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Abstract

Vestibular disorders impair body orientation and spatial navigation, often causing cognitive and affective symptoms, reduc-
ing quality of life. Traditional assessments involve time-consuming physiological and neuropsychological evaluations. This
study investigates the feasibility and validity of applying a 2D human pose estimation (OpenTUG) to automatically analyze
the walking activity of patients with vestibular disorders. Forty-eight patients undergoing treatment for vestibular disorders
and 26 mean age-matched controls performed the TUG at normal, slow, and fast walking speeds; neuropsychological evalu-
ations assessing attention, and quality-of-life questionnaires. Patients required significantly more time and steps to complete
the TUG than controls at normal and slow speeds (e.g., normal speed: 7319 ms vs. 5976 ms, p=.002). Automated OpenTUG
and manual analyses were highly correlated (time: all »>.94, p <.001; steps: all r>.74, p <.001). Patients reported higher
dizziness-related handicap (median DHI total: 30 vs. 0, p <.001) and psychological symptoms (median HADS total: 12
vs. 8, p=.005). Exploratory analyses revealed moderate correlations between TUG measures and attentional performance
(Spearman’s r=.30-.54, p <.05-.01), as well as postural stability indices (e.g., unstable platform with eyes open: r=.38-.57,
p <.05-.01). These findings demonstrate the feasibility and validity of using OpenTUG to automatically extract clinically
relevant gait parameters. The observed associations between TUG performance, attentional measures, and postural stability
highlight the potential of combining simple walking tasks with pose estimation as a rapid, cost-effective preliminary assess-
ment of vestibular patients’ difficulties.
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Introduction

Over the course of a lifetime, each of us has at least a one-
in-three chance of experiencing balance disorder caused by
vestibular impairment (Agrawal et al., 2009, 2013). This
chance increases with age or the presence of additional
04 Emilie Lacroix disorders such as hearing loss (Agrawal et al., 2020; Bis-

emile.lacroix @uclouvain.be dorff et al., 2013; Grill et al., 2013; Neuhauser et al., 2005).
Although our balance system has a remarkable ability to
compensate for vestibular impairments due to the sensory
plasticity (Curthoys, 2000; Lacour et al., 2016; Macdougall
& Curthoys, 2012), several associated costs can occur such
as increased risk of falls, cognitive deficits and reduced qual-
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Previous research has sought to characterize the physi-
cal, cognitive, and quality-of-life consequences of vestibular
impairments, often through extensive and time-consuming
physiological and neuropsychological assessments. Yet, bal-
ance, fall risk, and potential cognitive difficulties can also be
evaluated using the Timed Up and Go (TUG) task, one of
the most common clinical tools to assess mobility, balance,
and locomotor performance (Mathias et al., 1986; Morris
et al., 2001; Podsiadlo & Richardson, 1991; Schoppen et al.,
1999). Although its application in vestibular research has
been relatively scarce, available studies demonstrate that the
TUG is feasible and clinically useful in these populations.
For instance, it reliably identifies fall risk in patients with
slower times (Whitney et al., 2004) and captures functional
improvements following rehabilitation in both unilateral and
bilateral vestibular loss (e.g., Brown et al., 2001; Gill-Body
et al., 2000; Karapolat et al., 2014). Together, these find-
ings confirm the TUG’s sensitivity to mobility impairments
in vestibular disorders, though most investigations have
focused on fall risk and rehabilitation outcomes rather than
on potential cognitive correlates.

In parallel with this observation, growing evidence
supports the feasibility of accurately quantifying the time
needed for specific movements during walking. Originally,
the TUG measurement was based on the total time taken
to perform the full task, recorded with a stopwatch, and
sometimes combined with qualitative clinical observations.
Today, more accurate quantitative assessments of the TUG
have been developed using new technologies. For example,
wearable kinematic sensors attached to the body provide
a novel, detailed, and responsive evaluation of patients’
movements.

Wearable inertial sensors have allowed more precise
quantification of gait features such as stride length and
angular velocity (e.g., Howcroft et al., 2013; Mancini et al.,
2013; Montesinos et al., 2018; Weiss et al., 2011). Outside
the vestibular field, these measures have been linked to
fall risk and cognitive decline, though findings vary across
studies (Greene & Kenny, 2012; Shany et al., 2015). Within
vestibular populations, Sankarpandi et al. (2017) found
that sensor-based parameters could distinguish fallers from
non-fallers, and Kim et al. (2021) identified specific turning
impairments. Overall, while sensor-based approaches show
promise, inconsistencies regarding the most informative
gait parameters highlight the need for alternative methods
to clarify better gait—cognition—balance relationships in ves-
tibular disorders.

While wearable kinematic sensors provide a more accu-
rate evaluation of the patient’s dynamic movements, the
wearing of these sensors can temporarily alter walking pat-
terns and gait speed (Carvalho et al., 2020). For vestibu-
lar patients who need to compensate their deficits through
the use of other sensory systems (Lacour et al., 2016),
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alterations to proprioceptive feedback might have a strong
influence on vestibular loss patients’ postural control. There-
fore, alternative advanced measurement methods are needed.

The latest technologies for capturing movements utilize
Video-Based Pose Estimation (VBPE) to measure walking
without the need for wearable sensors. VBPE is a powerful
image analysis method allowing the detection and tracking
of various body parts or key point positions of a person in
a video sequence. It allows the analysis of movements and
postures by identifying and following specific points on
the body, such as joints, limbs, and facial features, through
sequences of frames in a video. The absence of any wearable
sensors allows the participants to walk exactly as they do in
their everyday life.

VBPE has recently been applied to diverse groups,
including healthy adults, geriatric patients, individuals
with dementia, and patients with Parkinson’s disease (e.g.,
Dubois et al., 2018; Kondo et al., 2024). These studies
consistently demonstrate the feasibility of automated TUG
analysis and its capacity to capture subtle motor impair-
ments. Several techniques have been developed to extract
gait characteristics, with diverse standard or in-depth camera
types combined with various methods to determine depth.
VBPE algorithms mostly use convolutional neural networks
(CNN) applied through different software such as Deeper-
Cut, DeepLabcut, Anipose, or OpenPose to videos from
standard cameras, Microsoft’s Kinect or Intel’s RealSense
cameras (Salchow-Hommen et al., 2022). However, to the
best of our knowledge, this recent explosion of new com-
bined technologies has not yet been used for the assessment
of vestibular patients.

Eventually, previous research outside the vestibular
literature has also shown that reduced TUG walking per-
formance (measured manually or automatically) has been
associated with increased fall risk but also with cognitive
decline in normal ageing (Greene & Kenny, 2012), in post-
stroke patients (Yu et al., 2021), and in several neurodegen-
erative diseases such as Alzheimer’s or Parkinson’s (Ansai
et al., 2017; Viteckova et al., 2019; Yoo et al., 2020). In the
vestibular field, however, only a reduced number of stud-
ies have investigated the effects of TUG linked to cognitive
or reduced quality of life symptoms caused by vestibular
loss (VL), and mixed results are observed. Herssens et al.
(2021) used the classical TUG task, as well as a cognitive
and motor-adapted version of the TUG, with a group of
patients with bilateral vestibulopathy (BVP). In the cognitive
and motor versions of the TUG, participants performed the
TUG, and either counted backwards in steps of three from
a randomly selected number between 80 and 100 (cogni-
tive TUG) or had to carry a full cup of water (motor TUG).
Although BVP fallers tended to report worse self-perceived
handicap and performed slightly worse than BVP non-fall-
ers, no significant differences were found between fallers and
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non-fallers for each of the TUG versions. Those results differ
from previous studies showing that the TUG was useful to
discriminate fallers from non-fallers in its original version
(Brown et al., 2001; Gill-Body et al., 2000; Karapolat et al.,
2014). In another study (Bosmans et al., 2022), used the
TUG and other measures to explore multiple vestibular char-
acteristics of patients with Bilateral VL and their potential
associations with cognition. Patients with VL showed worse
cognitive performance than controls, but the impairments
were not related to the TUG results, raising the question if
the TUG could be predictive or not of cognitive symptoms
in VL patients.

Overall, the literature supports the TUG as a relevant
clinical tool, yet findings in vestibular populations remain
inconsistent: while some studies report its usefulness in dis-
criminating fallers and detecting rehabilitation effects, others
fail to establish clear associations with cognitive or func-
tional outcomes. This heterogeneity suggests that the predic-
tive value of the TUG in vestibular research remains uncer-
tain, thereby warranting novel approaches. In this study, we
examine the usefulness of an automated analysis of TUG
performance by comparing manual and automatic scoring
in patients with vestibular disorders and healthy controls,
and by exploring its associations with potential cognitive
impairments related to vestibular dysfunction.

Materials and methods
Design

This was an experimental single-center prospective study,
recruiting over 2 years, patients with mixed vestibular dis-
orders currently undergoing physiological treatment at Cli-
niques Universitaires Saint-Luc, Brussels, Belgium. Prior to
the beginning of the study, participants were briefed, pro-
vided written consent, and completed demographic inquir-
ies. Subsequently, their symptoms were evaluated using
randomized subjective and objective neuropsychological
assessments. Subjective measures were recorded through
questionnaires, measuring physical, functional, emotional
(D.H.I, Jacobson & Newman, 1990), and cognitive (NVI,
Lacroix et al., 2016) impacts of the vestibular disorders.
Quality-of-life symptoms (such as anxiety and depression)
were also recorded with the French version of the HADS
scale (Lépine et al., 1985; Zigmond & Snaith, 1983). Objec-
tive measures assessed phasic alertness and divided attention
(both visual and auditory) using the Test for Attentional Per-
formance (TAP test, Zimmermann & Fimm, 2002). Walk-
ing activity was evaluated with the Timed “Up and Go”
(TUG) test (Podsiadlo & Richardson, 1991) while being
recorded with an Intel RealSense depth camera. Patients
were instructed to perform the TUG at three speeds: first, a

regular pace, then a slower pace than usual, and then a faster
pace than usual. To compare the manual analysis of TUG
measurement, a 2D human pose estimation method (Open-
TUG) was applied to automatically extract the time and the
number of steps taken by the participant during the TUG.

Participants

A total of 100 participants were initially recruited (62
patients with vestibular disorders and 38 healthy controls).
Data from 26 individuals were excluded due to technical
issues (e.g., corrupted or missing TUG video recordings)
and/or incomplete cognitive or questionnaire data (e.g.,
missing questionnaires, technical problems with the TAP
tasks). The final sample, therefore, comprised 48 patients
(29 women) and 26 healthy controls (18 women). These
exclusions were attributable solely to technical or missing
data and were not related to participants’ clinical or demo-
graphic characteristics. Patients agreed to perform a sim-
ple Timed-Up & Go (TUG) task and a neuropsychological
evaluation (subjective affective and objective measures).
To document their vestibular affection, retrospective data
from their previous neuro-ontological and postural exami-
nation performed within the last year on average, were col-
lected (audiometry, caloric testing, cervical/ocular vestibu-
lar evoked myogenic potentials, Video Head Impulse Test,
dynamic posturography -Multitest Framiral-), see Table 1 in
the supplementary materials for detailed clinical data. Due
to ongoing vestibular testing for most participants, the spe-
cific type of vestibular disorder was not always initially
determined, and all the physiological assessments were not
available. For example, only 31 of the 48 patients performed
the dynamic posturography assessment, providing a postural
instability index (PII) in six different conditions (A-B-C:
stable platform, eyes open, eyes closed, eyes open with opto-
kinetic stimulation; D-E-F: same conditions with unstable
platform). See Table 2 in the supplementary materials for the
average score of postural stability index in each condition.

The patient’s ages ranged from 25 to 85 years old (average
age: women =54.3, men=062.1, total =57.4), with 54% of
them wearing glasses and 85% stating being right-handed.
Most participants did not use hearing devices (93%). The
majority were fluent in French (75%) (production and com-
prehension). On average, participants were 169.5 cm tall and
weighed 69.5 kg. Education levels varied, with most having
at least a master’s degree (48%).

Healthy controls were included if they reported no his-
tory of vestibular, neurological, or psychiatric disorders, no
balance or hearing impairments, and no use of medication
likely to affect cognitive or motor performance; all controls
also had normal or corrected-to-normal vision sufficient for
task execution. Patients were included if they had a clini-
cally confirmed vestibular disorder and were undergoing or
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had recently undergone vestibular assessment and treatment.
Exclusion criteria were the presence of neurological or psy-
chiatric disorders, use of medication likely to affect cogni-
tive or motor performance, and uncorrected visual impair-
ments that could interfere with the tasks.

The study was approved by the ethics committee of
Cliniques Universitaires Saint-Luc-UCLouvain (ref:
2021/16MAR/127—B4032021000039). A control group
of 26 average age-matched healthy controls without known
vestibular, neurological, or psychiatric disorders (18 women,
average age: women=>53.7, men=>59.6, total =55.5, 46% of
them wearing glasses and 76% stating being right-handed)
also performed the Timed-Up & Go (TUG) task and the
neuropsychological evaluation.

Walking task and automatic analyses

To evaluate walking abilities, participants performed the
Timed-Up & Go (TUG, Podsiadlo, 1991), a reliable simple
task initially designed to assess mobility, stability, and motor
performance of participants. Participants were asked to stand
up from a chair, walk until a line on the ground marked at
3 m, turn, go back to the chair, and sit down again. They
had to perform the task four times, the first as a practice
trial, followed by three measures at the three different speeds
(normal, slow, and fast speed). The practice trial was used
to ensure that the instructions were correctly understood.
The practice trial results were not analyzed. Patient’s perfor-
mances were videorecorded with an Intel RealSense depth
camera D435i to capture their movements, and manual time
recording of time taken (in seconds) and number of steps
was carried out by the experimenters.

Complementary to manual experimenter recording, a 2D
human pose estimation method (OpenTUG) was applied to
automatically extract the time and the number of steps taken
by the participant during the TUG task. OpenTUG builds
on OpenPifPaf (Kreiss et al., 2019), a bottom-up method
for multi-person 2D human pose estimation, predicting tim-
ing and the number of steps of the person from an accurate
skeleton estimation of the human body. OpenPifPaf uses
PIF (Part Intensity Field) to find keypoint locations of the
body and PAF (Part Association Field) to make connec-
tions between the keypoints to form a full-body represen-
tation (Kreiss et al., 2019). OpenTUG uses a combination
of keypoint locations through time to extract the timing of
the actions and count the number of steps. The horizontal
locations of the shoulders were used for finding the point in
time when the walk towards the camera ended and the per-
son turned around. End-of-sitting was estimated by finding
local minima of the distance between the shoulders and the
hips, as it is the lowest when the person is furthest from the
camera, which is the time when the person finishes the sit-
ting process. To determine the end-of-standing, OpenTUG
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created a signal based on the vertical distance between the
hips and knees, normalized by the vertical distance between
the ankles and knees. It then takes the local maximum of the
first derivative of this signal. The first local maximum after
the end of the sitting is considered the end of the standing.
The intuition is that during the process of standing up, the
calculated signal rises until the person is fully standing up.
For counting the steps, OpenTUG considers the speed of the
ankle movements, with a crossing of the speed from the two
ankles indicative of one step. An attached video provides an
overview of the depicted methods.

Neuropsychological evaluation

The neuropsychological evaluation included three subjec-
tive measurements, with the goal to assess self-perceived
physical, functional, cognitive and emotional effects of
the vestibular disorders. The French adaptation of the gold
standard Dizziness Handicap Inventory—DHI (Jacobson &
Newman, 1990; Nyabenda et al, 2004) was used to assess
the perceived impact of vestibular system disorders on daily
life using 25 items, each scored on a five-point Likert scale.
This questionnaire covers three main areas of difficulty:
functional, physical, and emotional aspects related to diz-
ziness and instability. Subjective perception of cognitive
difficulties was covered by the Neuropsychological Vertigo
Inventory — NVI (Lacroix et al., 2016), using 28 items, each
scored on a five-point Likert scale and divided into seven
distinct subscales measuring attention, memory, emotion,
space perception, time perception, vision, and motor abili-
ties. Anxiety and depression symptoms were measured with
the French version of the Hospital Anxiety and Depression
Scale (HADS) (Zigmond & Snaith, 1983), using a 14-item
self-assessed questionnaire, each with a four-point response
Likert scale, with measures divided into an Anxiety subscale
(HADS-A) and a Depression subscale (HADS-B) (both con-
taining seven items).

Complementary to these subjective measurements, objec-
tive cognitive measures assess two main components of
attentional abilities with the Alertness and Divided Atten-
tion tasks from the TAP (Zimmermann & Fimm, 1995).
Participants sat in front of a computer screen and responded
by pressing a reaction time button to visual and auditory
inputs. For the alertness task, they responded as fast as pos-
sible when a cross appeared on the screen with or without an
alert sound being played before the appearance of the cross.
For the Divided Attention Task, they responded as fast as
possible when a combination of four crosses formed a square
on a 4 X4 matrix while listening to two distinct sounds that
followed each other. They had to respond whenever one of
the sounds was heard twice. In both tasks, median reac-
tion time and standard deviation of the median (regularity)
were recorded in milliseconds. Slow reaction times and
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large standard deviations indicate more difficulties for the
participants.

Statistical analyses

Statistical analyses were performed using IBM Statistical
Package for the Social Sciences (SPSS, Chicago, IL, USA,
version 27.0) and JASP statistics package (version 18.3,
available online at https://jasp-stats.org/; JASP Team, 2024
Love et al., 2019). The study design and analysis were not
pre-registered. The anonymized raw data are shared here:
https://doi.org/10.6084/m9.figshare.28617062.v1. The use-
fulness of the 2D human pose estimation method (Open-
TUG) for vestibular patients was evaluated in four steps:
First, to demonstrate concurrent validity between OpenTUG
automatic and manual steps/time analyses, we compared
the Mann—Whitney version of the Wilcoxon rank-sum test
applied to test for statistical differences between manual and
automatic steps/time analyses during the TUG task. Second,
to support this comparison, we run Spearman’s correlation
analyses between automatic and manual steps/time analy-
ses. Third, to characterize our patient sample, we performed
the Mann—Whitney test to compare patients and controls’
neuropsychological assessment (subjective and objective
measures). Fourth, we explore the relationship between
walking tasks, neuropsychological assessments, and postural
measures. Because of the different sample sizes between
our groups, and violations of normality for most dependent
variables (verified with the Kolmogorov—Smirnov test), non-
parametric analyses were used for intergroup performance
comparisons. For correlation analyses, Spearman’s coeffi-
cients (r) were interpreted as weak if less than 0.37, moder-
ate if between 0.38 and 0.67, strong between 0.68 and 0.88,
and very strong above 0.89. To accommodate the multiple
statistics, we adjusted the p values using the false discovery
rate method (Benjamini & Hochberg, 1995; Curran-Everett,
2000).

Results

Group performance comparisons for manual
and automatic steps/time analyses during the TUG
task

Compared to healthy controls, patients took significantly
more time and performed more steps to perform the TUG
task than healthy controls at normal and slow speeds, regard-
less of the method used (manual or automatic). At fast
speeds, patients also took more time and performed more
steps than healthy controls, but this difference was only sta-
tistically significant for the time of movement with manual
analyses (see Fig. 1 and Table 1 for detailed information).

Table 1 Detailed results of intergroup performance comparisons for manual and automatic steps/time analyses during the TUG task

Automatic

Manual

Adjusted

Mann—Whitney

Median, SD, n vestibular

patients

Mann-Whitney U Adjusted Median, SD, n healthy

Median, SD, n vestibular

patients

Median, SD, n healthy

controls

Task

U p value, effect- p value *

size (rank bise-
rial correlation)

controls

p value, effect-size p value*
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relation)
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Correlations between automatic and manual steps/
time analyses

The total time taken for executing the TUG task at dif-
ferent speeds was highly significantly correlated between
manual recording and OpenTUG estimations for all partici-
pants (patients and controls, n=74). All correlations were
above.94, p <.001.

The number of steps taken for executing TUG task at dif-
ferent speeds was strongly significantly correlated between
manual recording and OpenTUG estimations for all partici-
pants (patients and controls, n="74). All correlations were
above.74, p <.001). See Fig. 2 for the detailed measures.

Intergroup performance comparisons
for neuropsychological assessment

Subjective measures

Compared to healthy controls, patients expressed sig-
nificantly more physical and emotional complaints (DHI,
HADS), although the difference on the HADS anxiety
subscale did not remain significant after FDR correction
(p=.068). For the NVI, patients expressed more subjective
vision, motor and emotion complaints, while the total score,
space perception, time perception, attention and memory

subscales did not show group differences (see Table 2,
Fig. 3).

Objective measures

The alertness task showed no differences in tonic alert-
ness between patients (Mdn =247.0, IOR=64.0, n=41)
and healthy controls (Mdn=268.5. IQR=59.25, n=26),
U=412.5, p=.12, or between phasic alertness (with the
auditory signals) for patients (Mdn=246.0, IOR=56.0,
n=41) and healthy controls performances (Mdn=257.0
IQR=55.50,n=26) U=444.5, p=.26. Following the same
trend, the divided attention task showed no differences
between patients and healthy controls for visual reaction time
(patients Mdn="773.00, IOR =121.0, n=39; healthy con-
trols Mdn=787.0 IQR=126.0, n=26), U=456.0, p=.50),
auditory reaction time (patients Mdn=604.0, IQR=117.5,
n=239; healthy controls Mdn=649.0. IOR=124.5, n=26),
U=369.0, p=.07 and the number of errors (patients
Mdn=1.0, IOR=2.0, n=40; healthy controls Mdn=1.0.
IOR=2.0 n=26), U=533.5, p=.86).

Correlations between TUG, neuropsychological
assessment, and postural measures.

Explorative correlation analyses showed that the TUG
task measures (manual and automatic for comparison)

Table 2 Detailed results of intergroup performance comparisons for the neuropsychological assessment

Task Median, SD, n healthy controls Median, SD, n vestibular Mann—Whitney U (p value), effect- Adjusted

patients size (rank biserial correlation) p value*
DHI - Total (0.0+3.3),n=26 (30.0x18.5), n=48 <.001; 0.960 .003
DHI - Physical (0.0+1.7),n=26 (13.5+6.0), n=48 <.001; 0.942 .003
DHI - Functional (0.0x£1.5),n=26 (9.0£8.1),n=48 <.001; 0.913 .003
DHI - Emotional (0.0+£0.5),n=26 (9.0+£7.0), n=48 <.001; 0.970 .003
HADS - Total (8.0+4.4),n=26 (12.0£5.9), n=48 .002; 0.438 .005
HADS - Depression (2.0+2.5),n=26 (4.0+3.4),n=48 .003; 0.424 007
HADS - Anxiety (6.0+2.7),n=26 (7.5+£3.6),n=48 .047; 0.280 .068
NVI—Total (57.5+11.9),n=26 (63.0x+13.5), n=45 .113; 0.227 151
NVI - Space perception (8.5+3.5),n=26 (8.0+3.6),n=45 .305; —0.147 375
NVI - Time perception (5.0+1.5),n=26 (6.0£1.9),n=45 .391; 0.121 447
NVI - Attention (9.5+3.2),n=26 (9.0+£3.0), n=45 (7235 0.051 771
NVI - Memory (9.0+£2.3),n=26 (9.0+£3.2),n=45 .852; 0.027 .852
NVI - Emotion (8.5+2.6),n=26 (11.0x3.1), n=45 .011; 0.365 .020
NVI- Vision (8.0£2.5),n=26 (9.0£2.9),n=45 .016; 0.342 025
NVI—Motor (8.0+2.5),n=26 (10.0x2.4),n=45 .011; 0.363 .020

Significant effects are represented in bold. DHI: Dizziness Handicap Inventory, HADS: Hospital Anxiety and Depression Scale, NVI: Neuropsy-

chological Vertigo Inventory. *p value adjusted according to Benjamini and Hochberg procedure (1995) for Mann—Whitney U tests
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Fig. 1 Raincloud plots of the main significant differences for the intergroup performance comparisons during manual and automatic steps/time
analyses of the TUG task at normal and slow speeds
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Fig.3 Raincloud plots of the intergroup performance comparisons for the three main subjective assessments

were linked to subjective and objective neuropsychologi-
cal assessment. For the subjective assessment, the DHI
weakly correlated significantly with all the TUG measures
(time and number of steps, manual or OpenTug analyses)
(12/12 significant correlations, r, between.269 and.362).
Furthermore, there were very few significant correlations
between the NVI and HADS with the TUG (5/12 significant
correlations). For the objective assessments, the alertness
task moderately correlated significantly with all the TUG
measures (time and number of steps) (24/24 correlations,
r, between.305 and.538). For the divided attention task,
the TUG task measures correlated significantly almost
exclusively with the visual condition (12/12 correlations,
r, between.253 and.540).

For correlations with postural measures, the TUG meas-
ures (time and number of steps manually and OpenTUG
analyses) correlated partially with the postural assessment

@ Springer

of the Framiral Multitest Equilibre, depending on the con-
ditions and the variables measured (time or number of
steps). In general, the time taken for performing the TUG
task correlates with more postural measures than the num-
ber of steps (17/36 vs. 13/36 significant correlations).

Within postural measures, conditions B and D (stable
platform, eyes closed; unstable platform, eyes open) corre-
lated significantly with the majority of the TUG measures
(17/24 correlations, r, between.378 and.574). Conditions
C (stable platform, eyes open with optokinetic stimulation)
correlated significantly with half of the TUG measures
(6/12, (r, between.403 and.511). Conditions A, E, and F
(stable platform eyes open; unstable platform eyes closed;
unstable platform eyes open with optokinetic stimulation)
correlated very few with the TUG measures (7/36 cor-
relations, r;=.373 and.445). See Fig. 4 for the detailed
measures.
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Fig.4 Heatmap of the correlations between TUG, neuropsychological assessment, and postural measures. Note. Darker cells express greater
correlations. * p <.05, ** p <.01, *** p <.001

Discussion best of our knowledge, our results demonstrated for the first

time that it is feasible to apply a 2D human pose estimation
To assess the effectiveness of the 2D human pose estimation ~ method, without additional kinematic sensors, to patients
method (OpenTUG) for vestibular patients, we analyzed the =~ Wwith vestibular disorders. Concurrent validity between
data from 48 individuals with mixed vestibular disorders and ~ OpenTUG automatic and manual step/time analyses is sup-
26 mean age-matched healthy controls for their completion ~ ported, as we found similar differences between patient and
of a simple Timed-Up & Go (TUG) task. These data were  control group performances. Correlation analyses between
then correlated with a neuropsychological evaluation includ- ~ automatic and manual steps/time analyses also support this
ing both subjective affective and objective measures. To the ~ comparison.

@ Springer



90 Page 10 of 14

Behavior Research Methods (2026) 58:90

Concerning the TUG task, our results align with a previ-
ous study by Kim et al. (2021), which found that patients
with vestibular disorders (specifically unilateral vestibular
deafferentation) required more time than healthy controls
to complete the TUG task using body-worn inertial meas-
urement units. Aside from this recent study, most previous
research has not directly compared vestibular patients with
healthy controls, focusing instead on comparisons between
fallers and non-fallers within vestibular populations (Hers-
sens et al., 2021) or pre- and post-rehabilitation evaluations
(Brown et al., 2001; Gill-Body et al., 2000; Karapolat et al.,
2014).

In addition to those results, the neuropsychological eval-
uation revealed that, despite ongoing physiological treat-
ments, patients continued to experience significant (although
moderate) subjective impacts from their vestibular disorders.
Compared to healthy controls, patients reported higher levels
of physical, emotional (particularly depressive symptoms),
and functional complaints. Correlations between the DHI
and the TUG/OpenTUG were generally weak to moderate in
strength, yet they were consistent across several measures,
and many reached significance, suggesting robust underly-
ing associations. Our results were similar to the significant
moderate correlations observed in aged participants with
vestibular disorders, with correlations demonstrated between
classical TUG measures at usual gait speed and the DHI
(Verdecchia et al., 2020).

Interestingly, the cognitive complaints recorded in our
studies were less present than the emotional complaints, and
no objective cognitive deficits were observed in the patient
group. However, during the TUG task, patients took more
time and steps to complete the task than controls. These
findings were corroborated by the OpenTUG analysis, sup-
porting the validity of applying deep pose estimation to this
patient population.

Additionally, previous research has seldom explored the
potential connection between TUG performance and neu-
ropsychological assessments in a population with vestibular
disorders. The exploratory correlations between TUG per-
formance and attentional measures suggest that automated
gait analysis could help detect cognitive difficulties with
potential consequences for daily mobility, such as navigat-
ing complex environments. Similarly, partial associations
with postural instability indices indicate that OpenTUG
may complement balance assessments as a rapid and acces-
sible screening tool. While these correlations were weak
to moderate, their consistency highlights potential avenues
for integrating cognitive and postural dimensions into gait
evaluation in vestibular patients. These findings align with
prior evidence linking vestibular dysfunction to cognitive
and balance outcomes (e.g., Bigelow & Agrawal, 2015;
Chari et al., 2022) and extend this work by showing the
added value of a low-cost video-based approach. However,
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patient characteristics likely influence the strength of this
relationship. For instance, Bosmans et al. (2022) examined
the relationship between bilateral vestibulopathy (BV) and
cognitive function in older adults. Unlike our mixed-vestibu-
lar disorder sample, their study found significant differences
in objective cognitive assessments using the Repeatable
Battery for the Assessment of Neuropsychological Status
(RBANS-H). However, no association was found between
TUG performance and cognitive measures in their popula-
tion. This suggests that the type of vestibular disorder and
the individual’s level of compensation may influence the
presence or absence of objective cognitive impairments and
their relationship with postural stability and walking ability.

Is it about compensation?

In a previous paper, we suggested that Kahneman’s Capac-
ity Model of Attention (Egeth & Kahneman, 1975; Lacroix
et al., 2021) may explain vestibular patients’ neuropsy-
chological and physiological outcomes. According to this
model, patients who successfully compensate physiologi-
cally would have fewer cognitive resources available, as
these would be redirected to maintaining postural control
and preventing falls. In our current study, the patients with
mixed vestibular disorders were still undergoing physi-
ological treatment, suggesting that they had not yet fully
compensated for their vestibular dysfunction. This assump-
tion is supported by their high scores in more challenging
conditions of the Framiral Multitest Equilibre (PII-E and
F, averaging 4.3 and 4.5), and by their neuropsychological
assessments, which did not reveal cognitive deficits, indicat-
ing that cognitive resources were probably still available.

Conversely, in Bosmans et al.’s research, their patient’s
group had a chronic diagnosis of Bilateral Vestibular Loss,
according to the Barany Society criteria. In their case, cog-
nitive deficits were observed, but no association was found
with the TUG task. This could suggest that patients who
were permanently compensated for their vestibular deficits
no longer had sufficient cognitive resources to perform well
in objective neuropsychological assessments.

Limitations

While our study provides valuable insights about the appli-
cation of deep pose estimation algorithms within the vestib-
ular-lesioned patient population, several limitations should
be considered when interpreting the findings.

First, the patient group was heterogeneous, including
individuals with different vestibular pathologies undergo-
ing rehabilitation. This reflects everyday clinical practice
and enhances ecological validity, but it limits direct com-
parability with studies that focus on more homogeneous
diagnostic groups (e.g., unilateral vestibular loss, bilateral
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vestibular loss, Méniére’s disease, vestibular neuritis, ves-
tibular schwannoma). Consequently, the generalizability
of our findings to specific vestibular conditions should be
interpreted with caution. Future research should therefore
include larger samples stratified by diagnosis to determine
whether the associations observed here are consistent across
vestibular subtypes.

Second, the way we recorded the TUG task introduces
methodological differences with classical TUG protocols.
For technical reasons, timing began once participants had
fully stood up, rather than from the initial seated position.
This discrepancy complicates direct comparison with stand-
ard TUG cut-offs (e.g., 13.5 s; Brown et al., 2001), which
themselves vary with age and methodology (Bohannon &
Schaubert, 2005; Kalula et al., 2010; Siggeirsdottir et al.,
2002). This methodological choice may therefore affect the
interpretation of absolute time values. Future studies should
aim to align recording procedures with gold-standard pro-
tocols or provide adapted reference values for video-based
analyses.

Third, unlike instrumented TUG (iTUG) approaches using
wearable sensors (Ortega-Bastidas et al., 2023), we were
unable to segment the TUG into subcomponents (e.g., stand-
ing, walking, turning, sitting) because OpenTUG currently
operates on 2D video data. This technical constraint, partly
related to lighting conditions, prevents the extraction of 3D
kinematic information. As a result, our analyses were limited
to global time and step counts, which may overlook subtler
gait alterations. Future developments in 3D pose estimation
and multi-camera setups will be necessary to refine kinematic
precision and capture more detailed motor features.

Taken together, these limitations highlight that our results
should be interpreted primarily as a feasibility study. They
do not yet allow direct clinical cut-offs or broad generaliza-
tion across all vestibular disorders. Nevertheless, our find-
ings provide a proof-of-concept for the use of deep pose esti-
mation in this field and point toward actionable next steps:
multicenter studies with larger stratified samples, meth-
odological standardization of TUG recordings, and techni-
cal improvements enabling segmentation and 3D analysis.
Such directions will enhance both the validity and clinical
applicability of video-based gait assessment in vestibular
populations.

Walking towards the future—The contribution
of pose detection algorithms to vestibular
and movement disorders research

To the best of our knowledge, this is the first study to apply
and validate a deep pose estimation algorithm, without addi-
tional kinematic sensors, in a population of patients with
vestibular disorders performing the TUG task. Our find-
ings demonstrate the feasibility of OpenTUG as a rapid,

non-invasive tool to capture clinically relevant gait param-
eters and highlight significant associations with subjective
complaints, neuropsychological performance, and postural
stability. By reducing reliance on manual scoring and ena-
bling cost-effective, scalable assessments, such algorithms
offer new possibilities for integrating objective gait analysis
into both clinical practice and research.

In this preliminary research, we present solely time
and step variables. However, as methods progress toward
more detailed kinematic estimations (e.g., 3D analyses,
segmentation of TUG subcomponents), newly developed
algorithms will refine the characterization of motor profiles
and support the development of personalized, data-driven
therapeutic strategies. Recent studies have started to apply
pose detection algorithms in other clinical populations with
movement disorders, including Parkinson’s disease, mul-
tiple sclerosis, and stroke recovery (Kondo et al., 2024; Li
et al., 2018; Tan et al., 2019). By automating movement
analysis, these systems reveal subtle motor changes that
may escape traditional clinical assessments. In the future,
the integration of more detailed kinematic measures could
help standardize evaluations, minimize human error, and
enhance their value as tools for both diagnosis and thera-
peutic monitoring.

Pose detection systems offer a non-invasive method for
assessing movement, making them suitable for application in
both clinical and real-world settings. This enables the evalu-
ation of patients in environments where their symptoms may
be more pronounced, thereby enhancing ecological validity.
Moreover, such systems broaden the scope of research by
supporting longitudinal studies that track changes in move-
ment patterns over time, offering insights into the effects
of therapeutic interventions and potential correlations with
neuropsychological status.

OpenTUG, as a novel pose estimation algorithm, pre-
sents an opportunity to refine the assessment of vestibular
patients by providing a more granular analysis of move-
ment, thereby improving clinical monitoring and research
applications. However, OpenTUG is not a static, finalized
tool; rather, pose estimation technologies remain in con-
stant development. Advances in movement science and
pose tracking methodologies will further refine estimations
of three-dimensional kinematics, mass, size, and kinetics in
both human and animal motion (Seethapathi et al., 2019).
As artificial intelligence and machine learning drive ongo-
ing improvements in pose detection algorithms, their trans-
formative potential in the study of vestibular and movement
disorders will continue to expand. Larger multicenter stud-
ies stratified by diagnosis, methodological standardization
of TUG recordings, and technical improvements enabling
segmented and 3D analyses will be the next crucial steps.

These advancements will not only deepen our under-
standing of these conditions but will also pave the way for
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personalized, data-driven therapeutic strategies tailored to
individual patients’ motor profiles.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.3758/s13428-025-02854-5.
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