-dwelling older adults (median age 73 years; 64.2% female) at risk of falls were enrolled (May 
2020-August 2021). 
Methods: Participants were randomised to an 8-week clinic or home-based telerehabilitation MSR or OTAGO (control 
group) programme. Compliance, satisfaction, and adverse events determined feasibility. Clinical outcomes, assessed (blinded) 
within one-week prior to and post-intervention, included functional gait assessment (FGA), Mini BESTest and cognitive 
function.
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Results: Randomisation to completion rate was 76.15% with 109 participants recruited (n = 289 screened). Drop-out rate 
was similar between groups. Adverse events were reported (n = 3) in the control group. Sixty-nine percent would recommend 
the HOLOBalance intervention. Findings were similar for the home and clinic-based arms of each intervention; data was 
combined for analysis. FGA (95%CI [1.63, 4.19]) and Mini-BESTest (95%CI [1.46, 3.93]) showed greater improvement in 
the HOLOBalance group with a clinically meaningful change of 4/30 noted for the FGA. 
Conclusions: HOLObalance was feasible to implement and acceptable to older adults at risk of falls, with FGA and Mini-
BEST improvements exceeding those for the OTAGO programme. A definitive trial is warranted.

Keywords: augmented reality; balance rehabilitation; older adults; falls risk; older people 

Key Points 
• Augmented reality rehabilitation is feasible and can be delivered in both a clinical and at-home setting for older adults who 

have fallen or have increased falls risk. 
• Functional gait and dynamic balance improvements were greater for the HOLOBalance augmented reality rehabilitation 

system vs. OTAGO programme. 
• Findings suggest that the HOLOBalance system may offer greater clinically meaningful improvements in falls risk within 

a reduced time frame, compared to standard care. A randomised controlled trial is warranted. 

Introduction 
Balance, vestibular disorders [1–5] and cognitive factors are 
leading causes for falls. Additionally, age-related decline in 
executive function and attention reduces dual-tasking bal-
ance and walking speed and is associated with higher falls 
rates and risk [6,7]. 

Balance relies on vestibular, visual and proprioceptive 
input processing and anticipatory postural adaptations to 
environmental challenges [8]. Individualised physiotherapy 
addressing balance control domains is an evidence-based 
reference standard for older adults with falls or increased 
falls risk [2]. Multisensory balance physiotherapy (MSR) 
combines conventional balance, with multisensory, dual-task 
and/or cognitive training exercises [9–12]. MSR has demon-
strated safety, feasibility, acceptability, and strong efficacy 
in older adults with greater reduction in falls risk and rate 
compared to control interventions including wrist stabilisa-
tion exercises, modified OTAGO programme, or usual care 
[9,10,13,14]. The OTAGO programme is a muscle strength-
ening, balance retraining, and walking program for falls 
prevention in older adults. MSR combined with interactive 
technologies enhances quality of life, physical activity levels, 
and reduces depression [15,16]. 

Despite demonstrable efficacy of individualised MSR for 
older adults [2,14], successful implementation remains chal-
lenging [2,17–19]. Suitable resources and expert skills to 
implement these interventions are lacking [17,18]. Poor 
exercise performance monitoring and progression results in 
significantly worse outcomes in unsupervised vs. supervised 
interventions [20]. 

Technology-based solutions including virtual and aug-
mented reality (VR, AR), gamification, sensor-based 
monitoring and real-time patient feedback can support 
MSR provision, mitigating these issues. These solutions 
provide motivation and promote exercise adherence, towards 

long-term behaviour change [21]. ‘Designed for purpose’ 
interactive technologies are needed, to support and guide 
clinicians’ prescribing and monitoring of MSR programmes. 
Previous studies used commercial exergames that do not 
allow for customised, comprehensive MSR while various 
other fall detection and prevention technologies (i.e. tablet-
based) for older adults are mostly static and provide no 
user-clinician interaction [22]. 

The HOLOBalance AR system [23] was designed to 
provide individualised MSR exercises and exergames that 
address the needs of older adults with increased falls risk 
and enables exercise performance monitoring and user-
interaction with body worn sensors (pressure measuring 
insoles, inertial measurement unit (IMU), heart rate 
monitor). 

This study compared the HOLOBalance (intervention 
group) versus OTAGO programme (control group) [24] 
in community-dwelling older adults at risk of falls. Study 
aims were to (i) determine the system’s safety, acceptability, 
and feasibility; (ii) assess if balance, gait, disability, cognitive 
function, and fear of falling can improve more compared to 
standard intervention and (iii) provide preliminary data for 
a definitive randomised controlled trial. 

Methods 
The study was conducted in academic clinical settings in 
Germany, Greece and the UK as described in the published 
protocol [23]. 

Trial design 
A randomised controlled pilot study, adhering to the 
Consolidated Standards of Reporting Trials (CONSORT) 
[25]. A clinic and home-based MSR programme, delivered 
via HOLOBalance was compared with a standard care 
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(home-based) and modified (clinic-based) Otago pro-
gramme [26]. Ethical approval was granted by Human 
Research Ethics Committees in Germany (265/19), Greece 
(9769/24-6-2019), and UK (19/LO/1908). All participants 
provided written informed consent on arrival at their 
baseline assessment session. 

Patient and public involvement 
Age UK London recruited older adults (n = 75) between 
April 2018 and November 2019 to attend plenary meetings, 
focus groups, and workshops. Older adults were involved in 
(i) testing potential sensors and headsets for the HOLObal-
ance system and its feasibility for home use, (ii) completing 
questionnaires and providing feedback on the system’s via-
bility and study protocol and (iii) the user testing phase of the 
system. Feedback was positive, with older adults expressing 
a keen interest in the technology and willingness to use the 
device. Specific feedback regarding usability and design was 
considered by the research team to assist in HOLObalance 
system development (i.e. headset choice, sensors, sensor 
placement, home set-up and hologram images). 

Study settings and enrolment 
Between May 2020 and August 2021 (funding endpoint), 
participants were enrolled into the study from aged care 
organisations, support groups and academic clinics at each 
site. 

Study criteria 
Independently living, community-dwelling older adults aged 
65-80 years at risk of falls (defined as Functional Gait 
Assessment (FGA) score ≤ 22/30 [27], Falls Efficacy Scale 
(FES-1) score ≥ 20/64 [26]; and/or reported >1 fall in previ-
ous year); able to walk ≥500 m continuously, independent 
or single-point stick assisted; able to understand and con-
sent; no or mild cognitive impairment (Montreal Cognitive 
Assessment (MoCA) score > 22/30 [27,28]) were recruited. 

Exclusion criteria were orthostatic hypotension (≥20 mm 
Hg or ≥ 10 mm fall in systolic or diastolic blood pressure, 
respectively, within three-minutes of standing [29]; uncon-
trolled hypertension; significant visual impairment; short-
form Geriatric Depression Scale score > 10/15 [30]; acute 
musculoskeletal injury; neurological condition; clinical drug 
trial participation within previous six months; currently 
receiving balance, or cognitive rehabilitation; implanted 
medical devices. 

Sample size, randomisation and allocation 
concealment 
No formal sample size calculation was performed. However, 
for quantitative studies, a sample of 30 per group may be 
adequate to establish feasibility [31]. This study therefore 
aimed to recruit n = 120 participants. Participants were ran-
domised (www.sealedenvelope.com) on a 1:1:1:1 ratio into 
an in-home or in-clinic delivered HOLOBalance or Otago 

programme by researchers external to the study at each 
site. Allocation concealed in consecutively numbered opaque 
envelopes was presented to treating physiotherapists (n = 2 at 
each clinical site) and participants after baseline assessment. 
Assessors were blinded to intervention allocation. Train-
ing was provided to all physiotherapists and assessors to 
ensure a consistent approach to enrolling, assessment, and 
intervention implementation. 

Interventions 
All participants were asked to practise prescribed exercises 
for 30-minutes daily over 8-weeks. Physiotherapists pre-
programmed the HOLOBalance in-home or clinic-based 
system with individualised evidence-based MSR exercises, 
cognitive, auditory, and gamified activities [23]. Range, 
degrees, movement speed, and number of repetitions were 
recorded with IMU sensors, positioned at the forehead 
within the head-mounted device and over the sacrum via 
an abdominal/pelvic belt. The home-based system provided 
real time instructions (see www.holobalance.eu ).

Training goals and individual programmes were set 
via an electronic dashboard (Figure1A). For all exercises, 
participants’ movement and physiological performance and 
symptoms provoked data was relayed, stored, and available 
via the dashboard as tables, graphs, or plots (Figure 1B). Data 
evaluation guided clinical decisions for weekly modification 
and progression of participants’ programmes. 

Control group participants received the OTAGO stan-
dardised written and pictorial instruction workbook of sys-
tematically progressed exercises [26]. 

Intervention delivery 
Site-based physiotherapists conducted all study interven-
tions. HOLOBalance in-clinic participants attended twice-
weekly sessions, delivered by the ‘holographic virtual 
physiotherapist’ projected into a purpose-built 2 x 2 
x 2 metre ‘HOLOBox’ (Figure 1C). Cognitive training 
(exergames; auditory training) was delivered via an AR 
headset [23]. The physiotherapist remained nearby to ensure 
participant safety with no therapist-participant interaction 
during the session. On non-attendance days, participants 
practised individualised MSR exercises at home. 

The HOLOBalance in-home system was installed by 
a visiting physiotherapist, who provided verbal and writ-
ten instructions for safe exercise performance, and train-
ing regarding application and use of wearables. MSR and 
cognitive training were delivered by a ‘holographic virtual 
physiotherapist’, through an AR headset (Figure 1D). Partic-
ipants were contacted weekly by phone to address difficulties 
and discuss MSR modifications and progressions. 

Otago [24], in-clinic participants completed exercises 
twice-weekly under physiotherapist supervision and at home 
on non-attendance days. The in-home group had an initial 
visit by the treating physiotherapist to ensure correct, safe 
practise of the exercises and completed these at home only. 
Participants logged their exercises in a diary for weekly 
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Figure 1. Image of HOLOBalance electronic dashboard (1A), sample of movement and performance data (B), example of in-clinic 
HOLOBalance training (C) and holographic virtual physiotherapist demonstrating MSR exercises (D). 

telephone-based review. Instructions and progressions 
adhered to the programme’s standardised process and clinical 
judgement. 

Outcome measures 
Primary outcomes were 

(i) acceptability: recruitment (percentage of eligible partic-
ipants enrolled); drop-out rates; intervention adherence 
(percentage of prescribed sessions completed) moni-
tored automatically through the system for in-home 
HOLOBalance participants and via an exercise diary 
for control and HOLOBalance in-clinic groups for 
non-clinic attendance days; 

(ii) Adverse events (AEs): participants were monitored for 
AEs via completion of adverse events forms on the sys-
tem database, during telephone or face-to-face contacts 
as part of the intervention phase and during follow-up 
assessments. Falls were also monitored by the platform; 

(iii) HOLOBalance feasibility: protocol deviation (PD) or 
study protocol implementation problems (e.g. logisti-
cal); 

(iv) Exit interviews with 13 structured questions were com-
pleted with all HOLOBalance group completers. Four 
questions exploring participants’ experience using the 
system (perceived benefits, frustrations, and recommen-
dations) are presented. 

Secondary outcomes 
Clinical assessments were completed in a single session, at 

baseline and within one-week of intervention completion, by 
the same assessor, using a standardised sequential process for 
demographic, physical, and cognitive outcomes. 

Objective measures included FGA [32,33] and Mini-
BESTest [34,35] which assess complex gait/dynamic balance 
and MoCA [27,28] for cognitive function. Subjective mea-
sures included the FES-1 [26] to measure concerns about 
falling; Activities Specific Balance Confidence Scale (ABC) 
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[36] for balance confidence; World Health Organisation 
Disability Assessment Schedule 2 (WHODAS-2.0) [37] to  
assesses disability across multiple domains; and Behavioural 
Regulation in Exercise Questionnaire (BREQ-3) [38] to  
measure exercise motivation. 

Statistical analysis 
Primary outcome analysis was mainly descriptive with partic-
ipant flow and screening, recruitment, adherence, and drop-
out estimates reported. No formal hypotheses testing on 
within- and between-group change was conducted as the 
study was underpowered to test for effectiveness [39]. Sec-
ondary outcome measure data was presented as mean (95% 
confidence interval [lower range, upper range]). IBM SPSS 
Statistics (version 29) was used for chi-square or Mann– 
Whitney U tests to assess drop-out rate, demographic infor-
mation, and ordinal and/or non-normally distributed vari-
ables between-groups at baseline. In view of non-significant 
differences between the two HOLOBalance (n = 30 at-home, 
28 in-clinic) and two OTAGO groups (n = 26 at-home, 
25 in-clinic), data was combined for each intervention and 
analysis performed on two groups. Missing data for collected 
variables was less than 5%, i.e. inconsequential [40]. Miss-
ing data from drop-out participants was excluded and not 
treated. 

A Dovetail application (https://dovetail.com ) that pro-
vides qualitative data analysis tools, analysed exit interview 
question responses, which were manually tagged, presented 
in chart form, and reported qualitatively as numbers, with 
inclusion of some verbatim exemplar statements. 

Results 
Recruitment, retention, drop-out rate and baseline 
characteristics 
Older adults (n = 289) were assessed for eligibility with 
n = 180 excluded and n = 109 randomised into a control or 
intervention group (Figure 2). Ineligibility reasons included 
age-range (n = 26), falls risk (n = 23) or MoCA (n = 6) 
criteria not met, neurological diagnosis (n = 10); orthostatic 
hypotension (n = 5), significant visual impairment (n = 3), 
acute musculoskeletal injury (n = 2), unwilling to travel to 
clinic twice-weekly (n = 13); currently receiving balance/cog-
nitive rehabilitation (n = 9). Table 1A-C details participants’ 
baseline characteristics. 

Recruitment was 39.7% in Athens, Freiburg 52.6% and 
London 7.7%. Recruitment differences were associated with 
Covid-19 restrictions on human research, with the Lon-
don site disproportionately affected. Target sample size was 
not achieved by n = 11. Randomisation to completion rate 
was 76.15%. Higher mean adherence was noted for the 
HOLOBalance (83.2%;SD 17.6%) vs. control (66.3%,SD 
26.1%) group. Drop-out rate was similar between inter-
ventions (Table 1A-C). Drop-out reasons are included in 
Figure 2. No PDs were reported. 

Adverse events 
No Serious AEs were reported. Three AEs were reported. 
In the control group, two participants dropped-out due to 
Covid-19 and n = 1 dropped out due to severe dizziness, with 
AEs reported as unrelated to the intervention as the OTAGO 
programme does not include exercises at intensities that may 
induce significant dizziness. 

Exit interview results 
All HOLOBalance group completers answered exit inter-
view questions. System experience was rated as very good 
to good by 38%, 27% reported technical problems, 11% 
stated it required improvements and 7% reported exercise 
related issues (overlong pause between exercises; additional 
progressions required). Problems or frustrations experienced 
with the exercises or games included technical difficulties 
(76%) with connectivity and insoles (31%), head-mounted 
display or sensor issues, disappearing hologram, lack of 
feedback, or system delay (22%). One participant stated, 
‘Positive experience even though there were problems with 
the connectivity of the sensors which caused delays.’ 

Seventy-one percent reported improved balance with 
33% attributing this to the HOLOBalance exercises and 
18% to other improvements including decreased fear of 
falling, dizziness or stress, more stable gait, or increased 
balance awareness. ‘My balance is much better because 
of my participation’ was a standout statement from one 
participant. Two participants (4%) believed their balance 
had either not changed or worsened. Overall, 69% of 
participants would recommend the system to others as 
they believed it is helpful with one participant stating, 
‘Yes because I had improvement and I have friends with 
similar problems’. However, 31% would not yet recommend 
it since they believed it must be improved primarily 
regarding technical difficulties stated above and for a more 
user-friendly home-based system. 

Between-group findings for secondary outcomes. 
A greater mean pre-post treatment change was observed 

in the HOLObalance vs. OTAGO intervention (Table 2A) 
for the FGA (mean difference 2.91, 95% CI [1.63. 4.19]) 
and Mini-BESTest (mean difference 2.69, 95% CI [1.46. 
3.93]). Between-group pre-post treatment change was simi-
lar in both groups or much less than that for the FGA and 
Mini-BEST for all other secondary outcomes (Table 2A). 

Discussion 
The HOLOBalance proof of concept study evaluated the 
efficacy of AR delivered, sensor-based monitored, with real-
time feedback MSR compared to the widely used OTAGO 
programme. The first platform iteration demonstrated mod-
erately strong approval by older adult users with 69% report-
ing they would recommend it to others, and greater improve-
ments for complex gait and dynamic balance outcomes for 
the HOLOBalance vs. OTAGO programme at eight-weeks. 
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Figure 2. CONSORT diagram to demonstrate participant flow through the HOLOBalance study (modified from CONSORT 
2010) [25]. 

HOLOBalance platform approval agrees with previous stud-
ies which suggest that combined contextual information for 
fall risk assessment, fall prevention instructions, and patient 
attributes improves acceptance of such technologies by older 
adults [ 41,42]. 

MSR provision using information and communication 
technologies is a rapidly evolving field [43]. Remote assess-
ment and management of patients with balance disorders 

and falls is now mandatory standard practice [44] in line  
with worldwide strategic priorities for digital healthcare [45]. 
These technologies support multifaceted individualised reha-
bilitation but require evaluation for feasibility, acceptability, 
effectiveness, and safety [46] prior to clinical implementa-
tion. Study data support the HOLOBalance system’s fea-
sibility and safety with no PDs or AEs directly related to 
the intervention. Standard operating procedures, training 
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Table 1. Participant characteristics for the combined group data for the OTAGO and HOLOBALANCE programmes (A), 
and separately for the OTAGO (B) and HOLObalance (C) at home and in clinic group data 

A. 

Variable OTAGO combined groups; 
(n = 51) 

HOLOBalance combined groups 
(n = 58) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Age (y) (median, range) 73.06 (65– 80) 72.00 (65– 80) 
Sex (n) 51 58 

Female (n, %) 31 (60.80%) 39 (67.20%) 
Male (n, %) 20 (39.20%) 19 (32.80%) 

Education (n, %) 
–Left formal education before age 16 1 (2.00%) 4 (6.90%) 
–Left formal education at age 16 2 (3.90%) 5 (8.6%) 
–Left formal education before age 18 11 (21.60%) 11 (19.00%) 
–Undergraduate degree/Higher National 13 (25.5%) 13 (22.4%) 
–Diploma 6 (11.8%) 13 (22.4%) 
–Master’s degree/Post-graduate Diploma 10 (19.6%) 6 (10.30%) 
–PhD 8 (15.7%) 6 (10.30%) 
–Missing 
Falls in last 12 months (n, %) 24 (47.1%) 33 (56.9%) 
Drop-out rate (n, %) 13 (25.5%) 13 (22.4%) 

B. 

Variable OTAGO at home (n = 25) OTAGO In clinic (n = 26) 

Age (y) (median, range) 75.00 (67– 80) 71.00 (65– 80) 
Sex (n) 25 26 

Female (n, %) 16 (64.00%) 15 (57.70%) 
Male (n, %) 9 (36.00%) 11 (42.30%) 

Education (n, %) 
–Left formal education before age 16 0 (0.00%) 1 (3.85%) 
–Left formal education at age 16 0 (0.00%) 2 (7.69%) 
–Left formal education before age 18 6 (24.0%) 5 (19.23%) 
–Undergraduate degree/Higher National Diploma 6 (24.0%) 7 (26.92%) 
–Master’s degree/Post-graduate Diploma 3 (12.0%) 3 (11.54%) 
–PhD 4 (16.0%) 6 (23.08%) 
–Missing 6 (24.0%) 2 (7.69%) 
Participants had a fall/s in last 12 months (n, %) 10 (40.0%) 14 (53.8%) 
Drop-out rate (n, %) 8 (32.0%) 5 (19.0%) 

C. 

Variable HOLObalance at home (n = 30) HOLOBalance in clinic (n = 28) 

Age (y) (median, range) 70.00 (65– 79) 73.00 (65– 80) 
Sex (n) 30 28 

Female (n, %) 17 (56.70%) 22 (78.60%) 
Male (n, %) 13 (43.30%) 6 (21.40%) 

Education (n, %) 
–Left formal education before age 16 1 (3.33%) 3 (10.71%) 
–Left formal education at age 16 4 (13.33%) 1 (3.57%) 
–Left formal education before age 18 2 (6.67%) 9 (32.14%) 
–Undergraduate degree/Higher National 7 (23.33%) 6 (21.43%) 
–Diploma 9 (30.0%) 4 (14.29%) 
–Master’s degree/Post-graduate Diploma 4 (13.33%) 2 (7.14%) 
–PhD 3 (10.0%) 3 (10.71%) 
–Missing 
Participants had a fall/s in last 12 months (n, %) 16 (53.33%) 17 (60.71%) 
Drop-out rate (n, %) 7 (23.33%) 6 (21.43%) 

for all research staff, and regular staff meetings were an 
integral part of the project with an aim to help prevent 
PDs. Despite no PDs reported, it is possible that some 
may have been missed. Future HOLObalance studies will 

include a toolkit developed to support a holistic approach in 
PD management including specific guidance for consistent 
classification and categorization of PDs and thresholds at 
which non-important PDs may become important [ 47]. 
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Table 2. Mean (95% CI) pre-post change difference for between and within intervention groups for all secondary outcome 
measure data 
A. Between-group pre-post change difference for combined OTAGO and HOLObalance data. 

Outcome variable Mean between-group 
difference 

CI 95% 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
MINIBEST 2.69 1.46, 3.93 
FGA 2.91 1.63, 4.19 
ABC −0.12 −3.84 to 3.6 
FES1 0.24 −2.74 to 2.26 
MOCA −0.28 −1.23 to 0.67 
WHODAS 2.0 −1.96 −5.54 to 1.62 
BREQ 3 1.81 −0.7 to 4.32 

B. Pre-post intervention change for the OTAGO and HOLObalance at home and in clinic data. 

OTAGO (combined) OTAGO (home) OTAGO (in-clinic) 
Outcome variable Mean (95%CI) Mean (95%CI) Mean (95%CI) 

MINIBEST 0.63(−0.31 to1.57) 0.44 (−1.12 to 2.01) 0.82(−0.37 to 2.02) 
FGA 1.4(0.33, 2.46) 1.06(−0.31 to 2.43) 1.70(−0.02 to 3.42) 
ABC 2.77(−0.42 to 5.11) 2.02(−0.73 to 4.77) 3.50(−0.55 to 7.49) 
FES-1∗ −1.00(−2.48 to 0.48) −0.44(−2.72 to 1.85) −1.69(−3.72 to 0.33) 
MoCA 1.03(0.37, 1.69) 1.11(0.30, 1.93) 0.95(0.16 to 2.05) 
WHODAS 2.0∗ −1.18(−3.28 to 0.92) −1.33(−4.36 to 1.70) −1.00(−4.37 to 2.37) 
BREQ 3 −0.23 (−1.78 to 1.31) −0.46(−2.78 to 1.35) 0.01(−2.70 to 2.69) 

HOLObalance (combined) HOLObalance (home) HOLObalance (in-clinic) 
Outcome variable Mean (95%CI) Mean (95%CI) Mean ± SD 

MINIBEST 3.32(2.49, 4.15) 3.17(2.18, 4.16) 3.48(2.02, 4.93) 
FGA 4.31(3.52, 5.10) 4.00(2.91, 5.09) 4.64(4.64, 3.42) 
ABC 2.65(−0.19 to 5.49) 1.60(−2.32 to 5.50) 3.81(−0.63 to 8.26) 
FES-1∗ −1.24(−3.04, −0.56) −1.48(−3.89 to 0.94) −1.00(−6.04 to 0.75) 
MoCA 0.75(0.07, 1.44) 0.64(−0.11 to 1.38) 0.86(−0.36 to 2.08) 
WHODAS 2.0∗ −3.14(−5.88 to 0.40) −2.55(−6.60 to 1.50) −3.82(−7.89 to 0.24) 
BREQ 3 1.58(−0.36 to 3.51) 1.48(−1.81 to 4.77) 1.69(−0.43 to 3.81) 

Adverse events were less than anticipated. Study partici-
pants were independently ambulating, community-dwelling 
older adults who were at higher risk for outdoor vs. indoor 
falls [ 48]. As this study occurred during the Covid-19 
pandemic, many individuals, particularly older adults, had 
reduced physical activity, reduced time spent outdoors and 
increased social isolation which may have resulted in reduced 
falls risk during this time and therefore decreased incidence 
of AEs. 

Between-group drop-out rates were similar, and better 
than the 30% previously reported for MSR and OTAGO 
programmes in similar populations [10]. Encouragingly, 
adherence and drop-out rates were similar between home 
and supervised participants in each group. Adherence pre-
dictors for fall prevention programs are poorly understood 
[49]. It remains unknown whether the weekly telephone call 
to all participants affected retention and adherence. 

Technical issues were reported by 27% of participants and 
were the main reason for 31% not yet recommending the sys-
tem to others. Key issues were connectivity and insoles, head-
mounted display or sensor problems, disappearing holo-
gram, lack of feedback, or system delay. For the upcoming 
iteration, the number of body sensors has been reduced and 

insoles replaced with four IMU sensors positioned at the 
ankles, lower back and head. A pilot study (unpublished to 
date) compared the insoles/sensors used in HOLObalance 
vs. IMU motion sensor data and found it to be comparable. 
The headset is being replaced by a lighter weight version 
that provides a similar AR experience to the one used in 
this study. Technical partners are continuously addressing 
system connectivity, delays, and feedback issues. Enhanced 
algorithms, including adaptive buffering and predictive data 
streaming, have been implemented to minimise latency and 
ensure more stable connectivity. These algorithms dynami-
cally adjust to network conditions, reducing lag and ensuring 
seamless data transmission between components. Addition-
ally, real-time feedback mechanisms have been optimised 
using advanced machine-learning techniques to analyse user 
actions and provide immediate, context-sensitive guidance. 
These enhancements are expected to significantly improve 
user satisfaction and system reliability. 

OTAGO studies report good adherence [24] and effec-
tiveness in reducing falls, improving balance, and health-
related quality of life in community-dwelling older adults 
[50]. In our study, the OTAGO, group, showed minimal, 
pre-post treatment change for both FGA and Mini-BESTest. 

8

D
ow

nloaded from
 https://academ

ic.oup.com
/ageing/article/53/10/afae214/7814651 by Jam

es C
ook U

niversity user on 16 D
ecem

ber 2024



HOLObalance telerehabilitation system

A ceiling effect is unlikely, as baseline scores were similar 
between-groups and minimal FGA change with OTAGO 
vs. MSR has been reported previously [10]. Baseline mean 
Mini-BESTest scores indicated increased falls risk [35] for  
both groups; but only for the OTAGO group at final assess-
ment. The disparity between current and previous OTAGO 
findings is likely due to the outcome measure used, with 
most studies including the Berg Balance Scale, which does 
not measure gait parameters and shows floor and ceiling 
effects that negatively affect the ability to detect change 
[51]. The Mini-BESTest and FGA are more appropriate to 
assess balance impairments [52,53] and functional mobility 
tasks [33] in older community-dwelling adults. The Mini-
BEST test will be the primary outcome in the confirmatory 
HOLObalance study which will be conducted at five clinical 
sites based in the UK and continental Europe. 

Pre-post treatment changes were equal to or approaching 
the minimal clinically important difference (MCID) needed 
to determine intervention efficacy [54] in the intervention 
group only. In older adults, the FGA MCID is an average 
4-point improvement [55]. Mini-BESTest has a minimal 
detectable change (MDC) of 3.8 [56] to 3.5 points with 
an MCID of 4-points [57]. For the HOLOBalance group, 
a 4.3 and 3.3 point pre-post treatment change was noted for 
the FGA and Mini-BESTest, respectively, compared to a ≤ 1-
point change on both measures for the OTAGO group. In 
the HOLOBalance group, pre-post change neared the Mini-
BESTest MDC, with final scores within normal ranges [35]. 
Observed improvements were achieved with an 8-week vs. 
a 12-week or longer programme as recommended by the 
2022 world guidelines for falls prevention and management 
[2]. The decreased treatment time to achieve improvement 
in falls risk, provision of supervised treatment at-home, clear 
instructions and progressions, and multi-level exercises are 
benefits of the system’s first iteration. HOLOBalance may 
provide a solution for barriers to provision of falls preven-
tion interventions including lack of professional knowledge 
and skills, time constraints, transport access, and frequent 
unsuitability of falls prevention interventions for frail adults 
[58,59]. 

Mean baseline MoCA, balance confidence, and 
WHODAS-2 scores were within normal ranges for both 
groups, limiting capacity for change. Mean baseline scores 
indicated moderate fear of falling for both groups with 
minimal pre-post-treatment change. Existing fall prevention 
strategies reduce concerns about falling in older adults 
[2]. However, outcome measures, follow-up times, and 
study populations differed to the current study, reducing 
comparability. Fear of falling can be influenced by other 
psychological concepts [60]. It is possible that Covid-19‘s 
impact on mental health [61] may have affected outcome. 

COVID-19 provided research challenges [61] affecting 
recruitment rates particularly for participants with greater 
balance deficit or multimorbidity who were ‘shielding’, 
which may reduce generalisability of study findings. The lack 
of longer-term follow-up, formal assessment of individual 
functional goals, and missing data analysis are also study 

limitations. Study strengths included use of appropriate 
balance outcome measures and conduct in three different 
countries’ health systems. Findings of pre-post intervention 
benefits at or nearing MCID and MDC levels even after 
8-weeks, low drop-out rate and moderately strong prototype 
platform acceptance were encouraging. 

Conclusion 
Augmented reality MSR is feasible and acceptable for older 
adults with increased falls risk or history. Early results suggest 
it improves functional gait and dynamic balance. HOLOBal-
ance holds promise for a rapidly ageing society with increas-
ingly stretched healthcare resources. A fully powered trial 
with cost–benefit analysis is warranted to determine its effi-
cacy as a falls prevention and rehabilitation clinical tool. 
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