
Journal of Parkinson’s Disease 14 (2024) 1027–1037
DOI 10.3233/JPD-230397
IOS Press

1027

Research Report

Gait Analysis with Wearable Sensors in
Isolated REM Sleep Behavior Disorder
Associated with Phenoconversion: An
Explorative Study

Shanshan Cena,1, Hui Zhanga,b,1, Yuan Lia,b, Zhuqin Gub, Yuan Yuana, Zheng Ruana,
Yanning Caib,c,d, Jagadish K. Chhetrie, Shuying Liua, Wei Maoa and Piu Chana,b,c,e,∗
aDepartment of Neurology, Xuanwu Hospital of Capital Medical University, Beijing, China
bDepartment of Neurobiology, Xuanwu Hospital of Capital Medical University, Beijing, China
cKey Laboratory for Neurodegenerative Diseases of the Ministry of Education, Beijing Key Laboratory on
Parkinson’s Disease, Parkinson’s Disease Center for Beijing Institute on Brain Disorders, Clinical and Research
Center for Parkinson’s Disease of Capital Medical University, Beijing, China
dDepartment of Biobank, Xuanwu Hospital of Capital Medical University, Beijing, China
eNational Clinical Research Center for Geriatric Disorders, Beijing, China

Accepted 9 May 2024
Pre-press 4 June 2024
Published 23 July 2024

Abstract.
Background: Gait disturbance is a vital characteristic of motor manifestation in α–synucleinopathies, especially Parkinson’s
disease. Subtle gait alterations are present in isolated rapid eye movement sleep behavior disorder (iRBD) patients before
phenoconversion; it is yet unclear, if gait analysis may predict phenoconversion.
Objective: To investigate subtle gait alterations and explore whether gait analysis using wearable sensors is associated with
phenoconversion of iRBD to α-synucleinopathies.
Methods: Thirty-one polysomnography-confirmed iRBD patients and 33 healthy controls (HCs) were enrolled at baseline.
All participants walked for a minute while wearing 6 inertial sensors on bilateral wrists, ankles, and the trunk (sternal and
lumbar region). Three conditions were tested: (i) normal walking, (ii) fast walking, and (iii) dual-task walking.
Results: Decreased arm range of motion and increased gait variation (stride length, stride time and stride velocity) discriminate
converters from HCs at baseline. After an average of 5.40 years of follow-up, 10 patients converted to neurodegenerative
diseases (converters). Cox regression analysis showed higher value of stride length asymmetry under normal walking condition
to be associated with an early conversion of iRBD to α–synucleinopathies (adjusted HR 4.468, 95% CI 1.088–18.349,
p = 0.038).
Conclusions: Stride length asymmetry is associated with progression to α–synucleinopathies in patients with iRBD. Gait
analysis with wearable sensors may be useful for screening, monitoring, and risk stratification for disease-modifying therapy
trials in patients with iRBD.
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INTRODUCTION

Rapid-eye-movement (REM) sleep behavior dis-
order (RBD) has been identified as one of the
earliest and most distinct prodromal signs of the
α–synucleinopathies [1]. According to longitudinal
studies, up to 80% of patients with isolated RBD
(iRBD) go on to be diagnosed with Parkinson’s dis-
ease (PD), dementia with Lewy bodies (DLB), or
multiple system atrophy (MSA) over the course of
5–29 years [2, 3]. Older people are largely affected
by these disorders, in particular PD. With the aging
of population worldwide, and an absence of abso-
lute cure for these conditions, early identification and
preventive approaches appear to be more meaningful
[4].

The development of reliable markers for screen-
ing iRBD and predicting disease phenoconversion
is essential. Such markers will enable us to imple-
ment preventive strategies and at the same time would
be beneficial for clinical trials to investigate novel
disease-modifying therapies. As it is well-known,
gait disturbance plays a vital role in the motor mani-
festation of α–synucleinopathies, especially PD. Gait
alterations is considered as an appealing prodro-
mal marker of PD [5]. Emerging instrumental gait
analysis technologies, for example, inertial sensors
and pressure-sensitive carpets are relatively low-cost
tools and sensitive, and allow a continuous assess-
ment of subtle gait abnormalities, thus enabling
researchers to efficiently capture minimal gait alter-
ations.

Several cross-sectional studies have demonstrated
that subtle gait alterations are present in the pro-
dromal stage before phenoconversion. For example,
a previous study using GAITRite gait analysis sys-
tem indicated that a decreased velocity, cadence,
significantly increased double limb support variabil-
ity, greater stride time variability, and swing time
variability in patients with probable RBD [6]. In
another recent study, greater foot step variability
and asymmetry have been found during dual-task
walking in patients with iRBD compared to con-
trols, suggesting an overlap between motor and
cognitive domains [7]. In addition, compared with
controls and PD non-freezers, poor performance in
the coupling of posture and gait initiation has also
been shown in patients with iRBD [8]. These alter-
ations negatively correlated with the amount of REM
sleep without atonia, reflecting a connection between
REM sleep and locomotion domain [8]. Furthermore,
decreased gait speed, cadence, and step variability

have been reported in patients with iRBD, compared
with age-matched controls while performing home-
based spontaneous walking tasks [9]. A multi-class
model using statistical learning from a probability
distribution of gait parameters was highly effective
in discriminating patients with iRBD, patients with
PD, and healthy controls, with a sensitivity of 100%
and specificity of 90%, highlighting the potential of
using gait parameters as prognostic and monitoring
markers [10].

To our knowledge, the potential of gait analy-
sis to predict progression to α–synucleinopathies
in patients with iRBD has not yet been investi-
gated longitudinally. In this study, we examined
the longitudinal association of gait alterations using
wearable sensors with iRBD phenoconversion to α-
synucleinopathies.

METHODS

Participants

Thirty-one iRBD patients, and 33 healthy con-
trol subjects (HCs) were recruited in the Department
of Neurology at Xuanwu Hospital Capital Medi-
cal University between October 2012 and January
2017. The diagnosis of iRBD was confirmed by
video-polysomnography (vPSG) performed in the
hospital sleep laboratory according to the stan-
dard International Classification of Sleep Disorders
criteria (ICSD-III) [11]. Clinical evaluation was per-
formed to rule out secondary RBD, including other
neurodegenerative diseases, narcolepsy, structural
lesions in the brain stem, and drug-induced RBD.
HCs with possible RBD symptoms were excluded
via clinical evaluation using the RBD Question-
naire Hong Kong (RBDQ-HK, total score ≤ 18) [12].
Participants with severe mobility difficulty due to
orthopedic diseases or other neurological disorders
were excluded. All participants underwent neuro-
logical evaluation for dementia or parkinsonism at
enrollment and follow-up. The study was approved
by the research ethics board of Xuanwu Hospital,
and written informed consent was obtained from all
participants.

Baseline clinical assessments and gait analysis

All participants underwent a thorough clinical and
neurological examination, using the Unified Parkin-
son’s Disease Rating Scale (UPDRS), Mini-Mental
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State Examination (MMSE), and Montreal Cogni-
tive Assessment (MoCA) at baseline status. The
body mass index (BMI) was calculated as weight
(kg)/height (m2). In our study, only 3 patients (9.7%)
were taking clonazepam at baseline status. These
patients were asked to discontinue clonazepam 24 h
before the gait examination. All participants were
asked to walk along a 10-m-long corridor back and
forth for 1 minute. Three conditions were tested: (i)
normal walking: walking at normal pace, (ii) fast
walking: walking at fast pace, and (iii) dual-task
walking: walking at a normal pace while continuously
subtracting 3 s from 100.

Six wearable sensors (128 Hz; MobilityLab;
APDM Inc., Portland, OR, USA) were worn on the
bilateral wrists and ankles, and the trunk (sternal and
lumbar region) during all walking conditions. Gyro-
scopes are used to detect temporal gait measures and
range of motion. Spatial gait measures are estimated
using a biomechanical model [13]. Gait parameters
were extracted from both sides to obtain gait mea-
sures for each gait cycle of the left and right feet
separately. Extracted gait parameters were grouped
into independent domains: (i) Pace: stride length,
stride velocity, swing variation; (ii) Rhythm: stride
time, swing, stance; (iii) Variability: stride time vari-
ation, stride velocity variation, stride length variation;
(iv) Asymmetry: swing asymmetry, stance asymme-
try; (v) Postural control: stride length asymmetry; (vi)
Arm: arm range of motion, peak arm velocity, arm
range of motion variation, peak arm velocity asym-
metry; (vii) Trunk: trunk sagittal range of motion,
trunk horizontal range of motion, peak trunk sagittal
velocity, peak trunk horizontal velocity. Coefficient
of variation was calculated as 100×standard devi-
ation / mean value (average of the left and right
sides). Here we list the explanation of each parameter
involved in this study as follows:

• Stride length: Distance between a gait cycle.
Average of the left and right sides.

• Stride velocity: Walking speed. Average of the
left and right sides.

• Stride time: Duration of a complete gait cycle.
• Swing: Average percentage of a gait cycle that

either foot is off the ground.
• Stance: Average percentage of a gait cycle that

either foot is on the ground.
• Stride length asymmetry: Mean asymmetry of

the left and right stride length.
• Stride velocity asymmetry: Mean asymmetry of

the left and right stride velocity.

• Swing asymmetry: Mean asymmetry of the left
and right swing.

• Stance asymmetry: Mean asymmetry of the left
and right stance.

• Peak Arm velocity: Peak angular velocity of
arms. Average of the left and right sides.

• Arm range of motion: Range of motion of arms
during arm-swing. Average of the left and right
sides.

• Peak arm velocity asymmetry: Mean asymmetry
of the left and right arm swing velocity.

• Trunk sagittal range of motion: Range of motion
of trunk in sagittal planes.

• Trunk horizontal range of motion: Range of
motion of trunk in horizontal planes.

• Trunk sagittal peak velocity: Peak angular veloc-
ity of trunk in sagittal plane.

• Trunk horizontal peak velocity: Peak angular
velocity of trunk in horizontal plane.

Follow-up visits

The iRBD patients in our cohort were prospec-
tively followed via in-person evaluations performed
by an experienced movement disorder specialist
to monitor disease phenoconversion. All patients
with iRBD were followed annually or whenever
they reported complaints of cognitive, motor, or
autonomic function. Full clinical assessments were
performed in each follow-up visit. Phenoconversion
was noted upon the occurrence of parkinsonism or
dementia. The final diagnosis and the date of the
last visit were recorded. Parkinsonism was defined
as presence of bradykinesia plus either rigidity or
rest tremor. PD diagnosis was made by the Move-
ment Disorder Society (MDS) clinical diagnostic
criteria for PD [14]. MSA was diagnosed based
on the 2008 criteria for probable MSA [15]. For
patients presenting with dementia, a diagnosis of
probable DLB were made according to the 2017
fourth consensus report of the DLB Consortium cri-
teria [16]. De novo mild cognitive impairment was
not considered as phenoconversion in our study. All
follow-up information was used to make the differen-
tial diagnosis (i.e., a patient initially diagnosed with
parkinsonism probably secondary to PD, but who
is later found to have MSA as the cause of their
parkinsonism, would be included as MSA with phe-
noconversion set as the time of initial parkinsonism
definition). All iRBD patients who developed PD,
MSA, or DLB during follow-up were classified as
phenoconverters.
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Table 1
Baseline demographics and clinical information for healthy controls (HCs), patients with idiopathic rapid eye movement sleep behavior
disorder (iRBD) who converted to definitive neurodegenerative diseases (converters), and remaining iRBD patients survived to be disease-free

(non-converters). Data presented as mean ± SD. Kruskal-Wallis test and Fisher’s Exact test were used for statistical comparison

HCs Non-converters Converters iRBD p#

N 33 21 10 31

Age, y 69.93 ± 5.54 67.75 ± 6.59 71.43 ± 6.65 68.87 ± 6.68 0.321
Sex, M/F 20/13 18/3 8/2 26/5 0.131
BMI 26.22 ± 5.97 24.82 ± 3.31 24.24 ± 3.65 24.63 ± 3.36 0.679
MMSE 27.93 ± 2.51 28.10 ± 2.00 28.20 ± 1.32 28.13 ± 1.78 0.844
MoCA 24.19 ± 3.96 24.39 ± 3.24 24.57 ± 2.64 24.44 ± 3.03 0.321
UPDRS-III 0.56 ± 1.97 1.10 ± 1.41 3.20 ± 2.39 1.77 ± 2.01 <0.01∗
RBDQ-HK 5.37 ± 4.39 57.57 ± 16.59 58.00 ± 19.78 57.71 ± 17.35 <0.01∗

iRBD, idiopathic rapid eye movement sleep behavior disorder; HCs, healthy controls; M/F, male/female; BMI, body mass index; MMSE,
Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; UPDRSIII, part III of Unified Parkinson’s Disease Rating Scale
without action tremor; RBDQ-HK, REM Sleep Behavior Disorder (RBD) Questionnaire-Hong Kong; ∗p < 0.05. p#, compare between HCs,
converters and non-converters.

Statistical analysis

Normality and homogeneity of variance were
tested. Demographic data were compared between
groups using one-way ANOVA or Kruskal Wallis
test for continuous variables and the chi-square test
or Fisher’s exact test for categorical variables. Dif-
ferences of gait parameters between groups were
assessed using repeated measures analysis of vari-
ance (group×walking condition). Post hoc tests were
performed on each pair of groups. In order to test
the association between baseline gait parameters
and phenoconversion to α–synucleinopathies, Cox
regression analysis was applied for each gait param-
eter and UPDRS part III score, with the hazard ratios
(HRs) adjusted for age, sex, and BMI. For stratifi-
cation, we used the 75th percentile value as cut-off
point. Spearman’s correlation analyses were con-
ducted to investigate relationships between all gait
parameters and the UPDRSIII score. Correlations
were determined based on | r| values as follows:
0.8–1.0, very strong; 0.6–0.8, strong; 0.4–0.6, mod-
erate; 0.2–0.4, weak; and 0.0–0.2 very weak or no
correlation. A two-sided p-value<0.05 was consid-
ered to be significant. All statistical analyses were
conducted using SPSS, version 28 (IBM Corp., New
York, NY).

RESULTS

Demographic characteristics

The demographic and clinical information for all
participants is shown in Table 1. For the cross-
sectional analysis at baseline, 31 iRBD patients

and 33 HCs were included. The iRBD cohort was
prospectively followed with a median of 4.5 years
(mean ± standard deviation, 5.4 ± 2.8 years). For
phenoconverters, the mean interval between the base-
line assessment and disease diagnosis was 2.7 ± 1.2
years. Among iRBD patients, 3 lost to follow-up, the
remaining 28 (90.3%) patients were prospectively
followed. During the follow up, 10 iRBD patients
converted to definitive neurodegenerative diseases
(converters), whereas the remaining iRBD patients
survived to be disease-free (non-converters). Among
the converters, 6 converted to PD, 3 to DLB and
1 to MSA. None of the HCs developed neurode-
generative diseases during the follow-up period. The
sex distribution differed significantly between overall
iRBD and HCs (χ2 = 4.280, p = 0.039). There were no
statistically significant differences among age, sex,
BMI, MMSE, and MoCA scores across HCs, con-
verters, and non-converters. No differences in age or
sex at baseline were found between converters and
non-converters. Converters had significantly higher
UPDRS III score (z = –2.607, p = 0.09) than non-
converters at baseline.

Gait parameters at baseline under different
walking conditions

Significant differences among baseline gait
parameters across groups and walking conditions
are described below according to independent
domains (characteristics described in Supplementary
Tables 1–3).

Gait
Significant between-group difference was found

in stride length variation (F2,61 = 5.521, p = 0.006).



S. Cen et al. / Gait Analysis in iRBD 1031

Fig. 1. The (A) stride length variation, (B) arm range of motion (degrees), (C) stride time variation, and (D) stride velocity variation between
iRBD patients, converters, non-converters, and healthy controls under each walking condition. iRBD, idiopathic rapid eye movement sleep
behavior disorder; converters, iRBD patiants who were later diagnosed with degenerative disease; non-converters, iRBD patients who
remained free from α-synucleinopathies; HCs, healthy controls. Boxplot shows the mean value. Error bars represent the standard deviation
of the mean. Asterisks indicate significant differences in post-hoc comparisons (∗p < 0.05).

Post-hoc analysis showed that stride length vari-
ation was significantly greater in converters
compared with HCs under both normal walking
(converters, 3.40 ± 3.04; HCs, 1.67 ± 0.71; 95%
CI = 0.555–2.900, p = 0.002) and fast walking con-
ditions (converters, 3.83 ± 2.81; HCs, 2.11 ± 1.10;
95% CI = 0.484–2.934, p = 0.003). Furthermore,
converters showed a greater stride length varia-
tion than non-converters during normal walking
(3.40 ± 3.04 vs. 2.09 ± 0.58, 95% CI = 0.064–2.560,
p = 0.036) and fast walking condition (3.83 ± 2.81
vs. 1.98 ± 0.60, 95% CI = 0.536–3.153, p = 0.003)
(Fig. 1A). Similar results were found in stride time
variation (F2,61 = 3.313, p = 0.043) and stride veloc-
ity variation (F2,61 = 4.253, p = 0.019). Converters
exhibited higher stride time variation than HCs dur-
ing both normal walking (converters, 3.67 ± 4.77;
HCs, 1.56 ± 0.43; 95% CI = 0.424–3.795, p = 0.009)
and fast walking conditions (converters, 5.34 ± 7.57;
HCs, 1.97 ± 0.86; 95% CI = 0.715–6.037, p = 0.008).
Converters demonstrated greater stride time variation
than non-converters during fast walking condition
(5.34 ± 7.57 vs. 1.99 ± 0.65, 95% CI = 0.526–6.191,
p = 0.015) (Fig. 1B). Furthermore, converters showed

increased stride velocity variation than HCs under
normal walking (converters, 4.80 ± 4.57; HCs,
2.23 ± 0.93; 95% CI = 0.813–4.315, p = 0.002) and
fast walking conditions (converters, 5.52 ± 5.07;
HCs, 2.83 ± 1.34; 95% CI = 0.724–4.652, p = 0.004).
Similarly, converters also exhibited higher stride
velocity variation than non-converters during
normal walking (4.80 ± 4.57 vs. 2.93 ± 1.03,
95% CI = 0.004–3.732, p = 0.049) and fast walk-
ing condition (5.52 ± 5.07 vs. 2.74 ± 0.69, 95%
CI = 0.688–4.869, p = 0.005) (Fig. 1C). No significant
between-group differences were observed in other
gait domains. However, significant difference for
gait pace (stride velocity, F2,122 = 117.294, p < 0.001;
stride length, F2,122 = 31.018, p < 0.001), gait rhythm
(stride time, F2,122 = 80.509, p < 0.001; swing,
F2,122 = 75.351, p < 0.001; stance, F2,122 = 75.351,
p < 0.001), gait variability (stride length variation,
F2,122 = 5.479, p = 0.016; stride time variation,
F2,122 = 4.775, p = 0.028; stride velocity variation,
F2,122 = 7.439, p = 0.006), gait asymmetry (swing
asymmetry, F2,122 = 4.338, p = 0.023), was observed
between different walking conditions. All partic-
ipants walked with slowed speed, shortened step



1032 S. Cen et al. / Gait Analysis in iRBD

length, larger gait variability and gait asymmetry
during dual-task condition.

Arm
There was a significant difference between

HCs, converters and non-converters in the arm
range of motion (F2,61 = 3.695, p = 0.031). Post-hoc
analysis showed range of motion was significantly
lower in converters in comparison with HCs under
normal walking (converters, 16.94 ± 4.73; HCs,
26.02 ± 10.29; 95% CI = 0.194–17.961, p = 0.044)
and fast walking condition (converters, 20.52 ± 5.86;
HCs, 32.81 ± 12.68; 95% CI = 2.009–22.580,
p = 0.014) (Fig. 1D). There was a significant
main effect of walking condition (arm range of
motion, F2,122 = 14.088, p < 0.001; peak arm veloc-
ity, F2,122 = 29.987, p < 0.001; peak arm velocity
asymmetry, F2,122 = 16.762, p < 0.001) in which all
participants walked with a larger arm-swing range
of motion, rapid arm swing velocity during fast
walking. Larger arm swing velocity asymmetry was
seen during dual-task walking for all participants.

Trunk
There was a significant difference between

the groups in trunk sagittal range of motion
(F2,61 = 3.323, p = 0.043). Post-hoc analysis showed
trunk sagittal range of motion was signifi-
cantly decreased in non-converters in compar-
ison with HCs under fast walking condition
(non-converters, 3.81 ± 0.67; HCs, 4.36 ± 0.89;
95% CI = 0.003–1.092, p = 0.048) (Supplementary
Table 3). There was a significant main effect of
walking condition (trunk sagittal range of motion,
F2,122 = 7.915, p < 0.001; trunk horizontal range of
motion, F2,122 = 31.545, p < 0.001; peak trunk sagittal
velocity, F2,122 = 30.635, p < 0.001; peak trunk hori-
zontal velocity, F2,122 = 13.915, p < 0.001) in which
all participants walked with larger trunk sagittal and
horizontal range of motion during dual-task condi-
tion.

Correlations between gait parameters in iRBD
patients

Across all three walking conditions, several gait
parameters exhibit strong correlations. These include
stride time with stride velocity (r = –0.789, p < 0.001),
stride time with swing (r = –0.640, p < 0.001), and
stance (r = 0.640, p < 0.001), stride length variation
with stride time variation (r = 0.642, p < 0.001), and
stride velocity variation (r = 0.811, p < 0.001), and

peak horizontal trunk velocity with trunk horizontal
range of motion (r = 0.742, p < 0.001). When com-
paring gait parameters with UPDRS part III score,
arm range of motion (r = –0.411, p = 0.022) and peak
arm velocity (r = –0.452, p = 0.011) showed moderate
correlation during fast walking condition (see Sup-
plementary Tables 4–6).

Baseline gait markers associated with
phenoconversion

Based on the results of Cox regression analy-
ses, iRBD patients with higher scores of UPDRS
III (adjusted HR = 1.504, 95% CI = 1.141–1.984,
p = 0.004) were found to be more likely to convert
to α-synucleinopathies. In terms of gait parameters,
iRBD patients with increased gait variability (stride
length, stride time variability, stride velocity), and
increased stride length asymmetry under normal
walking condition were also more likely to con-
vert to α-synucleinopathies during a follow-up
(stride length variation, adjusted HR = 1.594, 95%
CI = 1.132–2.244, p = 0.008; stride time varia-
tion, adjusted HR = 1.235, 95% CI = 1.030–1.482,
p = 0.023; stride velocity variation, adjusted
HR = 1.308, 95% CI = 1.056–1.621, p = 0.014;
stride length asymmetry, adjusted HR = 5.659,
95% CI = 1.655–19.357, p = 0.006). Additional
predictors were observed for fast walking condition,
including decreased arm range of motion, increased
arm range of motion variation, increased peak
arm velocity asymmetry, increased trunk sagittal
range of motion, increased gait variability (stride
length, stride time, and stride velocity), increased
swing variation, and larger stride length asymmetry
(stride length variation, adjusted HR = 1.801, 95%
CI = 1.249–2.596, p = 0.002; stride time varia-
tion, adjusted HR = 1.169, 95% CI = 1.040–1.313,
p = 0.009; stride velocity variation, adjusted
HR = 1.324, 95% CI = 1.098–1.597, p = 0.003;
stride length asymmetry, adjusted HR = 7.239,
95% CI = 1.785–29.356, p = 0.006; arm range of
motion, adjusted HR = 0.889, 95% CI = 0.798–0.989,
p = 0.031; arm range of motion variation, adjusted
HR = 1.047, 95% CI = 1.009–1.086, p = 0.014; peak
arm velocity asymmetry, adjusted HR = 1.059,
95% CI = 1.003–1.118, p = 0.040; trunk sagit-
tal range of motion, adjusted HR = 3.584, 95%
CI = 1.118–11.493, p = 0.032). Larger peak arm
velocity asymmetry was the only predictor observed
under dual-task walking condition (peak arm
velocity asymmetry, adjusted HR = 1.060, 95%
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CI = 1.008–1.115, p = 0.023). Among all the gait
predictors, greater stride length asymmetry showed
the best single predictable value under both normal
and fast walking condition (see in Table 2).

Further stratification of the stride length asym-
metry based on the 75th percentile value as cut-off
point showed iRBD patients with higher stride length
asymmetry (>1.21) under normal walking condi-
tion exhibited shorter disease-free survival duration
than the remaining patients according to stratifi-
cation (adjusted HR 4.468, 95% CI 1.088–18.349,
p = 0.038). Similar analysis in fast walking condition
showed statically insignificant results.

DISCUSSION

To the best of our knowledge, this is the first study
establishing the capability of gait analysis to detect
iRBD phenoconversion to α-synucleinopathies. Our
results demonstrated that selected gait analysis
parameter – stride length asymmetry to be associ-
ated with phenoconversion to α-synucleinopathies in
patients with iRBD. More specifically, a higher value
of stride length asymmetry (>1.21) under normal
walking condition was associated with an increased
risk of progression to neurodegenerative diseases by
4.5 folds in patients with iRBD. At the baseline status,
decreased arm range of motion, and increased vari-
ability (stride length, stride time, and stride velocity)
discriminate iRBD converters from HCs. Increased
variability (stride length, stride time, and stride veloc-
ity) also significantly differed between converters and
non-converters.

Gait alteration is considered as a cardinal sign
of PD. Previous studies have revealed that patients
with early-stage PD walked with slower speed and
shortened step length than the healthy individuals
[17]. When considering more delicate gait alter-
ations during the prodromal phase, gait variability
and asymmetry are generally larger than that seen
in age-matched healthy people [18]. Cross-sectional
studies have shown subtle gait changes in iRBD
patients [3]. A study of probable RBD has demon-
strated decreased velocity, cadence, and significantly
increased double limb support variability, greater
stride time variability, and gait swing time vari-
ability when compared with health controls [6]. In
another study, greater foot step variability and asym-
metry have been revealed during dual-task walking in
patients with PSG-diagnosed iRBD compared with
controls [7]. Although in our study, we did not find

significant differences in gait parameters between
overall iRBD and HCs, even during the challeng-
ing condition (dual-task walking), our results showed
that converters had significantly greater variability
than HCs under normal and fast walking conditions.
Increased gait variability, characterized by stride-
to-stride fluctuations when walking, often appears
before a reduction in step length in PD [19–21]. Thus,
these findings suggest that iRBD patients who have
the potential to develop synucleinopathies are prone
to be interrupted by gait fluctuations, resembling the
earliest alterations seen in PD.

Arm swing originates mainly from passive move-
ments, which are stabilized by active muscle control,
maintaining the integrity of human gait along with
lower limb movements [22, 23]. Studies have shown
that arm range of motion and velocity are reduced
in PD compared with the HCs [24, 25]. Similar to
lower limb motion, increased arm-swing variability
and asymmetry are usually more noticeable during
the early and prodromal stage of PD [26, 27]. A previ-
ous study developed a classification model using gait
parameters that robustly distinguish iRBD from HCs
and PD patients with a sensitivity of 100% and speci-
ficity of 90% [10]. In this study, limb range of motion
and velocity were the main contributors to the model,
indicating the importance of these parameters in iden-
tifying iRBD [10]. In our study, arm range of motion
was significantly lower in converters in comparison
with HCs under both normal walking and fast walking
conditions. A reduction of arm swing is thought to be
related to the dopaminergic depletion in the nigrostri-
atal circuit and which responds well to levodopa [28].
Thus, reduced arm range of motion may be consid-
ered as an early sign of potential phenoconversion
iRBD (as a result of dopaminergic depletion).

It has been observed that non-converters not only
demonstrated better values compared to converters,
such as lower gait variation and larger arm range of
motion, but also showed better values than HCs in
certain aspects. For instance, non-converters exhib-
ited a slightly larger stride length compared to HCs.
It is well-documented that patients with PD present
markedly shortened stride length even in the early
stages, which can be improved with dopaminergic
medications [5]. Therefore, the relatively larger stride
length in non-converters may indicate a relatively
higher dopamine reservoir or underlying compensa-
tion effects.

Notably, a challenging task reveals subtle gait alter-
ations more easily during the prodromal stage of PD
[29]. However, we found no significant group differ-
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Table 2
COX regression analysis for conversion predictors in iRBD patients, adjusting age, sex and BMI for each variable. Extracted gait analysis parameters were presented into independent domains

Variables Normal Fast Dual-task
HR 95%CI p HR 95%CI p HR 95%CI p

Pace
Stride length (%stature) 0.932 0.819–1.061 0.285 0.906 0.800–1.027 0.123 0.963 0.867–1.069 0.479
Stride velocity (%stature/s) 1.003 0.912–1.102 0.957 0.997 0.911–1.091 0.940 0.997 0.931–1.067 0.928
Swing variation 1.261 0.827–1.922 0.281 1.287 1.005–1.648 0.046∗ 0.760 0.428–1.352 0.351

Rhythm
Stride time (s) 0.019 0–163.773 0.391 0.009 0–79.654 0.310 0.266 0.001–84.316 0.652
Swing (%) 1.086 0.744–1.585 0.669 1.148 0.783–1.684 0.480 0.996 0.709–1.400 0.981
Stance (%) 0.921 0.631–1.344 0.669 0.871 0.594–1.277 0.480 1.004 0.714–1.411 0.981

Variability
Stride length variation 1.594 1.132–2.244 0.008∗ 1.801 1.249–2.596 0.002∗ 1.238 0.971–1.578 0.086
Stride time variation 1.235 1.030–1.482 0.023∗ 1.169 1.040–1.313 0.009∗ 1.012 0.867–1.181 0.879
Stride velocity variation 1.308 1.056–1.621 0.014∗ 1.324 1.098–1.597 0.003∗ 1.088 0.921–1.286 0.322

Asymmetry
Swing asymmetry (%) 0.978 0.775–1.233 0.849 0.892 0.687–1.158 0.389 0.901 0.666–1.219 0.500
Stance asymmetry (%) 0.979 0.674–1.422 0.911 0.851 0.578–1.253 0.413 0.845 0.512–1.396 0.512

Postural control
Stride length asymmetry (%) 5.659 1.655–19.357 0.006∗ 7.239 1.785–29.356 0.006∗ 2.372 0.727–7.739 0.152
Arm–swing
Arm range of motion (degrees) 0.916 0.814–1.030 0.142 0.889 0.798–0.989 0.031∗ 0.945 0.866-1.031 0.204
Peak arm velocity (degrees/s) 1.004 0.997–1.011 0.244 1.000 0.992–1.009 0.932 1.003 0.993–1.013 0.533
Arm range of motion variation 0.999 0.955–1.044 0.949 1.047 1.009–1.086 0.014∗ 1.006 0.940–1.077 0.861
Peak arm velocity asymmetry (%) 1.051 0.998–1.106 0.058 1.059 1.003–1.118 0.040∗ 1.060 1.008–1.115 0.023∗

Trunk
Trunk horizontal range of motion (degrees) 1.270 0.905–1.781 0.166 1.210 0.895–1.635 0.216 1.354 0.937–1.957 0.106
Peak horizontal trunk velocity (degrees/s) 1.095 0.997–1.204 0.059 1.084 0.995–1.182 0.065 1.061 0.964–1.167 0.228
Trunk sagittal range of motion (degrees) 1.752 0.594–5.169 0.310 3.584 1.118–11.493 0.032∗ 2.581 0.943–7.064 0.065
Peak sagittal trunk velocity (degrees/s) 1.011 0.859–1.190 0.895 1.069 0.966–1.182 0.195 1.027 0.913–1.156 0.656

CI, confidence interval; ∗p < 0.05.
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ences under dual-task walking. This difference could
be mainly due to the differences in dual-task protocols
or relatively small sample size which may have weak-
ened the statistical power. Although iRBD groups
showed a trend toward worsened gait during dual-task
walking, a larger sample size is required to deter-
mine whether these changes would have statistical
significance.

Identification of markers capable of predict-
ing the phenoconversion from iRBD to clinical
α–synucleinopathies are of great importance. Since
parkinsonism develops in patients with isolated RBD
who are later diagnosed with α-synucleinopathies,
quantifying motor assessments represents intrigu-
ing markers [2, 30]. As far as we know, this is
the first study to demonstrate longitudinal associ-
ation of gait analysis and the disease conversion
from PSG-confirmed iRBD to degenerative α-
synucleinopathies. Del Din et al. conducted a
longitudinal prospective study that identified selected
gait analysis parameters as potentially early diagnos-
tic markers of PD [31]. They recruited 696 healthy
controls and longitudinally followed them four times
with a 2-year interval. Consistent with Del Din
et al. study, our findings showed iRBD patients
with greater gait variability (stride length, stride
time, stride velocity, and swing) and higher stride
length asymmetry were more likely to convert to α-
synucleinopathies. Among them, higher stride length
asymmetry showed the best longitudinal association
to phenoconversion. Greater left-right asymmetry of
gait parameters, such as step length asymmetry, has
been consistently shown to be associated with the
asymmetric nature of bradykinesia and rigidity in
patients with PD [18, 32]. Additionally, there is larger
stride length asymmetry during walking in iRBD
patients than in healthy older people [7]. Our find-
ing supports the use of stride length asymmetry as an
important and distinct gait marker in predicting the
development of α-synuleinopathies in iRBD patients.

In previous studies, hazard ratios (HRs) of poten-
tial biomarkers were reported and could be compared
with our findings. Arnaldi et al. followed 344
iRBD patients for 2 years, during which 52 (20%)
patients developed synucleinopathy. The highest HR
(HR = 4.35) was associated with DAT-SPECT reduc-
tion in the putamen of the most affected hemisphere.
Additionally, a combination of putamen DAT, con-
stipation, and age showed an HR of 5.71 [33]. In
another study, 1,280 iRBD patients were followed up
for an average of 4.6 years, with an annual conver-
sion rate of 6.3%. Results revealed that the best HR

results were associated with abnormal quantitative
motor testing using a combination of alternate-tap
test, Purdue pegboard, 3-metre timed-up-and-go,
and flamingo balance test (HR = 3.16). Other fac-
tors included motor symptoms evaluated by UPDRS
part II and part III, olfactory deficit, mild cognitive
impairment assessed by neuropsychological exami-
nation, and abnormal putamen DAT with HR ranging
from 1.98 to 3.03 [30]. In our study, stride length
asymmetry showed the best predictive value with
an HR of 4.468, similar to the reported putamen
DAT in the most affected side, and higher than the
UPDRS III score in our study at 1.504. This result
suggests that quantitative gait analysis may be a
more convenient and cost-effective method with rel-
atively high value in predicting phenoconversion in
iRBD patients. However, a large sample size study is
required to confirm this finding.

Besides gait parameters, our study found that arm
and trunk parameters were also potential predictors
of iRBD phenoconversion. These parameters were
not examined in Del Din et al. study, including
arm range of motion, arm range of motion varia-
tion, peak arm velocity asymmetry, and trunk sagittal
range of motion. It is important to determine to
what extent these predictors may overlap [34], and
our results showed that certain parameters indeed
exhibited strong correlations. Future evaluations of
iRBD gait analysis may only involve selected param-
eters and call for more precise assessments involving
diverse body areas that are commonly affected in
α-synuleinopathies.

Limitation

Some limitations of this study should be acknowl-
edged. First, the sample size was small which may
weaken the statistical power. After an average of
5.40 years of follow-up, only 10 patients had con-
verted to α-synucleinopathies. The limited number
of phenoconverters may restrict the reliability of
hazard ratio estimates in this study. Additionally,
separate analyses for PD, DLB, and MSA convert-
ers were not performed due to the small sample
size. Future studies should explore this aspect. More-
over, changes associated with longitudinal disease
progression were not analyzed. Future longitudinal
studies with larger sample sizes are necessary to con-
firm our findings and perform prospective analysis to
demonstrate dynamic changes. Second, our study did
not extract arm range of motion asymmetry–a crit-
ical arm-swing measurement for prodromal phase.
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Future studies should involve the asymmetrical mea-
surement of upper limb movements. Third, RBD
symptoms for HCs were clinically excluded via the
RBDQ-HK (total score < 18) instead of polysomnog-
raphy. Thus, we may have had a few RBD patients in
our HC group. However, we believe this potential bias
is unlikely to be considerable due to the low preva-
lence of iRBD in the general population [35, 36].
Finally, while it would be important to apply correc-
tions for multiple tests to all the identified p-values,
this step was omitted due to the exploratory nature of
this study.

Conclusion

We demonstrated that selected gait analysis param-
eter, in particular stride length asymmetry may serve
as a useful gait marker to distinguish iRBD patients
at risk of developing neurodegenerative disease. Our
findings support the use of the gait analysis with wear-
able sensors as a promising screening tool to measure
gait parameters in prodromal α-synuleinopathies.
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