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Abstract.
Background: Real-world walking speed (RWS) measured using wearable devices has the potential to complement the Move-
ment Disorder Society-Unified Parkinson’s Disease Rating Scale (MDS-UPDRS III) for motor assessment in Parkinson’s
disease (PD).
Objective: Explore cross-sectional and longitudinal differences in RWS between PD and older adults (OAs), and whether
RWS was related to motor disease severity cross-sectionally, and if MDS-UPDRS III was related to RWS, longitudinally.
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Methods: 88 PD and 111 OA participants from ICICLE-GAIT (UK) were included. RWS was evaluated using an accelerom-
eter at four time points. RWS was aggregated within walking bout (WB) duration thresholds. Between-group-comparisons in
RWS between PD and OAs were conducted cross-sectionally, and longitudinally with mixed effects models (MEMs). Cross-
sectional association between RWS and MDS-UPDRS III was explored using linear regression, and longitudinal association
explored with MEMs.
Results: RWS was significantly lower in PD (1.04 m/s) in comparison to OAs (1.10 m/s) cross-sectionally. RWS significantly
decreased over time for both cohorts and decline was more rapid in PD by 0.02 m/s per year. Significant negative relationship
between RWS and the MDS-UPDRS III only existed at a specific WB threshold (30 to 60 s, � = –3.94 points, p = 0.047).
MDS-UPDRS III increased significantly by 1.84 points per year, which was not related to change in RWS.
Conclusion: Digital mobility assessment of gait may add unique information to quantify disease progression remotely, but
further validation in research and clinical settings is needed.

Keywords: Real-world gait analysis, Parkinson’s disease, walking speed, digital technology, motor severity, clinical impor-
tance

INTRODUCTION

Parkinson’s disease (PD) is a progressive neuro-
logical disorder characterized by the cardinal motor
symptoms of tremor, rigidity, and bradykinesia [1,
2]. The presence of these motor symptoms mani-
fest as mobility impairments which are detrimental
to health and quality of life [3]. Measuring and mon-
itoring the impact of motor severity upon mobility in
PD is challenging due to its heterogeneous nature.
The Movement Disorder Society–Unified Parkin-
son’s Disease Rating Scale Part III (MDS-UPDRS
III) is the clinical standard to rate motor severity [4].
However, the assessment is conducted episodically
in person, is time consuming to administer, and may
not reflect the fluctuating nature of PD.

Remote monitoring solutions may exist in the
form of home-based smartphone assessments [5],
which are based upon semi-structured activities that
have their respective advantages. In contrast, walking
speed and a battery of clinically relevant gait charac-
teristics (collectively referred to as digital mobility
outcomes, (DMOs)) [6] can be measured quantita-
tively and continuously in the real-world using digital
health technology such as body worn sensors. Recent
work has explored quantitative assessment of gait
to complement clinical assessment of motor sever-
ity in PD. Gait impairment appears early, even in the
prodromal period, and deteriorates over time [7–10].
Changes in discrete DMOs translate to impaired
motor and cognitive function, and increased fall risk
[11, 12]. These tools could be used to complement the
existing clinical assessment of motor symptom sever-
ity in PD [13, 14], addressing some of the limitations
of existing scales [6]. Early work demonstrates pos-
sible clinical utility. For example, real-world walking
speed (RWS) may be sensitive to discriminating PD

from older adults (OAs) [7], is able to quantify PD
motor symptoms [15] and fall risk [16], and is respon-
sive to medication state (ON/OFF) [17].

Despite the promise, widespread adoption of real-
world gait as a clinical mobility endpoint has not
yet reached the clinic or clinical trials. To achieve
this, comprehensive technical and clinical validation
is required [6, 18] to establish what information RWS
(or other DMOs) can provide that complement exist-
ing clinical assessment. Specifically, whether RWS is
sensitive to the presence and progression of PD inde-
pendent of typical ageing [8]. While walking speed is
related to motor disease severity in controlled, super-
vised testing [19–23], the relationship between RWS
and MDS-UPDRS III is yet to be explored [23].

The aims of this study were to cross-sectionally
characterize RWS in people with PD compared to a
cohort of OAs without PD, and to determine whether
RWS changes in PD more rapidly. We also aimed
to explore the cross-sectional and longitudinal rela-
tionships between RWS and motor disease severity
(using MDS-UPDRS III) in PD.

METHODS

Participants

This study was a combined cross-sectional and lon-
gitudinal study. Participants were recruited from the
Incidence of Cognitive Impairment with Longitudi-
nal Evaluation – GAIT (ICICLE-GAIT) study [7, 8,
24, 25]. The main objective of ICICLE-GAIT was
to examine the utility of gait, as a surrogate marker
of cognitive decline and falls in early PD. Recruit-
ment took place between June 2009 and December
2011. Participants were diagnosed with idiopathic
PD according to the UK Parkinson’s Disease Brain
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Bank criteria [26] by a movement disorders special-
ist and diagnosis was confirmed at each follow-up
visit. Baseline exclusion criteria comprised: signifi-
cant memory impairment (Mini-Mental State Exam
(MMSE)<24) or a diagnosis of Parkinson’s dis-
ease dementia [27]; dementia with Lewy bodies;
drug-induced parkinsonism; “vascular” parkinson-
ism; atypical parkinsonian disorders; poor command
of English; or presence of any neurological (other
than idiopathic PD), orthopedic, or cardiovascu-
lar conditions that severely impacted mobility. OAs
had to be at least 60 years of age, walk indepen-
dently without a walking aid, and have no substantial
cognitive impairment or mood or movement disor-
der. Participants underwent clinical and real-world
assessment at 18-, 36-, 54-, and 72-months fol-
lowing baseline assessment. Across all time points,
we included 88 individual PD participants, from a
total of 120, and 111 people from 184 OAs for
whom data was available. ICICLE-GAIT was under-
taken in accordance with the Declaration of Helsinki
and was granted ethical approval from the Newcas-
tle and North Tyneside Research Ethics Committee
(Ref: 09/H0906/82). All participants provided writ-
ten informed consent prior to assessment.

Demographical and clinical measures

Motor symptom severity was evaluated using the
MDS-UPDRS part III (0–108) and H&Y stage (I–V).
Participants were tested ‘ON’ medication, defined as
within 1 h after PD medication.

Real-world gait assessment protocol

Real-world walking was monitored over seven
consecutive days at each assessment as part of the
ICICLE-GAIT study. Data from the 36-month assess-
ment was chosen for the cross-sectional analysis as
it provided the largest sample size (Table 1). Some
participants were not assessed at 18 months, due to
changes in the device used for monitoring. Longitudi-
nal analysis included data from all time points. Each
participant wore a tri-axial device (Axivity AX3,
York, UK) (23.0 × 32.5 × 7.6 mm; weight: 11 grams,
data collected at 100 Hz, range ± 8 g) and was asked
to continue their normal routine. The device was
attached over the fifth lumbar vertebra (L5) with a
hydrogel adhesive (PALStickies, PAL Technologies,
Glasgow, UK) and covered with Hypafix™ bandage.
After seven days, participants removed the device and
posted it back to the researcher [7].

We took a conservative approach and used a thresh-
old of three steps (minimum bout length) to define a
walking bout (WB) with a minimum resting period of
2.5 s between bouts [28]. Only participants with >3
days of collected data were included. Furthermore,
we excluded all WBs <10 s from any analysis. This
is because activity within these very short durations
does not always reflect gait and previous research has
shown that DMOs evaluated in shorter bouts are less
accurate and are less able to discriminate between PD
and OAs [7].

Real-world walking speed (RWS) estimation

RWS was calculated from the tri-axial raw
accelerometer data from both devices using bespoke
validated algorithms in MATLAB® R2018a (Math-
Works, California, United States) [7]. The accelerom-
eter data was first segmented into WBs as detailed in
previous work [7]. Initial contact and final contact
gait events were then estimated, which enabled cal-
culation of step duration and step length, where RWS
was defined as the ratio of step length to step duration
[28]. RWS was quantified as the weekly mean, where
we first calculated mean RWS within each WB and
then calculated the mean RWS from all bouts in each
day [7, 29].

Statistical analysis

Analyses are shown below corresponding to each
study aim. Statistical analysis was completed using
R (R Foundation for statistical computing, V4.02,
Austria). For the linear regression and mixed effects
models (MEMs), the estimate of association is a
regression coefficient. Specifically, the � should be
interpreted as a reduction in x points of the MDS-
UPDS III per each 0.1 m/s increase in RWS.

1) Cross-sectional comparison of RWS in PD and
OA

RWS within each WB duration threshold under-
went assessment for normality, utilizing Shapiro-
Wilkes testing. Subsequently, we applied either
the T-test (parametric) or Wilcoxon-H test (non-
parametric) as appropriate, to determine whether the
weekly mean of RWS at each WB duration was sig-
nificantly different between 62 PD participants and
94 OAs.

2) Longitudinal changes in RWS in PD compared
to OA

Mixed effects linear models (MEMs) (‘lmer’ func-
tion in ‘lme4’ package) [30] were used to investigate
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Table 1
Clinical and demographic information of the ICICLE-GAIT cohort at 18-, 36-, 54- and 72-months assessment timepoints

18 months 36 months 54 months 72 months
Group PD OA PD OA PD OA PD OA

n 43 51 62 94 59 49 49 43

Age (y) 69 ± 10 70 ± 7 69 ± 10 72 ± 6 68 ± 9 73 ± 8 71 ± 9 72 ± 6

Sex (Male / Female) 31 / 12 27 / 24 40 / 22 44 / 50 39 / 20 28 / 24 35 / 14 26 / 17

Height (metres) 1.69 ± 0.88 1.69 ± 0.08 1.69 ± 0.08 1.68 ± 0.09 1.68 ± 0.8 1.70 ± 0.09 1.67 ± 0.09 1.70 ± 0.08

Body Mass (kg) 79 ± 15 81 ± 15 79 ± 17 77 ± 13 76 ± 15 81 ± 13 77 ± 14 84 ± 13

MDS-UPDRS III
(points) 33 ± 11 – 38 ± 12.4 – 39.1 ± 12.6 – 40.9 ± 13.8 –

Disease duration
(years) 7.90 ± 4.69 – 8.77 ± 4.02 – 10.36 ± 4.31 – 12.01 ± 4.5 –

Hoehn and Yahr Stage
I, n (%) 5 (11%) – 1 (1%) – 1 (2%) – 0 (0%) –
II, n (%) 40 (85%) – 57 (90%) – 51 (86%) – 35 (70%) –
III, n (%) 2 (4%) – 6 (9%) – 7 (12%) – 12 (24%) –
IV, n (%) 0 (0%) – 0 (0%) – 0 (0%) – 3 (6%) –
LEDD (mg/day) 395 ± 206 – 515 ± 256 – 663 ± 294 – 720 ± 312 –

Data presented as mean ± standard deviation. Bold highlight indicates significant difference between PD and OAs at specific time point. ‘-’ describes an empty field, due to data availability.
MDS-UPDRS III = Movement Disorder Society – Unified Parkinson’s Disease Rating Scale – Part III. LEDD = Levodopa equivalent daily dosage.
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change in RWS and MDS-UPDRS III in 88 PD partic-
ipants, and change in RWS in 111 OAs. MEMs allow
flexibility when dealing with the missing data and are
in accordance with the Food and Drug Administra-
tion guidelines for dealing with missing data [31]. We
included the assessment timepoint (in years), along-
side sex and baseline age as fixed effects, and HY
stage as an additional fixed effect for PD to account
for potential confounding. To establish whether the
annual rate of change in RWS, across the study dura-
tion, differed between OAs and PD participants, we
modelled a group and time point of assessment inter-
action term, alongside sex, and baseline age with a
random intercept for participant. Performance was
assessed by calculating conditional R2, marginal R2

and confidence intervals. Conditional R2 considers
the combined explanatory power of both fixed and
random effects. Goodness of fit for the models was
achieved by reviewing residuals, Q-Q plots with tests
of dispersion, distribution and outliers, and residual
vs. predicted plots.

3) Cross sectional relationship between RWS and
MDS-UPDRS-III

Bivariate correlations and linear effects models
(LEMs) (‘lm’ function in ‘lme4’ R package) [32]
were applied to investigate the cross-sectional rela-
tionship between RWS and MDS-UPDRS III score.
In the LEMs, we included sex and age as fixed effects.
Model performance was assessed by adjusted R2 and
confidence intervals. Diagnosis of goodness of fit
for the LEMs was achieved by reviewing residuals
vs. fitted, Q-Q, scale location and Cook’s distance
plots. We identified an outlier in the analysis, thus we
replicated the analysis with and without the outlier
and it did not impact the findings, so the participant
was included. Finally, a secondary analysis was per-
formed on discrete thresholds of WB duration in both
datasets (10 to 30 s, 30 to 60 s, >60 s) as defined in
previous research [7, 29]. In the comparison of WB
duration, we did not adjust for multiple comparisons,
due to the exploratory nature of the analysis.

4) Longitudinal relationship between RWS and
MDS-UPDRS III

We applied MEMs with data from 88 PD par-
ticipants to investigate the longitudinal relationship
between RWS and MDS-UPDRS III score. For
our fixed effects, we included RWS, HY stage at
each assessment point, sex, baseline age and an
RWS*assessment time point interaction term. We
also modelled a random intercept for the participants.
Model performance was assessed as per the character-
izing longitudinal RWS analysis (analysis 2 above).

RESULTS

Demographic and clinical data, as well as RWS
aggregated across all bouts, are shown in Table 1.

1) Cross-sectional comparison of RWS in PD and
OA

RWS was significantly different between PD and
OAs at each time point and WB duration, excluding
>60 s at the 54-month time point. For both cohorts the
largest number of available WBs for analysis existed
in short durations (10 to 30 s) and the lowest num-
ber of WBs were within long WB durations (>60 s).
Differences between PD and OAs in the number of
WBs undertaken per day, was dependent upon the
time point and WB duration (Table 2).

Cross-sectionally at 36 months, RWS was signifi-
cantly lower in PD comparison to OAs (1.035 m/s vs.
1.097 m/s, p = 0.007) at all WBs and within each WB
duration threshold (Table 2 – 36 months).

2) Longitudinal changes in RWS in PD compared
to OA

Longitudinally, RWS significantly slowed in PD
by 0.021 m/s (or 2 cm/s) per year (p = 0.014) and in
OAs by 0.011 m/s (or 1 cm/s) per year (p = <0.001),
when aggregated within WBs >10 s (Table 3). When
analyzing RWS calculated within each WB thresh-
old RWS slowed significantly at each WB duration,
excluding long WBs (>60 s) in PD (Table 3). Rate
of decline in RWS was larger in PD in comparison to
OAs, at each WB duration threshold, excluding >60 s
where we observed no difference with OAs (Table 3).

3) Cross sectional relationship between RWS and
MDS-UPDRS-III

At the 36-month time point of the ICICLE-
GAIT dataset, there was no significant association
with MDS-UPDRS III score with RWS at all WBs
(� = 1.25 [95% CI = –4.29, 1.78] points, p = 0.412).

However, when calculating RWS within WB
thresholds, we found a significant negative associ-
ation with the MDS-UPDRS III at WBs between 30
to 60 s (� = –3.94, [95% CI = –7.83, –0.05] points,
p = 0.047) (Fig. 1).

We did not observe any association between RWS
and MDS-UPDRS III at ‘All WBs’ (� = –1.36, [95%
CI = –4.71, 2.03] points, p = 0.42), or any WB dura-
tion, in the independent dataset.

4) Longitudinal relationship between RWS and
MDS-UPDRS III

MDS-UPDRS III scores significantly increased by
1.86 [95% CI = 1.11, 2.61] points per year across the
study duration. However, there was no association
between change in RWS with changes in MDS-
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Table 2
Characterization of Real-world walking speed (RWS) and the number of Walking Bouts (WBs) recorded per day across the study duration
in people with PD and OAs. *36 months RWS data was utilized used as time point for cross-sectional analysis. For longitudinal analysis,

we included RWS data from all time points (18 to 72 months)

RWS (m/s)

WB duration (s) 18 months *36 months 54 months 72 months

PD OA PD OA PD OA PD OA

All >10 1.03 ± 0.09 1.10 ± 0.09 1.04 ± 0.09 1.10 ± 0.09 1.02 ± 0.09 1.07 ± 0.07 0.99 ± 0.07 1.06 ± 0.07
10 to 30 1.00 ± 0.08 1.05 ± 0.06 0.99 ± 0.77 1.05 ± 0.66 0.97 ± 0.07 1.02 ± 0.06 0.96 ± 0.07 1.02 ± 0.06
30 to 60 1.04 ± 0.08 1.10 ± 0.08 1.03 ± 0.76 1.08 ± 0.07 1.02 ± 0.08 1.07 0.06 1.00 ± 0.07 1.07 ± 0.06
>60 1.05 ± 0.12 1.16 ± 0.15 1.07 ± 0.12 1.15 ± 0.13 1.09 ± 0.12 1.13 ± 0.11 1.04 ± 0.11 1.11 ± 0.13

Walking bouts per day (number)

WB duration (s) 18 months 36 months 54 months 72 months

PD OA PD OA PD OA PD OA

All >10 583 ± 202 617 ± 208 625 ± 225 629 ± 189 574 ± 195 622 ± 195 600 ± 199 609 ± 183
10 to 30 183 ± 71 206 ± 71 192 ± 72 208 ± 66 174 ± 65 203 ± 68 190 ± 67 205 ± 65
30 to 60 34 ± 16 45 ± 2 38 ± 20 45 ± 18 33 ± 17 44 ± 18 37 ± 19 47 ± 19
>60 19 ± 12 24 ± 13 21 ± 14 24 ± 12 19 ± 12 25 ± 13 19 ± 11 22 ± 11

PD, Parkinson’s disease; OA, older adults; RWS, real-world walking speed; WB, walking bout. We report the mean and standard deviation
(SD), for both RWS and walking bouts per day across each time point of the study duration in people with PD and OAs. If value highlighted
in bold, indicates statistically significant difference between PD and OA at that time point.

UPDRS III at all WBs and each other WB duration
threshold (Table 4).

DISCUSSION

This study provides a comprehensive exploration
of RWS to understand whether it can provide
information that is complementary to the clinical
assessment of mobility, motor symptom severity,
and progression in PD. Cross-sectionally, RWS
was significantly slower in PD compared to OAs
across a range of different WBs. RWS decreased
in both cohorts and the reduction was generally
more rapid in PD compared to OAs. Significant
cross-sectional associations between motor symp-
tom severity (MDS-UPDRS III) and RWS were
seen for medium length WBs. MDS-UPDRS III
scores increased annually; however, change in MDS-
UPDRS III scores were not significantly associated
with change in RWS longitudinally. Therefore, our
findings highlight that remote monitoring may add
complementary additional information to improve
the clinical assessment of PD.

1) Cross-sectional comparison of RWS in PD and
OA

RWS was significantly slower in PD in compar-
ison to OAs, which is in agreement with previous
research in the same cohort [7], plus the work of oth-
ers [33]. This finding further validates how a slower
RWS corresponds to real-world mobility impair-
ments that occur in PD and are separate or interact

with age-related changes. The challenges of modu-
lating RWS to safely navigate complex real-world
environments are likely exacerbated by presence of
motor symptoms and fluctuations. Thus, real-world
mobility measures such as RWS have potential to cap-
ture novel insights of PD in comparison to supervised
assessments of capacity [34]. RWS reflects a complex
measure of real-world mobility that has been assessed
across a variety of WBs that differ in their duration,
context, and purpose. For example, short WBs may
capture more demanding activities such as obsta-
cle negotiation, change in direction, gait initiation
and termination. In contrast, longer WBs that require
greater physical endurance may reflect steady-state
gait and a more consistent gait pattern.

2) Longitudinal changes in RWS in PD compared
to OA

RWS slowed in both PD and OAs over six years in
the ICICLE-GAIT study. We found that RWS sig-
nificantly reduced by 0.02 m/s more per year (all
WBs) in PD compared to OAs. While there is lack of
agreement of what constitutes a clinically meaningful
difference in real-world DMOs, in a distribution-
based analysis a change in supervised walking speed
of 0.06 m/s has been shown to be a meaningful change
in PD [35]. However, we would expect meaningful
changes in RWS to be more sensitive and dependent
upon WB duration [7, 17, 36]. Our findings were in
contrast to our work in the same cohort in a laboratory
setting [8] where the rate of walking speed decline did
not significantly differ between OAs and PD. Thus,
supervised laboratory assessments [37] may be a less
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Fig. 1. Cross-sectional relationship between MDS-UPDRS III and
RWS for Walking Bouts between 30 and 60 seconds.

Table 4
Relationship between decline in RWS and change in MDS-UPDRS
III score in PD participants for all WBs pooled and for each WB
threshold. Adjusted for age, sex, and HY stage, according to WB

duration

WB duration (s) Association of change in RWS with
change in MDS-UPDRS III
(�, 95% CI, P, Cd. R2)

WBs >10 0.323, (–0.203, 0.850), 0.229, 70%
10 to 30 –0.223, (–1.121, 0.764), 0.657, 69%
30 to 60 –0.076, (–1.046, 0.888) 0.872, 69%
>60 0.141, (–0.506, 0.789), 0.668, 71%

Estimated from a mixed linear regression model including 186
RWS measures from 85 PD participants with age, sex and HY
stage as covariates, subject as a random effect to account for the
correlation of measures of the same subject and an interaction
term between follow up time (in years) and RWS. MDS-UPDRS
III scores increased by 1.84 points per year in our cohort.

sensitive measure of more rapid PD-specific deterio-
ration of real-world mobility, reflected by differences
in RWS.

Interestingly, we did not observe differences in rate
of decline in RWS at long WBs. As time (and disease
severity) progressed, the ability to walk for extended
periods becomes more challenging and the num-
ber of longer walking bouts decreased. Long WBs
reflect more optimal walking, where individuals may
achieve performance close to that observed in super-
vised laboratory assessments, so this further supports
the view that supervised laboratory assessment may
be less sensitive to discrete changes in mobility. This
is in agreement with previous research that found only
the maximum values of RWS correlated with super-
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vised walking speed [17] and further demonstrates
how RWS can provide novel information to existing
mobility assessment.

3) Cross sectional relationship between RWS and
MDS-UPDRS-III

When considering all WBs >10 s, we found no
cross-sectional association between RWS and motor
severity in either dataset. This is in contrast to
previous studies that found associations of the MDS-
UPDRS III with laboratory walking speed; thus both
measures were assessed in similar, supervised set-
ting [19–22]. A The MDS-UPDRS III score assesses
a wide range of symptoms within a brief clinical
visit, which does include a gait-item in its assessment,
which makes up a small proportion of the overall
score (4 out of 108 points). In contrast, RWS reflects
different contexts of mobility dependent upon the WB
duration that it is estimated from. This is supported by
our finding that RWS of medium length WBs (30–60 s
duration) were associated with greater motor disease
severity, in contrast to other WB durations. Short to
medium length WBs may contain prolonged periods
of navigating the household environment, or perhaps
intermittent periods of outdoor walking which pro-
vide the optimal balance between periods of straight
walking, while maintaining some challenge to motor
control. These additional explorations of WBs are
helpful as they may represent different contexts of
mobility, and thus WB duration may moderate the
relationship with RWS and disease severity [22, 38].
From our results, a faster RWS of 0.1 m/s was associ-
ated with less severe motor disease (equating to four
points on the MDS-UPDRS III), which is between
the range of minimally and moderate important dif-
ference of 2.7 to 5.2 points that has been previously
reported [39].

4) Longitudinal relationship between RWS and
MDS-UPDRS III

MDS-UPDRS III scores increased by 1.86 points
per year, which suggests that after two years our
cohort experienced a change above the threshold of
minimally clinically important change [39], although
note the reference was using a previous version of
the UPDRS III (rated out of 108, [40]). Alongside
increasing MDS-UPDRS III scores, RWS increased
per year; however, we did not find an association
between the two measures. This is not necessar-
ily surprising, given that we compared changes in
RWS, a complex measure of real-world mobility, with
changes in the MDS-UPDRS III, a large compos-
ite score that assesses many upper and lower body
signs, some of which are not directly related to gait

(tremor, speech, etc.). Previous studies conducted in
supervised, laboratory setting have found associa-
tions between walking speed and MDS-UPDRS III
[14, 35]. Interestingly Hass et al. [35] found that a
0.02 m/s change in walking speed was associated with
the minimally important change in MDS-UPDRS
III score as reported by Shulman et al. [39]. How-
ever, they assessed walking speed across a short
distance and duration, and participants were opti-
mally medicated. MDS-UPDRS III scores have been
demonstrated to reflect slower rates of progression
within unmedicated compared to medicated groups
[14]. Thus, RWS may only be associated with motor
severity when assessed in a similar medication state
[17]. Despite the lack of statistical association, both
MDS-UPDRS III and RWS changed independently
over time, which suggests that RWS may be able to
capture additional insights into the impact of progres-
sion upon real-world mobility, that is not currently
captured by the MDS-UPDRS III.

Clinical implications and future research

RWS could be deployed to remotely monitor
aspects of PD which are not currently captured in
routine clinical assessments. Such information would
allow clinicians to target and manage aspects of
mobility disability that are of utmost importance to
people with PD, such as preservation of their walk-
ing ability [41, 42]. The ability to objectively evaluate
patients remotely has significant advantages for both
clinical research and clinical management. We antic-
ipated that the relationship between RWS and the
MDS-UPDRS III would be moderate at best due to
the diverse nature of the clinical scale. The results
support this, but also demonstrate that RWS is sen-
sitive to change over time and thus may offer a
supportive tool to monitor motor function remotely
in PD. Walking in particular is challenging to man-
age and highlighted as of key importance by people
with PD. The ability to detect change over time there-
fore makes this an important complimentary feature.
Future research should explore the influence of longi-
tudinal increases in medication dosage [8] and change
in cognition [43] upon RWS.

Capturing longitudinal real-world data presents a
number of technical and logistical challenges which
are being addressed. Efforts are ongoing to improve
the validity of outcomes, with more advanced wear-
able devices that contain gyroscope sensors, which
enable the enhanced validity of measurement and
repeat analyses, in larger cohorts [44]. In addition,
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the methods of data aggregation and summary met-
rics explored in this study offer a starting point, where
future research could explore the optimal combina-
tion of aggregation values and summary metrics to
capture RWS (such as extreme values etc.). Assess-
ment of RWS in independent cohort studies would
corroborate these findings.

Finally, continuous real-world gait outcomes such
as RWS also may capture important additional infor-
mation relating to fluctuating nature of disease, and
further work is warranted to explore this topic.
Further work is also required to establish whether
relationships exist between RWS and additional clin-
ical measures, such as MDS-UPDRS Part II or falls
status and to establish the influence of changes in
medication and cognition upon RWS. Real-world
context is critical to our interpretation of RWS, as
in the present study we inferred the context based
upon only the WB duration. Specific types of real-
world environments could also influence RWS, where
inclusion of environmental data would improve our
understanding of real-world data.

Limitations

Due to a lack of variation in H&Y stages, we
did not include analysis of H&Y in this study (the
majority were H&Y stage II); future studies with
a greater variability in H&Y stages would be help-
ful to determine generalizability across disease stage
and assess known groups’ validity. Participants were
relatively early PD in both cohorts, and we did not
have information on motor fluctuations. Compared to
laboratory-based research, this study was relatively
low in number. Future studies in larger cohorts of
participants are needed. The possibility of a type two
error was not directly explored, and this should be
addressed in future studies.

Future research is also needed to understand
whether the statistical power and possibility of a type
two error is reduced due to the reduced number of dat-
apoints at long WBs in particular. PD motor disease
symptoms are associated with gait abnormalities such
as a reduced stride length and step time, alongside
a slower walking speed [11]. It could be speculated
that these gait variables may present more sensitive
representations of motor disease severity; therefore,
other real-world DMOs could be evaluated in future
research. Further optimization of algorithms and uti-
lization of additional sensors (such as gyroscopes)
could improve the relationships we report.

Conclusion

Assessment of real-world mobility using real-
world walking speed as an exemplar shows potential
to compliment monitoring of mobility in PD which is
an important feature with clinical and research util-
ity [41, 42]. Ongoing multidisciplinary efforts (such
as Mobilise-D) [45] between academic, industrial
and clinical partners are underway to address exist-
ing challenges and facilitate wide scale adoption of
real-world mobility monitoring [6].
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Rochester L, Sharrack B, Frei A, Puhan M (2021) Walking
on common ground: A cross-disciplinary scoping review on
the clinical utility of digital mobility outcomes. NPJ Digit
Med 4, 149.

[24] Rochester L, Galna B, Lord S, Burn D (2014) The nature
of dual-task interference during gait in incident Parkinson’s
disease. Neuroscience 265, 83-94.

[25] Yarnall AJ, Breen DP, Duncan GW, Khoo TK, Coleman
SY, Firbank MJ, Nombela C, Winder-Rhodes S, Evans JR,
Rowe JB, Mollenhauer B, Kruse N, Hudson G, Chinnery PF,
O’Brien JT, Robbins TW, Wesnes K, Brooks DJ, Barker RA,
Burn DJ, ICICLE-PD Study Group (2014) Characterizing
mild cognitive impairment in incident Parkinson disease:
The ICICLE-PD study. Neurology 82, 308-316.

[26] Hughes A (1992) Accuracy of clinical diagnosis of idio-
pathic Parkinson’s disease: A clinico-pathological study of
100 cases. J Neurol 55, 181-184.

[27] Emre M, Aarsland D, Brown R, Burn DJ, Duyckaerts C,
Mizuno Y, Broe GA, Cummings J, Dickson DW, Gauthier
S, Goldman J, Goetz C, Korczyn A, Lees A, Levy R, Litvan
I, McKeith I, Olanow W, Poewe W, Quinn N, Sampaio C,
Tolosa E, Dubois B (2007) Clinical diagnostic criteria for
dementia associated with Parkinson’s disease. Mov Disord
22, 1689-1707; quiz 1837.

[28] Del Din S, Godfrey A, Rochester L (2016) Validation of
an accelerometer to quantify a comprehensive battery of
gait characteristics in healthy older adults and Parkinson’s
disease: Toward clinical and at home use. IEEE J Biomed
Health Inform 20, 838-847.

[29] Mc Ardle R, Del Din S, Donaghy P, Galna B, Thomas
AJ, Rochester L (2021) The impact of environment on gait
assessment: Considerations from real-world gait analysis in
dementia subtypes. Sensors (Basel) 21, 813.

[30] Bates D (2020) Package “lme4.”
[31] Garcia TP, Marder K (2017) Statistical approaches to

longitudinal data analysis in neurodegenerative diseases:
Huntington’s disease as a model. Curr Neurol Neurosci Rep
17, 14.

[32] Pinheiro J (2020) Package “nlme.”
[33] Shah VV, McNames J, Mancini M, Carlson-Kuhta P, Spain

RI, Nutt JG, El-Gohary M, Curtze C, Horak FB (2020)
Laboratory versus daily life gait characteristics in patients
with multiple sclerosis, Parkinson’s disease, and matched
controls. J Neuroeng Rehabil 17, 159.

[34] Warmerdam E, Hausdorff JM, Atrsaei A, Zhou Y, Maetzler
W (2020) Long-term unsupervised mobility assessment in
movement disorders. Lancet Neurol 19, 462-470.

[35] Hass CJ, Bishop M, Moscovich M, Stegemöller EL, Skinner
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