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Abstract. Reduced range of gait speed (RGS) may lead to decreased environmental adaptability in persons with Parkinson’s
disease (PwPD). Therefore, lab-measured gait speed, step time, and step length during slow, preferred, and fast walking were
assessed in 24 PwPD, 19 stroke patients, and 19 older adults and compared with 31 young adults. Only PwPD, but not the
other groups, showed significantly reduced RGS compared to young adults, driven by step time in the low and step length in
the high gait speed range. These results suggest that reduced RGS may occur as a PD-specific symptom, and different gait

components seem to contribute.
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INTRODUCTION

Gait speed is directly associated with quality of life
and social participation [1]. Moreover, reduced gait
speed predicts adverse health outcomes [2]. This has
primarily been investigated in participants walking
at their preferred gait speed [1-3]. However, these
may also hold true for fast gait speed [4, 5]. Less
is known about the relationship between slow gait
speed and the above-mentioned parameters, although
there are indications that slow gait speed also changes
over the course of life [6] and in various neurological
diseases [7, 8]. Furthermore, it has been shown that
people tend to walk slower in unsupervised settings,
such as in the home environment [9], and walk at an
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entire range of gait speed (RGS) in daily life [10].
An adequate RGS may be highly relevant to adapt to
environmental requirements. For example, slowing
down gait speed allows to explore the environment,
whereas the ability to increase speed allows reaching
a certain target or escape from dangerous situations.

This raises the question whether RGS defined as
the difference between slow and fast gait speed,
also changes, for example, in the course of spe-
cific diseases. RGS could be seen as a measure of
physiological adaptability in the locomotor system,
potentially comparable to adaptive processes occur-
ring in other domains, such as the body cell level
(e.g., in immunological cells [11]), the organ level
(e.g., in cardiovascular system [12]), or the psycho-
logical level [13]. Changes of such adaptabilities due
to, e.g., aging have already been shown for many pro-
cesses [14], including immune response [15], stem
cell development [16], and the locomotor system
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performance in general [17, 18]. As persons with
Parkinson’s disease (PwPD) show reduced adaptabil-
ity at different levels (e.g., weaker adaptive responses
to balance perturbations during quiet standing [19] or
freezing of gait when gait needs to be adapted to exter-
nal requirements [20]), we hypothesized that PD may
specifically lead to reduced RGS.

Based on the above data, which was also primar-
ily collected in the laboratory, we investigated in a
lab experiment RGS in PwPD, persons with stroke
(PwS), and older adults (OA) and compared results
with those of young adults (YA). PwS serve as a
control-like group in this study, to investigate whether
there may be potentially disease-specific differences
in PwPD.

MATERIALS AND METHODS

Study design and participants

Thirty-one YA, 19 OA, 19 PwS, and 24 PwPD
according to the Movement Disorder Society (MDS)
criteria [21] were included. The study was approved
by the local ethical committee (University of
Kiel; D438/18). All participants gave their written
informed consent. Concerning study design, partic-
ipants, recruitment strategy including inclusion and
exclusion criteria and sampling methods, we referto a
previous publication [22]. In brief, sociodemographic
data were collected, including age, height, weight,
and current medication. The clinical assessment com-
prised the motor part of the MDS-sponsored Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS,
Part I1I) [23], and the Montreal Cognitive Assessment
(MoCA).

Afterwards, participants were instructed to walk
5mon a 1-m-wide straight walkway, starting at least
two strides before they crossed the starting line and
stopping at least two strides after the end line to
omit acceleration and deceleration phases within the
5m measurement. The assessment included three
different walking conditions (standardized: slow, pre-
ferred, fast). For slow walking, participants were
instructed to walk at 50% of their preferred speed.
For preferred walking, participants were instructed to
walk at their comfortable speed. For fast walking, par-
ticipants were instructed to walk with their individual
maximum gait speed without feeling unsafe. Gait
parameters were collected using an optical motion
capture system (Qualisys AB, Gothenburg, Sweden;
12 cameras, sampling frequency 200 Hz). Passive
markers were attached on both sides to the anterior

superior iliac spine, posterior superior iliac spine,
third metatarsal bone and the calcaneal tuber. Gait
speed (from the pelvic markers), step length, and
step time (both from the lower leg markers) were
extracted.

One-way analysis of variance for group differences
(nine ANOVA for the absolute and relative parame-
ters, respectively) and Tukey test for post hoc analysis
were calculated. The Welch correction was applied
in case of significantly different variances. Within
the PD group, clinical parameters were compared
between “good” and “bad” RGS performers (median
split) using Mann-Whitney U test. The data was ana-
lyzed using JASP, version 0.12.2 (JASP, Amsterdam,
Netherlands).

RESULTS

OA, PwS, and PwPD did not differ significantly in
age. All these groups showed a significantly higher
BMI and lower score in MoCA compared to YA. As
expected, PwPD differed significantly from all other
groups in MDS-UPDRS 1II (Table 1).

Gait parameters and their changes at different
walking conditions

Regarding absolute gait parameters, PwS walked
slowest during the slow walking condition, which was
significant against YA. Of note, PwPD showed almost
the same gait speed as YA. During preferred and fast
walking conditions, OA, PwS, and PwPD showed sig-
nificantly slower gait speeds than YA. In addition,
PwS walked significantly slower than OA during the
preferred walking condition. Significant differences
in step time and step length between the groups sug-
gest that in all three walking conditions, step length
contributes more than step time to the differences
observed in OA, PwS, and PwPD, compared to YA.
In addition, PwS showed larger step times particu-
larly during the preferred and fast walking conditions
compared to all other groups (Table 1).

Regarding relative changes in gait parameters
between the different walking conditions, PwPD
showed the smallest changes in gait speed between
the three conditions of all 4 groups, which reached
significance compared to YA. The differences in gait
speed changes were driven by a significantly smaller
change of step time between the slow and preferred
walking condition, and by a significantly smaller
change of step length between the preferred and fast
walking condition, compared to YA (Fig. 1). Within
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Table 1
Demographics, clinical and gait parameters of participants

YA OA PwS PwPD )4
N (female in %) 31 (45) 19 (37) 19 21) 24 (29) -
Age [y] 30+9 T2L£7* 66+ 17* 66+ 10* <0.001
Height [m] 1.79 +0.09 1.73+0.09 1.74+0.1 1.76 £0.09 0.13
Weight [kg] 74+ 13 78+ 15 77+£20 83+ 19 0.243
BMI [kg/m?] 23+3 26+ 5% 26+ 5% 26+ 5% 0.004
MoCA (0-30) 28+2 24 + 4% 22 +4%* 23 £3%* <0.001
MDS-UPDRS III (0-132) 242 5+5 6+6 29 421 %#0 <0.001
Hoehn & Yahr Score (0-5) - - - 22+£1.0 -
Disease duration [y] - - - 9.0+6.3 -
NIHSS (0-42) - - 1.0+1.5 - -
Gait speed [m/s]
S 0.75 (£0.24) 0.66 (£0.18) 0.57* (£0.16) 0.73 (£0.21) 0.019
P 1.36 (£0.19) 1.12% (£0.24) 0.92*# (£0.29) 1.06* (+0.22) <0.001
F 2.07 (£0.26) 1.59* (£0.4) 1.36* (£0.41) 1.40* (£0.32) <0.001
Step time [s]
S 0.79 (£0.18) 0.73 (£0.09) 0.79 (£0.17) 0.70 (£0.1) 0.058
P 0.54 (£0.04) 0.56 (£0.05) 0.62%# (£0.11) 0.56° (£0.04) 0.018
F 0.44 (£0.04) 0.45 (£0.07) 0.48* (10.06) 0.48 (£0.06) 0.013
Step length [m]
S 0.56 (£0.08) 0.48* (£0.11) 0.43* (£0.09) 0.50 (£0.12) <0.001
P 0.74 (£0.07) 0.62% (+0.11) 0.56%* (+0.11) 0.60* (£0.12) <0.001
F 0.91 (£0.13) 0.71% (£0.12) 0.66* (0.15) 0.67* (£0.15) <0.001

If not specified data is presented with mean =+ standard deviation. One-way analysis of variance for group differences, Welch correction in
case of different variances (italics), and Tukey test for post hoc analysis were calculated. Significant p-values (<0.05) are in bold. * p <0.05
compared to young adults (YA); ¥ p <0.05 compared to older adults (OA); °p <0.05 compared to persons with stroke (PwS). BMI, body
mass index; F, fast; MDS-UPDRS I1I, Movement Disorder Society sponsored Unified Parkinson’s Disease Rating Scale, motor part; MoCA,
Montreal Cognitive Assessment; NIHSS, National Institutes of Health Stroke Scale; P, preferred; PwPD, persons with Parkinson’s disease;

S, slow.

PwPD, although bad RGS performers were younger
and had better MDS-UPDRS III values than the good
RGS performers, their MOCA scores were worse
(p=0.12 for the slow versus preferred walking con-
dition, p =0.14 for the preferred versus fast walking
condition).

DISCUSSION

This study assessed whether RGS is reduced in
specific diseases or due to the aging process and
evaluated how step time and step length contribute
to these effects. Differences in absolute gait param-
eters between the groups studied were comparable
to those reported in previous studies [24-26], which
proves the representativeness of the present results.
This study now provides, to our knowledge for the
first time, marked evidence that RGS is reduced in
PwPD, as hypothesized, and that step time and step
length contribute to this in diverse ways.

Non-preferred gait speeds are accompanied by
reduced dynamic balance [27, 28]. It could be,
therefore, that PwPD reduce their RGS to maintain
dynamic stability and keep the risk of falling as low
as possible. It seems unlikely that RGS is associ-

ated with, or “part” of bradykinesia, hypokinesia or
rigidity, respectively. For example, the relatively high
gait speed (“YA-like") under the slow walking con-
dition speaks against this. Moreover, RGS may be
associated with specific central pathophysiology (for
example, with involvement of basal ganglia-related
networks), as there was no significantly reduced
RGS in PwS. Furthermore, RGS does not appear
to be relevantly age-related, as OA did not show a
significantly reduced RGS, compared to YA. This
observation also supports, at least indirectly, the exis-
tence of a specific pathophysiology associated with
RGS. Indeed, results obtained from the comparison
between “good” and “bad” RGS performers within
the PD group suggest that the RGS effect, as observed
here, is due to restriction of cognitive (e.g., choliner-
gic) rather than motor (e.g., dopaminergic) networks.

In this context, it seems interesting that step time
and step length contributed differently to the reduced
RGS in PwWPD. Therefore, it does not seem unlikely
that various pathophysiological processes contribute
to RGS in PwPD. It is already known from several
studies investigating gait in PwPD, that regulation of
step length is impaired in PD [29, 30]. Moreover, the
reduction of step length is strongly associated with
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Fig. 1. Relative changes of gait parameters between slow, preferred, and fast walking condition, separated by groups. *p <0.05 compared
to young adults (YA); F, fast; OA, older adults; P, preferred; PwPD, persons with Parkinson’s disease; PwS, persons with stroke; S, slow.

disease progression [31] and is particularly associated structures, although the growing literature on the
with pathology of the dopaminergic system [32, 33]. cholinergic system makes it particularly promising to
Less is known about the association of step time investigate this system in more detail in this context

with specific neurotransmitter systems and cerebral [34-36]. Interestingly, a recent review highlighted
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the association of postural instability and gait diffi-
culties with cholinergic system changes in thalamic,
caudate, limbic, neocortical, and cerebellar nodes
[36]. Further, a correlation between degeneration of
cholinergic nuclei and increased step time variability
was recently demonstrated [35]. It could also be that
the smaller change of step time under slow walking
condition in PwPD is due to an increase in disinhibi-
tion associated with changes in frontal lobe function
[37, 38], as PwPD often show changes in this brain
area [39].

As a limitation, it must be assumed that RGS is
primarily relevant in the real world, but the study
was conducted under laboratory conditions. Future
studies should therefore evaluate the observations
presented here not only in the laboratory but also
under real life conditions.

Based on the observation presented here of reduced
RGS in PwPD, which is explained at different levels
by reduced adaptation of step length and step time, the
potential relevance of this symptom to everyday life,
and the given likelihood that reduced RGS is treatable
by pharmacological and allied health-associated and
behavioral therapies, we propose to define RGS as a
separate symptom in PD. This will allow research on
RGS within an overall concept, considering patho-
physiology, clinical and everyday presentation, and
its treatability.
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