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Abstract: Although the 6-Minute Walk Test (6MWT) is among the recommended clinical tools to
assess gait impairments in individuals with Parkinson’s disease (PD), its standard clinical outcome
consists only of the distance walked in 6 min. Integrating a single Inertial Measurement Unit (IMU)
could provide additional quantitative and objective information about gait quality complementing
standard clinical outcome. This study aims to evaluate the test-retest reliability, validity and dis-
criminant ability of gait parameters obtained by a single IMU during the 6MWT in subjects with
mild PD. Twenty-two people with mild PD and ten healthy persons performed the 6MWT wearing
an IMU placed on the lower trunk. Features belonging to rhythm and pace, variability, regularity,
jerkiness, intensity, dynamic instability and symmetry domains were computed. Test-retest reliability
was evaluated through the Intraclass Correlation Coefficient (ICC), while concurrent validity was
determined by Spearman’s coefficient. Mann-Whitney U test and the Area Under the receiver operat-
ing characteristic Curve (AUC) were then applied to assess the discriminant ability of reliable and
valid parameters. Results showed an overall high reliability (ICC > 0.75) and multiple significant
correlations with clinical scales in all domains. Several features exhibited significant alterations
compared to healthy controls. Our findings suggested that the 6 MWT instrumented with a single
IMU can provide reliable and valid information about gait features in individuals with PD. This offers
objective details about gait quality and the possibility of being integrated into clinical evaluations to
better define walking rehabilitation strategies in a quick and easy way.

Keywords: Parkinson’s disease; gait; inertial sensors; rehabilitation assessment

1. Introduction

Parkinson’s Disease (PD) represents a fast-growing neurodegenerative condition
attributed to the loss of dopaminergic neurons in the substantia nigra. The disease is char-
acterized both by motor symptoms, which include tremors, rigidity, bradykinesia/akinesia
and postural instability, and by non-motor symptoms, such as cognitive impairment, sleep
disorders, sensory abnormalities and fatigue [1]. These movement abnormalities are the
hallmark of PD, and with the progression of the disease, they can deeply affect the quality
of life, leading to high disability in the activities of daily living [2]. Motor disorders in PD
can be assessed with a wide range of clinical rating scales and tests [3], which includes the
6-Minute Walk Test (6MWT) among the recommended evaluation tools [4]. The 6MWT
is a simple and non-invasive test introduced by the American Thoracic Society (ATS) to
evaluate the biological responses of all the systems involved in the walking exercise, by
measuring the distance a subject can walk in 6 min [5]. It was initially developed for
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patients with moderate to severe heart or lung disease, but over time has been extended as
a reliable method to estimate physical functional capacity in post-stroke subjects, subjects
with Alzheimer’s disease, and subjects with multiple sclerosis [6-8]. Regarding PD, the test
was described as highly trustworthy and clinically useful for motor assessment [9,10]. Nev-
ertheless, objective gait features are lacking in the standard clinical 6MWT, since the only
outcome measure provided is the walked distance [5]. As support to clinicians, different
technologies can be integrated to obtain quantitative information and provide additional
insights into the walking pattern.

Inertial measurement units (IMUs) are wearable devices containing accelerometer and
gyroscopic sensors, characterized by lightness, ease of use and relative cost-effectiveness,
therefore enabling extensive motor assessment and overcoming conventional restrictions
of laboratory measurements. These devices have been validated as reliable and accurate
instruments to detect gait spatiotemporal characteristics (e.g., cadence, stride length, stance
and swing phase duration) in healthy people, people with multiple sclerosis and persons
with PD [11-15], during short walking tests such as the 10-m walk test and the timed 25-foot
walk test. Given their ease of use even in larger environments, IMUs have been integrated
also into long walking tests (i.e., the 2-min walk test and the 6MWT) which allow the
analysis of both straight-line walking and turning, the latter not assessed during short tests.
Moreover, compared to short tests, the availability of several longer walking bouts permits
to computing of not only common spatiotemporal parameters, but also more advanced
gait quality metrics (i.e., symmetry, variability /regularity, smoothness, instability) usually
requiring a high number of strides [16]. This, in turn, allows to extract valuable gait
information from different populations, ensuring a more comprehensive gait assessment
without further burdening the subject [17,18]. Regarding the test-retest reliability of the
above metrics during long walk tests, this has been analyzed in healthy subjects, people
with multiple sclerosis and individuals post-stroke with overall good results [19-21]. In
contrast, to the best of our knowledge, no such analysis has been performed on people with
PD so far.

Although the above-cited studies and most of those summarized in a recent review [17]
follow a multiple-IMU approach, the application of a single inertial sensor has been ex-
plored due to its easiness and quickness of use in clinical settings. The agreement between a
single IMU and a reference system (i.e., sensorized mats or optoelectronic systems) has been
already assessed for the measurement of spatiotemporal parameters in healthy adults and
subjects with PD [22-24]. Moreover, while gait variability and spatiotemporal metrics have
demonstrated good reliability during the 6 MWT in elderly and persons post-stroke [25,26],
this aspect has not yet been studied in PD.

Therefore, the present study has three aims: (i) to evaluate the test-retest reliability of
a set of spatiotemporal gait parameters and gait quality metrics obtained by a single IMU
positioned on the lower trunk of individuals with mild PD during the 6MWT, (ii) to assess
the concurrent validity of these metrics with clinical measures, and (iii) to analyze their
ability to discriminate between healthy subjects and people with mild PD.

2. Materials and Methods
2.1. Participants

Twenty-two persons with a diagnosis of Parkinson’s Disease were recruited at IRCCS
Fondazione Don Carlo Gnocchi Onlus, Milan, Italy. The inclusion criteria were: age
between 50 and 85 years; PD diagnosis according to MDS Criteria [27]; ability to walk 30 m
with or without an assistive device; ability to comprehend and sign an informed consent;
modified Hoehn and Yahr (mH&Y) score between 1 to 2.5; stable pharmacological treatment
in the last four weeks. The exclusion criteria were: vascular, familiar and drug-induced
forms of parkinsonism, other known or suspected causes of parkinsonism (metabolic, brain
tumor, etc.) or any suggestive features of atypical parkinsonism; significant comorbidities
and/or severe systemic diseases that would preclude exercise participation (e.g., recent
surgery; unstable cardiac dysfunction; anemia; hepatosis; pulmonary disorders; chronic
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renal failure; auditory, visual and/or vestibular dysfunctions; presence of deep brain
stimulation); previously diagnosed psychiatric diseases; dementia as defined by Montreal
Cognitive Assessment (MoCA Test) Correct Score < 15.51 [28]. During the period of the
study, participants maintained the scheduled therapies and medications. Moreover, all
tests were performed during the “on” phase (phase in which the optimal drug therapy and
motor improvement were achieved in the subject).

Ten healthy subjects (HS) with comparable sex and age to the PD population were
also involved in the study as control group. Inclusion criteria were age above 18 years and
healthy general condition. Exclusion criteria were any neurological, musculoskeletal or
cardiopulmonary disorders that might affect gait.

The total sample size (22 people with PD and 10 HS) was considered adequate based
on previous studies finding a 6(MWT distance (mean =+ standard deviation) of 499 m £ 85 m
in healthy subjects of 70-79 years old [29], and of 316 m + 142 m in persons with PD [9],
resulting in an effect size of 1.56. These data indicated that 28 subjects (19 people with PD
and 9 HS) were necessary to obtain a difference between groups with o = 0.05, power = 0.95
and an allocation ratio of 0.5. The sample size of the PD group was chosen considering
the worst-case scenario of an Intraclass Correlation Coefficient (ICC) of 0.5 (minimum ICC
value for fair reliability [30]), with two observations per subject, power = 80% and « = 0.05.

All the study subjects signed a written informed consent before participating that was
approved by the local Ethical Committee (code: 13/2023/CE_FdG/FC/SA).

2.2. Clinical Assessment

Subjects with PD underwent a clinical examination prior to the first instrumented test
session. The administered clinical scales and tests are described in Table 1.

Table 1. Clinical scales and tests.

Outcome Outcome Measure Description
mH&Y evaluates the staging of the functional disability due to PD,
Modified Hoehn and Yahr (mH&Y) from 1 (unilateral involvement only) to 5 (wheelchair-bound or
bedridden) [28,31].
Movement Disorders
Motor Society—Unified Parkinson’s Disease  Self-administered questionnaire focused on difficulties in 13 motor aspects
Impairment Rating Scale Part 2 of daily living. Each item is rated from 0 (normal) to 4 (severe) [32].
(MDS-UPDRS 1II)
Movement Disorders
Society—Unified Parkinson’s Disease ~ Assessment of motor signs of PD through the evaluation of 18 aspects
Rating Scale Part 3 rated by the examiner between 0 (normal) and 4 (severe) [32].
(MDS-UPDRS III)
6-Minute Walk Test Assessment of walking endurance by measuring the distance walked
(6MWT) on a flat hard surface in 6 min [5].
Gait and Assessment of mobility and dynamic balance [33]. It requires subjects
Balance Timed Up and Go (TUG) to rise from a chair, walk 3 m, turn, walk back to the chair and sit down.
The score is represented by the time taken to perform the test.
Postural Instability and Index defined by the mean scores of the MDS-UPDRS items 2.12, 2.13,
Gait Difficulty (PIGD) 3.10,3.11,3.12 [34].
Indices derived by summing the MDS-UPDRS III scores related to right
Worst Leg a nd Best Leg and left lower limb (items 3.3, 3.7, 3.8, 3.17). The highest (lowest) index
Impairments ifies th le (best leg) i ,
Asymmetry quantifies the worst leg (best leg) impairment.
Lee Asvmmetry Index Ratio between the difference of the worst and best leg, and the sum of
& ASY y the worst and best leg [35].
L . . Index evaluating the loss/slowness of spontaneous voluntary limb
Akme.sm/. Akinesia/Bradykinesia movement. It is derived by adding the MDS-UPDRS III scores of items
Bradykinesia Index

from 3.4 to 3.11, 3.13 and 3.14 [36].
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Table 1. Cont.

Outcome Outcome Measure Description

Rigidity Rigidity index Index defined by summing MDS-UPDRS III scores of item 3.3.

Tremor Tremor index Index defined by the mean scores of the MDS-UPDRS items 2.10, 3.15,

3.16,3.17 and 3.18 [34].
MoCA consists of 16 items assessing different cognitive domains,
- - including visuospatial and executive functions, memory, attention and
Cognitive Montreal Cognitive - . . . o
. orientation). The maximum score is 30 points indicating normal
Impairment Assessment (MoCA)

cognition. In the present paper, MoCA scores adjusted following
Santangelo et al. [28] were also reported.

PD: Parkinson’s Disease.

2.3. Instrumented Assessment

The test-retest instrumented assessment was performed at 24-72 h intervals, maintain-
ing the same testing conditions. Before starting both sessions, the 6MWT was explained
to the subject following the ATS guidelines [5]. Subjects walked for 6 min at a sustainable
speed between two delimiter cones placed at a 30 m distance in a straight hallway, free of
obstacles and other people. If needed, they could use walking aids, slow down and stop
and resume walking as soon as possible.

Raw lower trunk accelerations and angular velocities data were acquired at a 100 Hz
frequency with the G-Walk (BTS Bioengineering, Milan, Italy), placed on the patient’s
skin projection of vertebra L5 and held by a semi-elastic belt (Figure 1). G-Walk is a
single IMU measuring 70 x 40 x 18 mm with a weight of 37 g, consisting of a triaxial
accelerometer 16 bit/axes (2 g), a triaxial gyroscope 16 bit/axes (£2000 °/s) and a triaxial
magnetometer 13 bit (1200 uT). The system is equipped with Bluetooth 3.0 connection to
transmit acquired data to a tablet PC. The frequency of 100 Hz was considered adequate
for our study since it is within the range of sampling rates (25-1000 Hz) used in previous
studies [17,37].

Figure 1. Positioning of G-Walk sensor and gait protocol for test-retest sessions.

2.4. Data Processing

Data processing was performed using MATLAB R2022b (MathWorks, Natick, MA,
USA). To analyze separately each straight hallway, signals were divided according to
the turns detected by the IMU [38]. Due to the subject body shape and any incorrect
sensor applications, the alignment of the device may present with offset. For this reason,
trunk accelerations along the three axes (anteroposterior (AP), mediolateral (ML) and
vertical (VT)) were reoriented to a horizontal-vertical coordinate system following the
widely used method of Moe-Nilssen [39], where the AP axis was positive in the forward
direction, ML axis was positive in the left direction, and VT axis in the upward direction.
To estimate heel-strike (initial contact, IC) and toe-off (final contacts, FC) events within the
gait cycle, the filtered VT acceleration (4th order low-pass Butterworth filter with a cut-off
frequency of 10 Hz) was integrated and differentiated using a continuous wavelet transform
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(CWT). Following the algorithm defined by McCamley et al. [40] and optimized by Del
Din et al. [41] for the validation on people with PD, according to current axis directions, IC
events were identified as the frames corresponding to the maxima of the integrated signal,
and with further CWT differentiation, FC events were identified as frames corresponding
to the minima of the obtained signal, as shown in Figure 2. Only data related to ten
consecutive steady-state strides (20 steps) in the middle of each hallway were considered
to determine gait features. A set of 41 metrics was computed from trunk acceleration
and angular velocity components. The metrics, organized in gait domains as previously
proposed [42—44], are listed in Table 2.

E T T T T T =
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Figure 2. Examples of raw vertical acceleration (black), integrated wavelet (red) and integrated
and differentiated wavelet (green). Initial contacts (IC) correspond to the red dots, final contacts
(FC) correspond to the green dots. Stance durations, swing durations and double supports (DS) of
both legs are represented. Signals are reported after being normalized for their maximum value for
graphical representation only.

Table 2. Summary of domains and instrumented metrics.

Domain Metric Description
. . Time interval between two consecutive heel-strike of the same
Stride duration [s]
foot.
. o Time interval between the instants of heel-strike and toe-off of
Stance duration (%) P

the same foot, expressed as a percentage of the stride time.

Time interval between the instants of toe-off of the current

Swing duration (%) footfall and heel-strike of the next footfall of the same foot,

Rhythm and Pace . S
expressed in percentage of the stride time.
Time interval between the instants of heel-strike of one foot and
. o the toe-off of the contralateral foot, expressed in percentage of
Double support duration (%) the stride time. For this paper, the sum of double supports of
both legs was considered.
Stride length [m] Distance between two consecutive heel-strike of the same foot,
& calculated as the path length divided by the number of strides.
.y Coeffl.c1ent of variation (,CV) of Smde Ratio of the standard deviation of a parameter to the mean of
Variability duration, stance and swing duration,
. . the same parameter [45].
single and double support duration [-]

Respectively, the first and the second peaks of the normalized

Reeularit Step and Stride regularity autocorrelation function computed from each acceleration
5 y (Module, AP, ML, VT) [-] component and modulus. Increasing values, from 0 to 1, denote

higher regularity between steps and strides [46].
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Table 2. Cont.

Domain Metric Description
. : Jerk (first-time derivative of acceleration) normalized with
Jerkiness Normalized (Ilg?;ri)l), ML, VT[] respect to stride duration and mean acceleration. Higher values
indicate less smooth movement [47].

RMS of each acceleration component. Decreasing values

Intensity RMS Acc AP, ML, VT [m/s?] represent a higher capability for controlling postural control of
the upper body [19].
Normalized RMS Acc Ratio of the RMS of acceleration in a given direction to the RMS
AP, ML, VT [-] (NRMS) of acceleration magnitude [48].
Exponent estimated from each acceleration following
. Rosenstein method [49]. A detailed description of LyE
Dynamic Instability LYaPii‘;vsfexp?X;n;/[%yszrio[f]smde computation is reported elsewhere [50]. Increasing values
p AL M indicate a higher sensitivity to small perturbations, reflecting
lower dynamic stability.
Turn time [s] Time interval between the end of a straight path and the
beginning of the next.
Turning angular velocity [deg/s] Mean angular velocity around the vertical axis during turns.

. . Ratio between the sum of the amplitudes of the in-phase
T armonics and the sum of the amplitudes of the out-of-phase

Ha{g}ﬁ’ifff}}‘)’ [_]HR h d th f the amplitudes of the out-of-ph

Symmetry e harmonics [45].

Improved Harmonic Ratio—iHR (AP,

Ratio between the power of the in-phase harmonics and the

ML, VT) [-] sum of in-phase and out-of-phase harmonics power [51].

RMS: Root Mean Square.

All parameters were obtained for each hallway and then averaged for each subject’s
total number of hallways executed during the 6MWT.

2.5. Statistical Analysis

Statistical analyses were performed using SPSS software (version 28, SPSS Inc., Chicago,
IL, USA). Participants’ gender and age were compared using Pearson’s chi-square test and
Mann-Whitney U test, respectively. Since most of the investigated features exhibited a
non-normal distribution at the Shapiro-Wilk test, non-parametric tests were conducted.
The level of significance was taken at 5%.

Between-day test-retest reliability was evaluated through the Intraclass Correlation
Coefficient (ICC). ICC was computed with a 95% confidence interval, using a two-way
mixed-effect, absolute agreement, multiple measurements model. An ICC lower than 0.49
was classified as poor, between 0.50 and 0.74 as fair, between 0.75 and 0.89 as good, and
an ICC greater than 0.90 as excellent [30]. Additionally, the Standard Error Measurement
(SEM) and the Minimal Detectable Change (MDC) at 95% confidence were calculated for
each metric. The SEM provides a value for measurement error in the same units as the
measurement itself, and was calculated with Equation (1):

SEM = SDean- V1 — ICC (1)

where SD corresponds to the mean of the standard deviations obtained from data in test
and retest sessions. The MDC represents an estimate of the slightest change in a measure
that can be detected objectively. Change scores larger than MDC indicate real change, while
change scores lower than MDC indicate a variation due to measurement error and/or
within-subject variability. It was determined with Equation (2) [52]:

MDC = 1.96-v/2 -SEM @)
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Concurrent validity of the instrumented metrics was investigated using Spearman’s
rank correlation coefficient (r;) between clinical scales and gait parameters that showed
good/excellent reliability (i.e., ICC > 0.75). In particular, correlation analyses were per-
formed between all reliable metrics and clinical measures of motor impairment (H&Y
and MDS-UPDRS III) and gait and balance (6MWT, TUG, PIGD, Akinesia/Bradykinesia).
Moreover, for a subset of instrumented features (variability /regularity, jerk, intensity and
symmetry metrics), the association with specific clinical scales (e.g., Tremor, Rigidity, Asym-
metry) was also analyzed, on the basis of the reasonable hypothesis that they could measure
similar constructs. Absolute values of r; between 0.2 and 0.4 indicate a small correlation,
between 0.4 and 0.6 moderate correlation, between 0.6 and 0.8 strong correlation and
between 0.8 and 1 very strong correlation [53].

The ability of the instrumented metrics to discriminate PD subjects from healthy people
was evaluated by the Mann-Whitney U test with Benjamini-Hochberg (B-H) correction for
multiple comparisons (false rate of 5%) [54], where a p-value lower than 0.05 was reputed
statistically significant. Moreover, the Area Under the Receiver Operating Characteristic
(ROC) curve (AUC) was computed. Values lower than 0.7 represent a poor discriminant
ability, between 0.7 and 0.8 moderate discriminant ability, and values greater than 0.8 good
discriminant ability [55]. The discriminant ability was assessed only for valid metrics, i.e.,
those exhibiting a significant correlation with at least one clinical measure.

3. Results
3.1. Participants Description

Demographic and clinical characteristics of People with PD (PwPD) and healthy
subjects (HS) are reported in Table 3. Age, sex distribution and Body Mass Index were
comparable between groups. The 6MWT clinical score showed a statistically significant
difference between PwPD and HS, with the former group showing reduced walking
endurance. By contrast, the TUG test was comparable between groups.

Table 3. Demographic and clinical characteristics of participants.

PwPD (n =22) HS (n =10) p-Value
Age [years] 72.5 (63;79.9) 70.5 (65.5; 76.1) 0.51
Sex [female/male] 8/14 6/4 0.21
Body Mass Index (BMI) [kg/mz] 24.7 (19.2; 31.6) 24.3 (20.9; 27.6) 0.73
mH&Y stage 2(1.5;2.5) - -
MDS-UPDRS I 6 (1.1, 19) - -
MDS-UPDRS III 31 (13.2; 42.9) - -
6MWT [m] 488 (262.2; 578.8) 565.8 (487.4; 616.7) 0.02*
TUG [s] 9.5 (6.7; 16.8) 7.8 (6.7;11.8) 0.16
PIGD 05(0; 1) - -
Akinesia/Bradykinesia 19 (5.3;29.9) - -
Most/least affected side
(right/left) 10/12 - -
Leg Asymmetry Index 0.3 (0.1, 0.9) - -
Rigidity index 3(1,7.9) - -
Tremor index 0.2 (0; 0.8) - -
MoCA 24 (20; 28) - -
Adjusted MoCA score 23.0 (19.6; 27.5) - -

Values are median (5th percentile; 95th percentile) or numbers. * indicates a p-value lower than 0.05. PwPD: People
with Parkinson’s Disease; HS: Healthy Subjects; mH&Y: modified Hoehn and Yahr; MDS-UPDRS: Movement
Disorder Society—Unified Parkinson’s Disease Rating Scale; 6MWT: 6-Minute Walk Test; TUG: Timed Up and Go;
PIGD: Postural Instability and Gait Difficulty; MoCA: Montreal Cognitive Assessment.

3.2. Test—Retest Reliability

ICCs and 95% confidence intervals of investigated instrumented features for people
with PD are represented in Table 4, as well as SEM and MDC. Table 4 shows also the mean
values of test and retest sessions of the gait parameters.
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Table 4. Test-retest reliability results.

. Test Retest 95% CI
Domains Mean (SD) Mean (SD) fce Lower Limit  Upper Limit SEM MDC
Rhythm and Pace
Stride duration [s] 0.95 (0.08) 0.95 (0.09) 0.98 0.94 0.99 1.28 3.54
Stance [%] 62.96 (1.06) 63.27 (1.41) 0.75 0.42 0.90 0.61 1.7
Swing [%] 37.04 (1.06) 36.73 (1.41) 0.75 0.42 0.90 0.61 1.7
Double support [%] 26.04 (1.94) 26.63 (2.57) 0.89 0.72 0.96 0.75 2.07
Stride length [m] 1.40 (0.24) 1.37(0.23) 0.98 0.94 0.99 0.04 0.10
Variability
Stride duration [-] 1.97 (0.82) 2.09 (0.90) 0.93 0.83 0.97 0.23 0.64
Stance [-] 1.87 (0.75) 1.90 (0.87) 0.95 0.89 0.98 0.17 0.48
Swing [-] 3.20 (1.30) 3.27 (1.48) 0.95 0.89 0.98 0.30 0.83
Single support [-] 1.65 (0.93) 1.80 (1.18) 0.95 0.87 0.98 0.24 0.67
Double support [-] 4.87 (2.67) 5.27 (3.09) 0.96 0.91 0.98 0.56 1.56
Regularity
Step module [-] 0.80 (0.08) 0.80 (0.11) 0.90 0.76 0.96 0.03 0.08
Step AP [-] 0.55 (0.19) 0.54 (0.20) 0.89 0.74 0.96 0.06 0.18
Step ML [-] —0.59 (0.15) —0.59 (0.17) 0.90 0.76 0.96 0.05 0.14
Step VT [-] 0.79 (0.09) 0.77 (0.13) 0.90 0.76 0.96 0.03 0.10
Stride module [-] 0.86 (0.07) 0.84 (0.08) 0.92 0.79 0.97 0.02 0.06
Stride AP [-] 0.70 (0.13) 0.68 (0.12) 0.86 0.67 0.94 0.05 0.13
Stride ML [-] 0.71 (0.10) 0.69 (0.10) 091 0.77 0.96 0.03 0.09
Stride VT [-] 0.85 (0.08) 0.83 (0.09) 0.92 0.79 0.97 0.02 0.07
Jerkiness
Njerk AP [-] 0.44 (0.11) 0.45 (0.11) 0.89 0.73 0.95 0.04 0.10
Njerk ML [-] 0.35 (0.06) 0.35 (0.05) 0.91 0.79 0.96 0.02 0.04
Njerk VT [-] 0.10 (0.03) 0.10 (0.02) 0.93 0.84 0.97 0.01 0.02
Intensity
RMS Acc AP [m/s?] 2.26 (0.99) 2.36 (1.25) 0.93 0.84 0.97 0.29 0.80
RMS Acc ML [m/s?] 2.52 (1.29) 2.55 (1.46) 0.99 0.97 1.00 0.14 0.40
RMS Acc VT [m/s?] 3.12 (0.95) 3.09 (1.01) 0.96 0.90 0.98 0.20 0.54
Dynamic Instability
NRMS Acc AP [-] 0.65 (0.10) 0.68 (0.17) 0.73 0.35 0.89 0.07 0.19
NRMS Acc ML [-] 0.72 (0.16) 0.72 (0.17) 0.96 0.90 0.98 0.03 0.09
NRMS Acc VT [-] 0.92 (0.08) 0.92 (0.08) 0.95 0.88 0.98 0.02 0.05
LyE Step AP [-] 0.64 (0.14) 0.69 (0.17) 0.84 0.61 0.93 0.06 0.17
LyE Step ML [-] 0.71 (0.19) 0.77 (0.23) 0.93 0.72 0.97 0.06 0.16
LyE Step VT [-] 0.80 (0.15) 0.83 (0.15) 0.87 0.68 0.95 0.05 0.15
LyE Stride AP [-] 0.44 (0.09) 0.47 (0.12) 0.80 0.54 0.92 0.05 0.13
LyE Stride ML [-] 0.47 (0.14) 0.52 (0.17) 0.92 0.76 0.97 0.04 0.12
LyE Stride VT [-] 0.56 (0.10) 0.59 (0.11) 0.82 0.58 0.93 0.04 0.12
Turn time [s] 2.71(1.89) 3.02(2.79) 0.96 0.90 0.98 0.49 1.36
Turning velocity [deg/s] 13.67 (3.19) 13.96 (3.01) 0.94 0.85 0.97 0.78 2.16
Symmetry
HR AP [-] 1.97 (0.46) 1.94 (0.45) 0.77 0.43 0.90 0.22 0.60
HR ML [-] 2.29(0.28) 2.36 (0.46) 0.64 0.15 0.85 0.22 0.62
HR VT [] 2.74 (0.52) 2.76 (0.59) 0.91 0.78 0.96 0.17 0.46
Improved HR AP [-] 76.50 (8.09) 75.59 (8.99) 0.89 0.73 0.95 2.89 8.02
Improved HR ML [-] 80.98 (4.49) 81.16 (6.05) 0.84 0.61 0.93 211 5.84
Improved HR VT [-] 88.89 (5.12) 88.39 (6.16) 0.93 0.84 0.97 1.47 4.07

AP: Anteroposterior; ML: Mediolateral; VT: Vertical; Njerk: Normalized Jerk; RMS: Root Mean Square; NRMS:
Normalized Root Mean Square; LyE: Lyapunov Exponent; HR: Harmonic Ratio.
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Thirty-nine out of forty-one variables exhibited good/excellent reliability between ses-
sions with an ICC > 0.75, while the normalized RMS of AP acceleration and the Harmonic
Ratio (HR) in the ML direction were measured with fair reliability (ICC > 0.50). The 6MWT
clinical score showed excellent reliability with an ICC of 0.98, consistent with values found
in the literature [9].

3.3. Concurrent Validity

Results related to the correlation between highly reliable gait metrics and clinical
scales are shown in Figures 3 and 4.
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Figure 3. Correlation results of rhythm and pace (A), variability and regularity (B), and jerkiness
(C) metrics vs. clinical scales. * indicates a p-value lower than 0.05, ** indicates a p-value lower
than 0.01, *** indicates a p-value lower than 0.001. H&Y: Hoehn and Yahr; MDS-UPDRS: Movement
Disorder Society—Unified Parkinson’s Disease Rating Scale; 6MWT: 6-Minute Walk Test; TUG: Timed
Up and Go; PIGD: Postural Instability and Gait Difficulty; AP: Anteroposterior; ML: Mediolateral;
VT: Vertical; CV: Coefficient of Variation; Njerk: Normalized Jerk.
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Intensity metrics Vs. Clinical Scales
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RMS Acc ML
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B Dynamic Instability metrics Vs. Clinical Scal

NRMS Acc ML 0.17 0.28
NRMS Acc VT 0.09 035
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LyE Step VT 0.35 0.21
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Figure 4. Correlations results of intensity (A), dynamic instability (B), and symmetry (C) metrics
vs. clinical scales. * indicates a p-value lower than 0.05, ** indicates a p-value lower than 0.01,
*** indicates a p-value lower than 0.001. H&Y: Hoehn and Yahr; MDS-UPDRS: Movement Disorder
Society—Unified Parkinson’s Disease Rating Scale; 6tMWT: 6-Minute Walk Test; TUG: Timed Up and
Go; PIGD: Postural Instability and Gait Difficulty; RMS: Root Mean Square; AP: Anteroposterior;
ML: Mediolateral; VT: Vertical; NRMS: Normalized Root Mean Square; LyE: Lyapunov Exponent;
HR: Harmonic Ratio; iHR: improved Harmonic Ratio.
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Regarding the rhythm and pace domain (Figure 3A), stride length showed a moderate
to strong correlation with motor impairment (mH&Y and MDS-UPDRS III) and gait and
balance measures (6MWT distance, TUG, PIGD and akinesia/bradykinesia). Similarly,
variability and regularity metrics (Figure 3B) had an overall moderate correlation with
MDS-UPDRS III and gait and balance scales. On the other hand, no correlation was found
with the tremor index. In the jerkiness domain (Figure 3C), AP and ML normalized jerk
correlated, respectively, with the rigidity index and the 6MWT distance.

Moving to the intensity domain (Figure 4A), except for mH&Y all intensity metrics
in AP and VT directions correlated with all outcome measures of gait and balance and of
rigidity. In the ML direction, there was a correlation only with MDS-UPDRS III, 6MWT
distance and TUG. Regarding the dynamic instability domain (Figure 4B), NRMS VT cor-
related with 6MWT and TUG, while turn time and mean turn velocity correlated with
all motor impairment and gait and balance outcome measures. Conversely, no correla-
tion was found between Lyapunov exponents and clinical scales. For symmetry metrics
(Figure 4C), HR and iHR in the VT direction showed a correlation with MDS-UPDRS 111,
akinesia/bradykinesia and worst leg impairment, while no correlation was found with
best leg impairment and leg asymmetry index. The iHR in the ML direction correlated only
with MDS-UPDRS III and 6MWT.

3.4. Discriminant Ability

Metrics that exhibited a statistically significant correlation with at least one clini-
cal scale, hence showing concurrent validity, were further analyzed to determine their
discriminant ability. The results are shown in Table 5.

Table 5. Comparisons between people with mild PD (PwPD) and healthy subjects (HS).

Median (5th; 95th Percentile) Mean (95% CI)

Domains p-Value
PwPD HS AUC
Rhythm and Pace
Stride duration [s] 0.93 (0.86; 1.10) 0.93 (0.85; 1.00) 0.411 0.55 (0.34; 0.77)
Stride length [m] 1.47 (0.94;1.69) 1.62 (1.48;1.84) 0.002 * 0.83 (0.69; 0.97)
Variability
CV Stride duration [-] 1.81 (1.12; 3.62) 1.49 (1.65;1.91) 0.119 0.67 (0.47; 0.86)
CV Stance [-] 1.65 (1.06; 3.42) 1.29 (1.01; 1.70) 0.149 0.72 (0.54; 0.90)
CV Swing [-] 2.83 (1.76; 5.67) 2.27 (1.83; 2.93) 0.168 0.67 (0.47; 0.86)
CV Double support [-] 3.89 (2.55; 11.10) 3.37 (2.66; 4.42) 0.190 0.64 (0.44; 0.84)
Regularity
Step Reg. MOD [-] 0.83 (0.68; 0.90) 0.89 (0.82; 0.92) 0.024 * 0.76 (0.59; 0.93)
Step Reg. ML [-] —0.64 (—0.77; —0.29) —0.73 (—0.81; —0.36) 0.279 0.65 (0.45; 0.85)
Step Reg. VT [-] 0.81 (0.67; 0.90) 0.89 (0.80; 0.93) 0.037 * 0.78 (0.61; 0.94)
Stride Reg. MOD [-] 0.88 (0.74; 0.94) 0.89 (0.82; 0.94) 0.366 0.61 (0.40; 0.82)
Stride Reg. ML [-] 0.71 (0.56; 0.84) 0.80 (0.55; 0.85) 0.210 0.66 (0.46; 0.86)
Stride Reg. VT [-] 0.87(0.71; 0.94) 0.80 (0.55; 0.85) 0.411 0.59 (0.38; 0.80)
Jerkiness
Njerk AP [-] 0.41 (0.29; 0.58) 0.40 (0.30; 0.69) 0.562 0.57 (0.36; 0.78)
Njerk ML [-] 0.35 (0.26; 0.43) 0.30 (0.25; 0.48) 0.704 0.64 (0.44; 0.84)
Intensity
RMS Acc AP [m/s?] 2.01 (1.22; 3.53) 2.96 (1.88;2.96) 0.105 0.69 (0.51; 0.88)
RMS Acc ML [m/s?] 2.30(1.27; 3.86) 2.90 (1.82; 4.30) 0.140 0.64 (0.44; 0.84)
RMS Acc VT [m/s?] 3.20 (1.86; 4.34) 4.05(3.13;4.71) 0.041* 0.75 (0.58; 0.92)
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Table 5. Cont.

Median (5th; 95th Percentile) Mean (95% CI)
Domains p-Value
PwPD HS AUC
Dynamic Instability
NRMS Acc VT [-] 0.95 (0.80; 0.98) 0.92 (0.87; 0.98) 0.345 0.61 (0.40; 0.81)
Turn time [s] 2.18 (1.82; 3.96) 1.83 (1.69; 2.03) 0.002 * 0.82 (0.67; 0.97)
Turning velocity [deg/s] 13.94 (8.78; 17.48) 15.42 (13.01; 18.01) 0.028 * 0.71 (0.52; 0.59)
Asymmetry
HR VT [-] 2.83 (1.92; 3.45) 3.77 (2.69; 4.23) 0.002 * 0.85 (0.72; 0.98)
Improved HR ML [-] 82.53 (74.52; 87.36) 85.23 (69.66; 89.99) 0.305 0.62 (0.41; 0.82)
Improved HR VT [-] 90.57 (80.25; 94.73) 94.43 (90.38; 95.77) 0.003 * 0.82 (0.67; 0.96)

* indicates a p-value lower than 0.05. AP: Anteroposterior; ML: Mediolateral; VT: Vertical; CV: Coefficient
of Variation; Njerk: Normalized jerk; RMS: Root Mean Square; NRMS: Normalized Root Mean Square; HR:
Harmonic Ratio.

After adjusting for multiple comparisons, eight metrics showed statistically significant
differences between participants with mild PD and HS. In particular, compared to HS,
people with PD walked with shorter stride length, reduced step regularity (as calculated
from the module of the acceleration and the vertical component), lower vertical intensity
and lower gait symmetry, as measured by HR and iHR in the vertical direction. Finally,
turning was performed by people with PD with prolonged time and reduced angular
velocity compared to HS.

Regarding AUC values, a good discriminant ability (AUC greater than 0.8) was identi-
fied for stride length, turn time, HR and iHR in vertical direction, while stance variability,
step regularity calculated from module and vertical acceleration, vertical intensity and turn-
ing angular velocity showed a moderate discriminant ability (AUC between 0.7 and 0.8).

4. Discussion

In this work, forty-one metrics related to seven gait domains were extracted from
lower trunk accelerations and angular velocities of twenty-two subjects with mild PD and
ten healthy persons, while performing the 6MWT. The test-retest reliability assessed on
participants with PD revealed good to excellent ICC values for 39/41 (95%) of the analyzed
variables. The 59% (23/39) of reliable measures showed a moderate to strong correlation
(concurrent validity) with at least one clinical scale. Finally, 8 out of 23 reliable and valid
metrics (35%), were found statistically different between people with mild PD and HS, with
a moderate to good discriminant ability. To the best of our knowledge, this is the first study
analyzing these aspects in people with mild PD performing a 6MWT instrumented with a
single IMU on the lower trunk.

4.1. Test—Retest Reliability

The results of the reliability assessment showed an overall high test-retest reliability
for 95% of the investigated features, suggesting the possibility of using these metrics for
the monitoring of disease progression or for assessing the effect of a pharmacological
or rehabilitation treatment. In particular, all these metrics can be used for longitudinal
group-level comparisons, since they showed ICC values greater or equal to the minimum
acceptable threshold for this type of analysis (i.e., 0.75 [56]). In addition, 32 out of 39 reliable
metrics (82%) showed ICC values > 0.85, which is recommended for intra-individual
comparisons [56]. These parameters included stride length and duration, all gait variability,
regularity, jerkiness and intensity metrics, seven metrics descriptive of dynamic instability,
e.g., turn time and angular velocity, and three metrics quantifying gait symmetry (i.e., HR
VT, iHR AP, iHR VT). These parameters can therefore be used, not only for group-level
analysis, but also for individual judgment and individual decision-making.
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To the best of our knowledge, no published study exists assessing the test-retest
reliability of instrumented metrics computed from a single inertial sensor during the
6MWT in people with PD. However, two studies [23,41] computed ICC to evaluate the
agreement between a single IMU system and a reference system (i.e., electronic walkway) to
measure spatiotemporal parameters of subjects with PD. Although these tests were carried
out on shorter walks and with a different aim, the ICC values obtained by the authors
are comparable to those here reported. Del Din et al. [41] extended their measurements
by computing not only spatiotemporal parameters, but also variability and asymmetry
metrics. Although our ICC results are similar to those obtained by del Din et al. for the
spatiotemporal metrics, the variability and symmetry measures were different from those
calculated in the present work, so a direct comparison is not possible. To our knowledge,
there are no studies that determined the test—retest reliability of gait features belonging to
other gait domains (i.e., jerkiness, intensity, dynamic stability) for people with PD.

Considering different pathologies, such as multiple sclerosis and stroke, three works [19-21]
focused on domains and metrics comparable to those here considered (e.g., variability,
regularity, intensity and instability). Although data were acquired from a system of three
IMUs (feet and lower trunk), our ICC values are comparable and slightly higher than those
reported in these studies, suggesting that, from the reliability point of view, a single IMU
can be used to further facilitate deployment in clinical practice.

4.2. Concurrent Validity

All gait domains showed at least one statistically significant correlation between a
reliable feature and a clinical scale, suggesting that each domain can be represented by at
least one reliable and valid instrumented metric.

Regarding pace and rhythm metrics, only stride length showed significant moderate
to very strong correlations with all clinical scales assessing motor impairment and gait and
balance. Coherently with other studies in the literature, stride length correlated with motor
impairment measures (i.e., mH&Y and MDS-UPDRS III), as well as with PIGD, 6MWT, TUG
and akinetic/bradykinetic signs [57-60], indicating that patients with more severe motor
disorders, in particular in gait and balance, take shorter steps during walking. Regarding
the other pace and rhythm metrics, stride time moderately correlated with the 6MWT only,
while no correlation with clinical scales was found for stance, swing and double support
duration. Taken together, these findings enforced previous studies that found a significant
progressive decrease in stride length over the course of the disease [58,61], accompanied
by minor changes in stride time and duration of stride sub-phases, which become evident
only in more advanced stages of PD (i.e., mH&Y: 3-4) [58,61].

Regarding variability /regularity domain, our results are consistent with previous
works showing significant positive correlations between gait variability and motor im-
pairment as measured by H&Y and MDS-UPDRS III [62]. Variability measures correlated
also with PIGD, TUG, 6MWT and akinetic/bradykinetic signs confirming previous results
on persons with PD [57,63] and older adults [25], and highlighting the importance of gait
variability to monitor the progression of gait and balance deficits [64]. Similarly, regularity
variables showed relevant negative correlations with the MDS-UPDRS III scale, suggesting
the progressive difficulty in regulating repeated strides during walking and controlling
rhythmic movements, typical of PD. No correlation was found between the tremor index
and the regularity and variability metrics, as found by Schaafsma et al. [65].

In the jerkiness domain, the normalized jerk in the ML direction showed a moderate
negative correlation with walking endurance, as measured by the 6MWT. This is in line with
the notion that lower jerk (higher smoothness) is associated with better motor control [66],
and, consequently, higher walking endurance. Interestingly, normalized jerk in the AP
direction was positively correlated to the rigidity index, indicating a progressive loss of gait
smoothness in patients with increasing rigidity of body segments. Regarding this point, it
can be speculated that, while healthy subjects walk with a “soft” heel strike and a smooth
heel-to-toe pattern, people with Parkinson’s disease presenting rigidity of the trunk and
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lower limbs walk impacting the ground in a less dampened way and with a “flat-foot” gait
characterized by reduced roll-off and, consequently, reduced smoothness [67,68].

As for the intensity domain, the RMS of the trunk acceleration components de-
creased with the worsening of motor symptoms. In particular, increasing rigidity and
akinetic/bradykinetic signs are associated with smaller trunk sway, mainly in AP and VT
directions [69]. Regarding gait and balance, lower amplitude of trunk accelerations was
associated with lower walking endurance and poorer dynamic balance (i.e., higher PIGD
and TUG [69]). This result is confirmed by a recent study, testing a cohort of persons with
neurological diseases including PD, which found that, independently from gait speed,
decreased trunk acceleration in the AP direction is strongly associated with decreased
dynamic balance clinically measured by the modified Dynamic Gait Index (mDGI) [70].
Hence, as previously hypothesized [19], decreased trunk acceleration could be the result
of minimizing upper body motion during walking trying to compensate for lower limb
impairments and maintain balance.

Considering dynamic instability domain, turning duration and turning angular ve-
locity confirmed to be good digital biomarkers of disease progression given their strong
correlation with all selected clinical assessments, particularly with balance measures, as
already found by previous works [33,69,71]. Unexpectedly, Lyapunov exponents (LyE) did
not show significant correlations with any clinical evaluations, including balance measures
(i.e., PIGD and TUG). This is in contrast with previous results on a group of people with
PD, multiple sclerosis and stroke showing a significant association between increasing LyE
Step AP and decreased balance as measured by the mDGI [70]. This can be due to the
fact that our sample was composed of persons with PD who showed less severe walking
impairment, as suggested by the 6MWT distance which was significantly higher (+156 m)
compared to that characterizing the PD group tested by Liuzzi et al. [70]. Another possible
explanation could be that, in the present study, LyE was computed over the duration of
one step and stride. Based on the findings of Fino et al. [72], better results could have been
obtained by calculating LyE over different stride periods, such as weight acceptance, early
swing and mid swing phases.

Finally, regarding symmetry domain, HR and iHR (measuring gait symmetry) sig-
nificantly correlated with motor impairment (MDS-UPDRS III). While no correlation was
found with balance scales, iHR in the mediolateral and vertical directions was significantly
associated with walking endurance (6MWT). This suggests that gait symmetry is primarily
associated with energy efficiency of locomotion rather than balance [70,73]. In addition,
no HRs showed significant correlations with Leg Asymmetry Index calculated from the
specific MDS-UPDRS III items. This was partly expected since HRs and the clinical Leg
Asymmetry Index measure different constructs: HRs quantified step-to-step symmetry
during walking, which is a functional task, while the clinical assessment of asymmetry
through MDS-UPDRS III implies the observation of rest positions, passive movements and
non-functional active movements of feet and toes in sitting position. Despite this result,
vertical HR and iHR showed a moderate and statistically significant negative correlation
with the impairment of the most affected leg and a low non-significant correlation with
the alterations of the less affected leg. This different behavior, in turn, suggests that gait
symmetry is associated, at least partially, with the different levels of impairment between
lower limbs.

4.3. Discriminant Ability

The statistical analysis via Mann-Whitney U test and AUC revealed significant differ-
ences between healthy subjects and people with mild PD in eight instrumented metrics
showing a moderate-high discriminant ability.

In particular, the results confirmed the reduced stride length of subjects with PD
when compared with healthy controls [74], while no significant alterations were found for
cadence. The previous literature showed that PD causes higher difficulty in the regulation
of stride length, while it maintains cadence control intact and adaptable [75,76]. Moreover,
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the difference in the RMS of VT acceleration between healthy and PD individuals was
statistically significant. This result could be related to the found difference in stride length,
since the RMS of acceleration has a close association with walking speed [77] and it is
known that persons with PD walk slower through a reduced stride length [74].

A statistically significant lower step regularity (computed from the acceleration modu-
lus and the VT component) was found in people with mild PD compared to HS, suggesting
that this metric is an index of inconsistent and less rhythmic stepping patterns, which
worsen with the progression of the disease [78].

In addjition, turning time and turning velocity showed significant differences compared
with healthy controls. Difficulty in turning is a common motor impairment that leads to
longer turn time, more turn steps and lower turn velocities, increasing instability in people
with PD [79-81].

Finally, we observed a less symmetric gait pattern through a significantly lower HR and
iHR in the VT direction. Although previous works found significant alterations also in the
AP and ML directions, our result confirms that subjects with mild PD are characterized by a
higher gait asymmetry and less smooth movements compared to healthy people [45,82,83].

4.4. Study Limitations

Despite the found high reliability and validity of the gait features here analyzed, this
study has some limitations. First, the PD group includes subjects with mild PD, thus the
application of the present results to more severely affected patients must be carried out
with caution. Secondly, the number of persons in the control group is too low to permit the
determination of robust cutoffs that can help the clinician understand if the analyzed feature
belongs to a healthy range. Finally, although this work provides MDCs that distinguish
a real change from any casual variations, it is not possible to define if such real change is
clinically significant.

For the above reasons, further studies should include subjects with moderate to severe
PD, increment the number of healthy individuals in the control group, and compute the
minimally important clinical difference.

5. Conclusions

This study examined the reliability, validity and discriminant ability of gait metrics
obtained from a single IMU positioned on the lower back during the execution of the 6 MWT
by individuals with mild PD. Most of the instrumented features exhibited high reliability in
the test-retest analysis, indicating the absence of large variations in the parameters between
test and retest sessions. For each gait domain, several significant correlations with clinical
scales were found, suggesting the validity of most instrumented metrics to assess walking
in PD. Finally, eight reliable and valid metrics were characterized by a moderate/high
ability to discriminate between healthy subjects and individuals with mild PD.

Based on the achieved results, examined metrics can be suitable for objectively and
reliably assessing gait, and can be integrated into clinical practice to complement clinical
evaluations [84] and to investigate longitudinal changes in subjects with mild PD to monitor
the progression of the disease and /or the effects of a pharmacological /rehabilitation treatment.
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