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Abstract

People with Parkinson’s disease (PD) have increased visual dependency for balance and suspected vestibular dysfunction.
Immersive virtual reality (VR) allows graded manipulation of visual sensory inputs during balance tasks, and hence VR
coupled with portable force platforms have emerged as feasible, affordable, and validated tools for assessing sensory-motor
integration of balance. This study aims to determine (i) how people with PD perform on a VR-based visual perturbation
standing balance task compared to healthy controls (HC), and (ii) whether balance performance is influenced by vestibular
function, when other known factors are controlled for. This prospective observational study compared the balance per-
formance under varying sensory conditions in 40 people with mild to moderate PD with 40 age-matched HC. Vestibular
function was assessed via Head Impulse Test (HIMP), cervical and ocular vestibular evoked myogenic potentials (cVEMPs
and oVEMPs) and subjective visual vertical (SVV). Regression analyses were used to determine associations between VR
balance performance on firm and foam surfaces with age, group, vestibular function, and lower limb proprioception. PD
failed at significantly lower levels of visual perturbation than HC on both surfaces. In PD, greater disease severity was sig-
nificantly associated with lower fall thresholds on both surfaces. Multiple PD participants failed prior to visual perturbation
on foam. On firm, PD had a greater visual dependency. Increasing age, impaired proprioception, impaired SVV, abnormal
HIMP and cVEMP scores were associated with worse balance performance. The multivariate model containing these factors
explained 29% of the variability in balance performance on both surfaces. Quantitative VR-based balance assessment is safe
and feasible in PD. Balance performance on both surfaces was associated with age, HIMP abnormality and proprioception.
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Abbreviations LEDD  Levodopa daily equivalent dose
cVEMP Cervical vestibular evoked myogenic potential MMSE Mini-mental state examination
FOG Freezing of gait oVEMP Ocular vestibular evoked myogenic potential
HC Healthy controls PD Parkinson’s disease
HIMP Head impulse test PIGD Postural instability/gait dysfunction phenotype
IND Indeterminate phenotype SOT Sensory organisation test
LC Lateral canal SVv Subjective visual vertical
TD Tremor dominant phenotype
VvHIT Video head impulse test
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2014; Canning et al. 2020; Chiarovano et al. 2017; Wittstein
et al. 2020). Like the historically ‘gold standard’ EquiTest
(Neurocom®) sensory organisation test (SOT), as meas-
ured with computerised dynamic posturography, these
VR-based assessment tools can manipulate the immersive
sensory environment to assess the integration of visual,
vestibular and somatosensory inputs. They can also assess
participants’ ability to shift between reliance on a particu-
lar sensory modality and objectively measure the resultant
motor response (via sway or task failure/fall) (Chiarovano
et al. 2015, 2017; Dona et al. 2016; Wittstein et al. 2020).
These tests aim to improve our understanding of the neural
circuity involved in sensory-motor integration and the effects
of aging and neurodegenerative diseases on balance perfor-
mance to better inform focused therapeutic interventions.
These tests also allow for objective measurement of balance
performance parameters to monitor and track individuals’
response to balance specific rehabilitation programmes.

In contrast to the typical computerised posturography
found in tertiary balance laboratories, the newly developed
VR-based systems are portable, relatively low cost, and
can measure multidirectional sway. The VR-based systems
also benefit from having a wide range of visual sensory
perturbation conditions dependent on the specific software
programme. As such, many VR-based balance assessment
systems have become widely used in general, non-specialist
balance and falls clinics.

One such portable, feasible and cost-effective VR-based
balance assessment tool was developed and validated to the
SOT EquiTest (Chiarovano et al. 2015, 2017) and is cur-
rently used in over 50 clinics worldwide (personal data from
Chiarovano). The protocol assesses quiet standing balance
performance under differing sensory conditions via the
threshold for failure/fall and the quantitative centre of pres-
sure sway. Like the SOT, VR test conditions include altering
proprioceptive input, i.e. standing on the firm, stable surface
of the force platform versus standing on a high-density foam
cushion; and altering visual inputs, i.e. eyes open versus
eyes closed versus visual perturbation. However, the VR-
based protocol has the benefit of delivering progressively
complex visual sensory perturbation over subsequent tri-
als to determine the exact threshold of visual perturbation
required to induce failure/falls. Balance performance data
from the study by Chiarovano et al. 2017 (Chiarovano et al.
2017) in healthy controls (HC) of varying ages showed that
standing balance performance with visual perturbation dete-
riorated with increasing age, thus re-enforcing prior findings
of increased visual dependence for postural stability with
aging (Berard et al. 2012; Borger et al. 1999). Their data also
showed reduced balance performance with a visual perturba-
tion in participants with bilateral vestibular loss.

The Chiarovano VR-balance protocol has not yet been
reported in people with the common neurodegenerative
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disorder Parkinson’s disease (PD). PD is known to affect
postural stability, and people with PD fall significantly more
often with more significant injuries sustained than their
age-matched peers (Alfonso et al. 2017; Allen et al. 2013).
Whilst PD-related postural instability and falls are complex
and heterogeneous in their aetiology, impaired sensory-
motor integrative circuitry has long been suspected. The
basal ganglia and vestibular nuclei complex are critical cen-
tral nervous system regions involved in the sensory-motor
integration of vestibular, visual and proprioceptive inputs
vital for balance (Abbruzzese and Berardelli 2003; Cul-
len 2012, 2016), and both regions are known to be affected
explicitly by PD neurodegeneration (Seidel et al. 2015; Well-
ings et al. 2017). People with PD are also known to have
increased visual dependency for balance (Yakubovich et al.
2020), reduced proprioceptive integration (Konczak et al.
2009; Tan et al. 2011; Teasdale et al. 2017), impaired pos-
tural responses and motor output (Kim et al. 2009; Horak
et al. 1992) and suspected vestibular dysfunction (Hawkins
et al. 2020; Smith 2018). People with moderate severity PD
have also been reported to have excessive sway on SOT,
to the point of failure/fall, on visually compromised and
unstable surface conditions (Colnat-Coulbois et al. 2011;
Frenklach et al. 2009; Rossi et al. 2009).

As such, this study aims to report and compare balance
performance using the VR-based testing protocol under var-
ying sensory conditions in people with PD compared to age-
matched HC. Additionally, we aim to assess whether vestib-
ular function affects performance on the VR-based sensory
integration assessment tool when other factors known to
affect balance performance are controlled for, specifically
lower limb proprioception, age and group.

Methods

All participants provided written informed consent before
data collection. The study was conducted following the
ethical standards of the Helsinki Declaration of 1975, as
revised in 1983. Ethical approval for this prospective obser-
vational study was obtained through the relevant Human
Ethics Committee. Data were collected between February
2018 and August 2019 from 40 participants with neurolo-
gist diagnosed idiopathic PD during their ‘on’ parkinsonian
medication state and 40 age-matched HC. Participants were
included in the study if they were community-dwelling,
aged 50-80 years and able to walk independently with or
without an aid. Exclusion criteria were: a known history of
previously diagnosed vestibular disorders; known demen-
tia; severe visual impairment affecting the ability to visu-
alise the standardised vHIT targets without usual specta-
cles; any known neurological conditions (apart from PD);
cognitive impairment defined as <24 on the Mini-Mental
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State Examination (MMSE) (Folstein et al. 1975); severely
reduced neck range of motion or pain during head-turning,
or a diagnosis of atypical PD. One PD participant was
excluded from the study after recruitment due to an MMSE
score < 24.

Demographic and clinical information was obtained from
all participants and included age, fall history in the previous
12 months; fear of falling as quantified by the Falls Efficacy
Scale-International Questionnaire (Dewan and MacDermid
2014); and cognitive status as quantified by the MMSE. PD
motor symptom severity was assessed with the motor section
of the Movement Disorders Society sponsored version of the
Unified Parkinson Disease Rating Scale (MDS-UPDRS Part
3) and the Hoehn and Yahr Scale; freezing of gait (FOG)
status was determined by Part 1 of the New Freezing of
Gait Questionnaire) (Nieuwboer et al. 2009). The levodopa
equivalent daily dose (LEDD) was calculated to quantify
parkinsonian medication use (Tomlinson et al. 2010). See
supplementary file 1A for details of antiparkinsonian med-
ications. Participants in the PD group were grouped into
tremor dominant (TD) or postural instability/gait disorder
(PIGD) subtypes based on Part 3 of the MDS-UPDRS. Par-
ticipants were classified as indeterminate (IND) if subtyping
was ambiguous (Stebbins et al. 2013). Lower limb proprio-
ception was recorded seated with eyes closed with a lower
limb joint position matching task (Lord et al. 2003).

The Head Impulse test (HIMP) measured with video
oculography (VHIT) is used as a measure of semicircular
canal mediated vestibulo-ocular reflex (VOR) function, and
the testing methodology has been described and reviewed
extensively elsewhere (Halmagyi et al. 2017; Macdougall
et al. 2013). We used lightweight ICS Impulse video goggles
and software (GN Otometrics, Taastrup, Denmark), which
recorded motion of the right eye. Oculomotor screening was
completed with ICS Impulse video goggles in room light
before vestibular assessment and included checks for spon-
taneous nystagmus, gaze-evoked nystagmus, skew deviation,
saccades, VOR suppression and visual VOR; these findings
are not reported in this study. Lateral canal (LC) HIMP was
considered abnormal if the VOR gain value was below the
software-defined normal range for age and mean head veloc-
ity, and corrective saccades (either overt or covert) were
present. One set of PD vHIT LC HIMP data was excluded
from analysis due to congenital nystagmus affecting vHIT
calibration.

Cervical and ocular vestibular evoked myogenic poten-
tials (c(VEMP and oVEMPs, respectively) reflect otolithic
reflex pathway function, and the methodology for obtaining
them has been described in our paper reporting on otolithic
function in PD (Hawkins et al. 2020). As bone-conducted
vibrations to the forehead with tendon hammer taps produce
robust oVEMPs and cVEMPs in older-aged cohorts, we have
reported on tap-induced oVEMP and cVEMPs in this study.

The VEMP score was calculated for each participant using
the method first described and validated to clinical presen-
tation in multiple sclerosis (Gabelic et al. 2015) and in PD
(Carpinelli et al. 2021). The total VEMP score represents
the sum of left and right tendon hammer tap o and cVEMP
scores (0=normal, 1 =increased latency with normal reflex
morphology and amplitude of major potentials, 2 =decrease
in amplitudes or altered morphology of major potentials,
3 =absence of major potentials. For example, a score of 0
indicates normal bilateral oVEMPs and cVEMPs, whilst 12
indicates bilaterally absent oVEMPs and cVEMPs.

Subjective Visual Vertical (SVV) reflects a sensory inte-
gration task in terms of ‘verticality perception’ as well as the
otoliths’ static function. The perceived visual vertical angle
is compared to true gravitational vertical. In HC, a mean
angle error of less than 2.5° (in absolute value) from the
actual gravitational angle is considered normal (Schonfeld
and Clarke 2011). We used the validated VR-based SVV
assessment method (Chiarovano et al. 2018; Hawkins et al.
2020).

Standing balance assessment with VR-induced visual per-
turbation protocol reflects a sensory integration test; spe-
cifically, the ability to maintain upright standing for a 20-s
testing epoch with progressively increasing complexity (in
velocity and amplitude) of VR-delivered visual perturbation.
The testing equipment specifics and validation to EquiTest
were previously described in detail (Chiarovano et al. 2015,
2017).

In this study, all participants were tested whilst standing
with feet together (or as close together as able, in case of
orthopaedic limitations) and without shoes, in both proprio-
ceptive conditions, i.e. on the firm surface of the force plat-
form (Wii Balance board) and then on a high-density foam
cushion (Airex Balance Pad, Airex AG, Sins, Switzerland,
41 cm x50 cm x 6 cm thick) placed on the force platform.
Successful completion required that the participant remained
standing for the entire 20 s test period with feet together.
The test was stopped if the person lost balance or had to
uncross arms to support themselves on the wall behind; if
the researcher had to support the person to prevent a fall; if
the person took a step or opened their eyes during the eyes-
closed condition. The entire test was ceased if the person
consecutively failed twice on a particular testing condition
(proprioceptive and visual condition). No participant fell to
the ground, and there were no adverse events during testing.
See Supplementary file 1B for test set up.

The BalanceRite App and Wii Balance board objectively
measure multiplanar sway via a centre of pressure trace
(sway analysis is not within the scope of this study) and
time to ‘failure/fall’ per condition within each 20-s testing
epoch. For operational ease, participants were first tested
standing with eyes open and then closed before the VR
headset was placed on their head. With customised, freely
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available software, the VR headset delivered first, at VRO.0,
an immersive garden and house scene, replicating a ‘real-life
visual world’ as if the eyes were open. During the subse-
quent visual conditions, the VR scene moves unpredictably
in the x, y and z planes. The complexity of visual pertur-
bation increases (i.e. increasing amplitude and velocity of
visual motion) with the successful completion of each trial,
i.e. beginning from the lowest complexity of VRO.1 up to
the maximum complexity of VRO.5.

Participants were first tested on the firm surface under all
visual conditions until two consecutive failures, then on the
foam. The order for visual testing conditions was eyes open;
eyes closed; VR0.0; then each VR level up to the maximum
stimulation of VRO0.5. If the participant failed with eyes
closed, VRO.0 was still tested. Balance performance was
coded based on the highest successful trial level achieved.
See Supplementary file 1B for test scoring. Coding VRO0.0
as easier than eyes closed is based on prior findings that the
real-life visual world is replicated in immersive VR environ-
ments, and static standing balance measures are not signifi-
cantly different to eyes open conditions (Robert et al. 2016).

Statistical analysis

All data were analysed using SPSS version 24 (IBM Corp,
Armonk NY). Independent samples #-test (two-tailed) was
used to compare group differences, including age, FES-I
score, SVV and proprioception error angles, and mean VR
balance performance. Fisher’s Exact (two-tailed) test was
used to compare groups on categorical variables including
‘normal’ vs ‘abnormal’ VEMP, vHIT HIMP, SVV response
and history of recurrent (i.e., 2+) falls. ANOVA was used
to compare balance performance on both surfaces between
the PD subtypes. Significance was set at p <0.05.

Univariate linear regression models were used to ana-
lyse the relationships between balance performance, on firm
and foam surfaces, with predictor variables of the group,
age, VEMP scores (c(VEMP, oVEMP and combined VEMP
score), proprioceptive error angle, SVV absolute error
angle and for the PD group, MDS-UPDRS part 3 score and
LEDD. Multivariate linear regression models (enter method)
included vestibular predictors which were significant from
univariate regression models; adjusted R? values were
reported for these multivariate models. Predictors entered
into the multivariate models were not collinear (r<0.7). For
details see Supplementary file 4.

This study's power calculation was based on data
reported by Chiarovano et al. (Chiarovano et al. 2017).
They reported that 23% of healthy 60—69-year-old subjects
(n=17), i.e. the target age group for the present study,
‘failed’ on the foam when the lowest virtual reality visual
perturbation of VR 0.1. was applied. It is hypothesised that
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double the percentage of people with PD (alpha 0.05, beta
0.2) will ‘fall/fail’ at this same visual stimulus compared
to HC. Given the variability in the Chiarovano et al. data
(Chiarovano et al. 2017) and previous evidence concern-
ing people with PD’s postural stability, it was anticipated
that this number would give adequate power to establish
whether there are significant effects of PD on the perfor-
mance of this standing balance task with the increasing
complexity of VR-delivered visual perturbation.

Results

The demographic and clinical characteristics of both
groups are presented in Table 1. Data are reported as mean
(SD) or n (%). Both PD and HC were well matched in
age and gender (p > 0.05), and there was no significant
between-group difference on cognitive status as measured
by MMSE (p =0.21). The mean age of both groups was
69.73 SD 5.82 years. The PD participants had predomi-
nantly mild to moderate disease severity (78% recording
a Hoehn and Yahr stage of 1 or 2), and no participant
exhibited significant dyskinesias to affect balance perfor-
mance. The PD group had a significantly worse (higher)
c¢VEMP and combined VEMP score compared to HC
(respectively, 1.53 SD 2.17 versus 0.65 SD 1.19, p=0.03
and 2.68 SD 3.32 versus 1.28 SD 0.85, p =0.02) though
oVEMP scores were not significantly different, p = 0.25.
They also had significantly more abnormal SVV findings
than HC (57.5% versus 30%, p = 0.02) and greater absolute
mean SVV error (3.54° SD 2.31 versus 1.98° SD 0.15,
p =<0.001). Findings of abnormal LC HIMP were not sig-
nificantly different between PD and HC (18% versus 10%
p =0.35). In the PD group, 7 participants (18%) recorded
abnormal LC HIMP (LC VOR gains between 0.50 and
0.75); of these, two recorded bilaterally abnormal HIMP,
both of whom had higher disease severity (Hoehn and
Yahr stage 3, MDS-UPDRS Part 3 scores > 52). In the HC
group, 4 participants (10%) recorded abnormal HIMP (LC
VOR gains between 0.63 and 0.78). Oculomotor screen-
ing with VHIT goggles (in room-light) did not indicate
uncompensated peripheral vestibular asymmetry (direc-
tion fixed horizontal nystagmus) nor central oculomotor
dysfunction (gaze-evoked nystagmus or vertical skew) in
any participant at the time of testing.

Coding the successful completion of standing with
VRO.0 as easier than standing with eyes closed was veri-
fied by balance performance in both groups. Of the 7 par-
ticipants (one HC) who failed on foam with eyes closed, 6
could remain standing with VR0.0 and subsequently failed
at VRO.1.
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Table 1 Participant
demographics, clinical
characteristics, and vestibular

function findings

FIRM surface VR balance performance

HC PD Between
n =40 n =40 group differ-
ences

Age years 69.88(5.41) 69.58(6.27) 0.827
Gender -number of males 25(63%) 27(68%) 0.647
MMSE (0-30) 29.15(.92) 28.83(1.34) 0.217
FES-I (16-64) 18.38(1.76) 24.13(8.14) <0.0017
Gait speed — metres per second 1.22(.19) 1.26(.19) 0.367
Lower limb proprioception -degrees 1.11(.59) 1.87(.86) <0.0017
Falls in 12 months

0 30(75%) 22(55%) 0.02F

1 10(25%) 11(27.5%)

2+ 0(0%) 8(20%) 0.01F
Orthostatic hypotension 1(2.5%) 7(17.5%) 0.06"
vHIT HIMP abnormal 4(10%) 7(18%) n=39%¥  0.35F
oVEMP (taps) any absent 2(5%) 3(7.5%) 0.31F
cVEMP (taps) any absent 1(2.5%) 11(27.5%) 0.003F
oVEMP (taps) score (0-6) 0.63(1.48) 1.05(1.81) 0.257
cVEMP (taps) score (0-6) 0.65(1.19) 1.53(2.17) 0.037
Combined o and ¢ VEMP score (0-12) 1.28(1.76) 2.68(3.32) 0.027
SVV abnormal >2.5 degrees 12(30%) 23(57.5%) 0.02F
SVV absolute error angle - degrees 1.98(0.95) 3.54(2.31) <0.001"
Balance level firm' (0-8) 7.70(.85) 6.83(1.96) 0.01"
Balance level foam! (0-8) 5.08(1.62) 3.65(2.01) 0.001"
LEDD — mg mean - 586.81(374.53) -
Disease duration — years - 7.90(5.52) -
Hoehn and Yahr stage

1 - 10(25%) -

2 - 21(53%) -

3 - 8(20%) -

4 - 12%) -
MDS-UPDRS (0-136) - 26.93(13.79) -
Freezing of Gait - 9(22.5%) -

PD Phenotype

TD - 21(52.5 %) -

PIGD - 17(42.5 %) -

IND - 2(5.0%) -

Data are reported as mean (SD) or n (%)

Bolding indicates statistically significant finding

MMSE mini-mental state examination, FES-I falls efficacy scale- international, LEDD levodopa equivalent
daily dose, MDS-UPDRS motor subscale of movement disorders society sponsored UPDRS, lower score
indicates less severe disease. 7D tremor dominant, PIGD postural instability/gait, IND indeterminate

'Best balance level achieved; higher score indicates better performance

T =independent samples r-test, equal variance not assumed

F = Fishers Exact test
¥One PD vHIT HIMP data set excluded

respectively, p =0.01, Fig. 1A and B. One PD participant
could not maintain standing with feet together and eyes

The PD group had a significantly lower fall threshold with ~ open, hence scoring 0. Removal of this participant’s data
visual perturbation on the firm surface than HC, with a from the analysis did not alter significance levels; thus,
mean balance level of 7.70 SD 0.85 and 6.83 SD 1.96
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Fig. 1 A-D Histograms of
balance performance of HC
and PD on firm and foam.

Firm

Healthy controls

Foam

Healthy controls

Y- axis indicates frequency, 40+ Mean=77 147
X-axis indicates best balance A N i B Vean =508 123
level achieved: 0 =fail all; 127 N=40
1 =achieved eyes open, fail at 30
VRO.0; 2 =achieved VRO.0, > 2"
fail eyes closed; 3 =achieved S 5 P
eyes closed, failed VRO.1; 2 201 s
4 =achieved VRO.1, failed at E &’ 6
VRO.2; 5=achieved VRO.2,
failed VRO.3; 6 =achieved 104 4
VRO.3, failed VR0.4;
7=achieved VRO.5, failed 7
at VRO.5; 8 =achieved at o . . . . o
maximum visual perturbation o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
at VRO.5 Best balance level achieved Best balance level achieved
Firm Foam
Parkinson's disease Parkinson's disease
“1 c “1 D Hemeos
Mean = 6.83 N=40
Sid. Dev. =1.96 1
> > 10+
8 € o
[ £
pu

0 1 2 3 4

Best balance level achieved

their data were included in the overall analysis. Supple-
mentary file 2 shows histogram data in table format.

All HC participants maintained standing on the firm
surface up to and including the second level of VR visual
stimulation, i.e., VR0.2. Only people in the PD group
failed at or below a visual stimulation level of VRO0.2.
Secondary analysis of the lowest-performing PD partici-
pants on the firm surface compared to the rest of the PD
group showed that all 5 participants recorded an abnormal
SVYV, p=0.03 (Fisher’s Exact). However, no association
was found with abnormal HIMP or VEMP (p = 0.82) nor
abnormal proprioception (p =0.12). They also had higher
disease severity (UPDRS part 3 score 41.40 SD 7.4 versus
23.71 SD 11.28 p=0.003) and were significantly older
(74.34 SD 4.5 years vs 69.35 SD 5.80 years, p =0.05) than
the rest of the PD group.

Univariate analysis revealed that age, group, proprio-
ception angle, absolute SVV error angle and abnormal
HIMP findings significantly impacted balance performance
on the firm surface (Table 2). cVEMP score, oVEMP
score and combined VEMP score were not significantly
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6 7 8 1 2 3 4 5 6 7 8
Best balance level achieved

associated with firm surface balance performance. See
supplementary file 3 for linear regression plots.

For the PD group, increasing PD motor disease sever-
ity (UPDRS score) had a statistically significant inverse
relationship with balance performance, p = <0.0001; as did
LEDD, p=0.04. See Fig. 2 for regression plots. There was
no association with reported FOG (p =0.10); nor with PD
phenotype (F (2, 37)=1.29, p=0.29).

The multivariate analysis of the variables significantly
associated with firm balance performance revealed that 29%
of the variance of the balance score was explained by age,
group, proprioception error angle, SVV absolute error angle,
HIMP abnormality and cVEMP score (see Table 3). Within
that model, age, proprioception angle and HIMP abnormal-
ity made independent contributions to balance performance;
PD did not.

FOAM balance performance

Again, the PD group had a significantly lower fall thresh-
old than HC, with a mean balance level of 3.65 SD 2.01
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Table 2 Univariate analyses of associations between balance performance on firm and foam surfaces with predictor variables for the whole

group
Predictors Firm Foam
R? Unstandardised B (95% CI) P R? Unstandardised B (95% CI) P

Age 0.15 —0.11( = 0.16 to — 0.05) <0.0001 0.09 —0.10( — 0.18 to —0.03) 0.006
Group (PD) 0.08 —0.88( — 1.55to —0.20) 0.01 0.14 —1.43(—-2.24t0 —0.61) 0.001
Proprioception error angle® 0.06 —0.46( — 0.88 to — 0.05) 0.03 0.13 —0.84(—-1.33t0 —0.34) 0.001
SVV error angle® 0.09 —0.24( - 041 to — 0.06) 0.01 0.11 —0.34(-0.56 to —0.13) 0.002
vHIT HIMP abnormal 0.10 —1.46( — 243 to —0.49) 0.004 0.10 - 1.72(-2.93to —0.52) 0.006
cVEMP score (0-6) 0.03 —0.15( = 0.35t0 0.04) 0.11 0.06 —0.27(-0.51 to —0.04) 0.02
oVEMP score (0-6) 0.004 0.06( — 0.15 to 0.27) 0.56 0.002 —0.05(-0.32t00.21) 0.70
VEMP score (0-12) 0.01 —0.05( = 0.18 t0 0.09) 0.48 0.04 —0.15(-0.32t0 0.01) 0.07
MDS-UPDRS * 0.44 —0.10( = 0.13 to — 0.06) <0.0001 0.11 —0.05(-0.10to —0.01) 0.04
LEDD mg * 0.10 —0.002( — 0.003 to 0.00) 0.04 0.10 — 0.002( — 0.003 to 0.00) 0.04

Bolding indicates p value <0.05

SVV subjective visual vertical absolute error angle, MDS-UPDRS part 3 motor subscale of movement disorders society-sponsored version of the
Unified Parkinson’s disease rating scale, higher score indicates increased disease severity, LEDD levodopa equivalent daily dose

“PD only measures

and 5.08 SD 1.62 respectively, p =0.001. In the PD group,
11/40 (27.5%) participants failed before visual stimulation
commenced. See Fig. 1B and D. Across both groups, 7/80
(1 in HC) failed with eyes closed; of these, 6 succeeded
at VRO.0.

Of those who maintained standing on foam with eyes
closed, 7/40 (17.5%) in the PD group and 6/40 (15%) in
the HC group failed at the lowest level of visual perturba-
tion, VRO.1.

Univariate analyses revealed that the same variables
associated with firm balance performance, namely age,
group, proprioception, SVV error angles, and abnormal
HIMP findings, were associated with foam balance perfor-
mance, though additionally, cVEMP score was associated
with performance on foam (Table 2). Both groups’ balance
performance deteriorated with age to a similar degree (see
supplementary regression plots) on foam.

For the PD group, increasing PD motor disease sever-
ity (UPDRS score) had a statistically significant inverse
relationship with balance performance, p = <0.04; as did
LEDD, p =0.04. There was no association with reported
FOG (p =0.48); nor with PD phenotype (F (2, 37)=0.03,
p=0.97).

Multivariate analysis (Table 3) of the variables signifi-
cantly associated with foam balance performance revealed
that 29% of the variance in balance performance score
on the foam was explained by age, group, propriocep-
tion error angle, SVV error angle, HIMP abnormality and
cVEMP score. Within that, age, proprioception angle and
HIMP abnormality made independent contributions to bal-
ance performance, but PD did not.

Discussion

This study reports and compares standing balance perfor-
mance, specifically the ‘fail threshold’ under varying sen-
sory conditions, using the portable VR-based testing pro-
tocol (Chiarovano et al. 2017) in people with PD (78% had
mild to moderate disease severity) and age-matched HC;
we found that unsurprisingly people with PD performed
worse than HC using this protocol. We also assessed
whether vestibular function affected performance on this
VR-based task when other known factors on balance per-
formance are controlled for, specifically lower limb pro-
prioception, age, and group, and found that an abnormal
LC HIMP was significantly associated with worse balance
performance on both surfaces.

The VR balance testing protocol was safe for all study
participants, and there were no adverse events during test-
ing. A few participants from both groups reported brief
mild nausea after visual stimulation, and some required
a few minutes break between subsequent tests, though no
testing session was ceased due to symptoms. Our study
also shows that immersive VR, without visual perturba-
tion, i.e., VRO0.0, adequately replicates the ‘real world’
visual environment during this static standing balance
task. Across both groups and both proprioceptive con-
ditions, in all but one case (PD, on foam), participants
who failed with eyes closed could maintain standing with
eyes open and with VRO.0. This finding is consistent with
other immersive VR studies reporting that static standing
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PD only: regression plots of disease severity (UPDRS score) vs balance performance on firm and foam
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Fig.2 PD only, regression plots showing balance performance versus PD motor severity measure

balance measures are not significantly different to the ‘real ~ groups, on both surfaces, though affecting PD more than
world” with eyes open (Robert et al. 2016). HC on the firm surface (see supplementary file 3 for lin-

In line with the findings in HC from Chiarovano et al. ear regression plots). Thus, supporting the notion of age-
(Chiarovano et al. 2017), we found that increasing age had  related increase in visual dependence for balance (Borger
a significant inverse effect on balance performance for both et al. 1999). On multivariate analysis, age made a significant
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Table 3 Multivariate Firm (Adj R?=029  p<0.001)  Foam (Adj R*=029  p<0.001)
associations of balance
pgrf(}rmance t.)ase.d on Standardised p Standardised p
significant univariate predictors Age,y 0035 0.002 027 0.01
Group, PD=1 -0.13 0.20 —-0.18 0.13
Proprioception error —-0.25 0.03 —-0.24 0.04
SVV absolute error —-0.03 0.80 —0.08 0.50
vHIT HIMP Abnormal = 1 —-0.22 0.03 —-0.22 0.03
cVEMP score (0-6) —0.08 0.47 -0.09 0.40

Bold indicates p value < .05

individual contribution to balance performance on both firm
and foam surfaces.

As expected, the PD group had a significantly lower fall
threshold on this VR-balance task on both the firm and foam
conditions than age-matched HC. On the firm surface, all
participants in the HC group succeeded up to a visual stimu-
lation VRO.2. Whereas in the PD group, 5/40 (12.5%) failed
at the lowest levels of visual perturbation, VR0.1 or VRO0.2.
At the highest level of visual perturbation, VRO0.5, 65% of
the PD group versus 87.5% of the HC succeeded. Hence,
our study’s VR-based protocol findings further support the
suggestion of increased visual dependence with PD (Azulay
et al. 2002; Bronstein et al. 1990; Yakubovich et al. 2020),
even when somatosensory feedback is accurate (firm sur-
face). From a practical standpoint, identifying participants
with significant visual dependence, even when accurate
somatosensory feedback is available, would have important
implications for balance and falls prevention rehabilitation.
These more visually dependent participants may respond
particularly well to increased accurate visual cuing for bal-
ance or could be taught strategies to overcome or ignore
ambiguous visual inputs in real-world environments. In our
study, all of the participants in the PD group who failed at
low levels of visual perturbation on the firm surface also
had verticality perception dysfunction evident with abnor-
mal SVV recordings. Further supporting the theory of sen-
sory integration dysfunction in PD are our prior findings
of increased absolute SVV error angle and increased vari-
ability in SVV response angle in PD versus HC (Hawkins
et al. 2020), consistent with (Schindlbeck et al. 2018; Scocco
et al. 2014), and this variable’s significant association with
both firm and foam balance performance with the VR-based
protocol.

A further finding was that LC HIMP abnormality was
significantly associated with, and made an independent
contribution to, balance performance on both surfaces.
One of our study’s exclusion criteria was a known history
of previously diagnosed vestibular dysfunction; though
as ‘dizziness’ is a common symptom in the general older
population (Zalewski 2015), particularly in PD (Berliner
et al. 2020), we were expecting to find incidental vestibular

dysfunction in our study cohort. We found abnormal LC
HIMP on vHIT in 7 PD participants (2 with bilaterally
reduced VOR gains) and 4 HC (one with mildly reduced
VOR gains bilaterally). Oculomotor screening did not indi-
cate acute uncompensated vestibular asymmetry in any
participant; however, screening was done in room light,
and future studies could address this by performing ocu-
lomotor screening without visual fixation. The VOR gains
and HIMP abnormalities were not statistically significantly
different between PD and HC in our study (see (Hawk-
ins et al. 2021) for a more detailed description); however,
HIMP abnormality played an independent role in balance
performance on both surfaces, consistent with other recent
studies (Anson et al. 2019, 2017).

The cVEMP score (representative of saccular function
and the descending vestibulo-collic reflex pathways) was
also associated with balance performance on foam, though
with multivariate analysis, it did not make an independ-
ent contribution. cVEMP dysfunction is well documented
in PD (de Natale et al. 2015a, b; de Natale et al. 2015a;
Deriu et al. 2016; Hawkins et al. 2020). However, previ-
ous reports of balance performance in non-PD participants
with computerised posturography have not closely correlated
with cVEMP findings (Mallinson et al. 2019). Recent brain
stem morphology studies report that the vestibular nuclei
involved in the vestibulo-spinal reflex pathways are affected
by PD neurodegeneration (Seidel et al. 2015; Wellings et al.
2017). The potential effects of PD, on vestibulo-collic and
vestibulo-spinal reflex responses, across a range of disease
severity could be further explored with well-powered studies
using other known vestibular evoked motor output regions
such as splenius, gastrocnemius, tibialis anterior, trapezius
or triceps.

A limitation of our study is that, unlike previous VEMP
score studies in neurodegenerative disease (Carpinelli et al.
2021; Gabelic et al. 2015), we calculated our VEMP scores
using tap-induced VEMPs, rather than with air-conducted
sound, as we were unable to screen for conductive hear-
ing loss. Tendon hammer taps are known to produce robust
VEMPs (Iwasaki et al. 2008; Taylor et al. 2020); however,
the VEMP scoring method previously described may not
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directly translate to tap-induced VEMP scores. Future stud-
ies could compare tap and air-conducted sound VEMP
scores to determine whether the VEMP stimulus mode
yields similar VEMP scores.

Our study also found that, unsurprisingly, the PD group
had significantly more abnormal proprioception findings and
increased mean proprioception error angles than HC. Pro-
prioceptive sensory integration impairment has been well
documented in PD (Maschke et al. 2003; Tan et al. 2011;
Teasdale et al. 2017). Across both groups, proprioceptive
impairment was inversely associated with balance perfor-
mance on both firm and foam surfaces, consistent with
(Anson et al. 2017). On multivariate analyses, propriocep-
tion error angle made an independent contribution to balance
performance on both surfaces. A limitation of our study,
however, was that proprioception was assessed via the lower
limb (knee joint) matching task described by (Lord et al.
2003), which does not explicitly assess ankle or hip pro-
prioception, the joint segments predominantly involved in
postural responses during this standing balance task. Future
studies could measure the proprioceptive ability of the ankle
(Ko et al. 2015).

Also unsurprising was the finding that on the unstable
foam surface, there was a subset of participants in the PD
group (11/40, 27.5%), consistent with previous studies
(Feller et al. 2019; Frenklach et al. 2009; Horak et al. 1992),
who failed even before visual stimulation commenced. Fren-
klach et al. (Frenklach et al. 2009) assessed 102 participants
with varying stages of PD severity on the SOT. Part of their
study reported on the presence of ‘falls’ over three trials
per SOT sensory condition. They reported that very early-
stage PD participants had postural sway similar to controls.
However, participants with UPDRS part 3 score >20 had
excessive postural sway and were significantly more likely
to ‘fall’ on the unstable support surface with eyes open,
eyes closed, and with sway referenced vision than HC and
very early-stage PD. Similar to our findings, this finding
further emphasises that some people with PD rely heavily on
accurate proprioceptive feedback for balance, despite being
more likely to have proprioceptive impairments or integra-
tion deficits (Teasdale et al. 2017). Additionally, people
with PD have also been shown to have impaired scaling,
timing and amplitude of reactive and anticipatory motor
output responses and impaired reaction time (Kim et al.
2009; Colnat-Coulbois et al. 2011; Horak et al. 1992). The
unstable foam surface may accentuate these motor output
deficits, which when combined with sensory impairment or
sensory integration dysfunction, renders the testing condi-
tion too difficult for a subset of participants. Thus, in the
PD cohort, vestibulo-visual sensory integration assessment
using the VR-based assessment is perhaps most useful just
utilising the firm surface when accurate proprioceptive input
is available.

@ Springer

Consistent with other studies (Colnat-Coulbois et al.
2011; Frenklach et al. 2009), increased disease severity in
PD (as determined by higher MDS-UPDRS part 3 score and
LEDD) was associated with worse balance performance on
both surfaces. Interestingly, the PD subtype did not signifi-
cantly affect balance performance. The higher than expected
proportion of participants in the TD group compared to
PIGD group may have been related to only part 3 of the
MDS-UPDRS being used to determine disease subtype,
resulting in over-representation of TD specific over PIGD
items. Future studies should aim to include both part 2 and
3 of the MDS-UPDRS to subtype participants accurately.

A further limitation of this study protocol is the non-ran-
domisation of the order of the VR visual perturbation. The
visual condition increased in complexity incrementally with
each subsequent trial condition. In posturography studies in
HC, increasing amplitude and velocity of visual perturbation
is not necessarily linear with increased sway (Holten et al.
2016); this may also apply to the ‘fall’ threshold. Future
studies could randomise VR perturbation level and test over
repeated testing days to analyse whether there is an effect
of test order on performance or a potential practice effect.

In conclusion, the VR-based balance assessment protocol
is safe and feasible for use in PD and provides a portable
objective measure of balance performance with visual per-
turbation. The PD group failed at lower levels of visual per-
turbation on both surfaces. In the PD cohort, vestibulo-visual
sensory integration assessment using VR-based assessment
is most useful just utilising the firm surface when accurate
proprioceptive input is available. Age had the most sig-
nificant effect on balance performance regardless of group.
Our study findings suggest that in older cohorts, sensory
impairment, whether vestibular (specifically HIMP, SVV or
cVEMP score) or proprioceptive, significantly affects per-
formance on this VR-balance protocol.
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