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Abstract—Gait training using rhythmic auditory cue showed
training effect on gait dynamics of patients with Parkinson’s
disease (PD). On the other hand, 2 indicators of gait rhythm
fluctuation, coefficient of variation (CV) and scaling exponent α,
can evaluate severity of PD. However the gait training was not
evaluated by both of these indicators at a time. In this paper, we
aim to propose rhythm-fluctuation-based evaluation platform
for gait training of PD patients. This platform consists of CV and
α of stride interval. Specifically, we evaluated 3 types of gait
training by calculating the change amount of CV and α. The
training types are 1) interactive Walk-Mate (WM) gait training,
2) fixed-tempo Rhythmic Auditory Stimulation (RAS) gait
training, and 3) Silent Control gait training. The training
program was continued for 4 days. The first trial in each day
was baseline walking trial without rhythmic cue. The second and
the third trials were training trial corresponding to the training
condition. Twenty-four PD patients walked for about 2 minutes
in each trial. These patients divided into 3 groups about training
type. As a result, WM gait training improved α and CV
significantly. RAS gait training tended to improve CV, but it
seemed to worsen α of gait rhythm. These effects of RAS gait
training were marginally significant. However, Silent Control
training did not show the significant effect on both of the
indicators. From these results, the rhythm-fluctuation-based
evaluation platform was successfully used to evaluate each type
of gait training. In addition, the rhythm-fluctuation-based
evaluation platform detected the difference between WM gait
training and RAS gait training by α.

I. INTRODUCTION

A

gait rhythm often synchronizes when two people walk
over ground side-by-side [1], [2]. The gait rhythm
synchronization has been applied to gait rehabilitation of
Parkinson’s disease (PD), hemiplegia, and so on [3]–[5]. PD
is one of the neurodegenerative disorders. In PD patients,
impairments of rhythmic movement were often observed, such
as gait disturbances [6], [7]. A key point of gait rehabilitation
of PD patients is the dynamics of provided rhythmic cue.
Mainly two types of gait rehabilitation is proposed. One is
rhythmic auditory stimulation (RAS) gait training, which is
unidirectional intervention using fixed-tempo rhythmic
auditory cue [3]. The other is Walk-Mate (WM) gait training,
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which is gait training using interactive rhythmic auditory
stimulation [4]. There are difference of effect between types
of gait training [8]–[11].
On the other hand, gait rhythm fluctuation is related to
severity of PD. In previous study, the severity of postural
reflex disorders (PRD), which is one of the clinical symptoms
in PD, was evaluated by 2 indicators of gait rhythm fluctuation
[12]. One is coefficient of variation (CV), which can mainly
differentiate the presence or absence of PRD. The CV
represents the amplitude of gait rhythm fluctuation [13]. The
other is scaling exponent α, and it can mainly differentiate the
severity of PRD. The α indicates time-series structure of gait
rhythm fluctuation, and it is calculated by detrended
fluctuation analysis (DFA) [14]. From these results, the
combination of CV and α, have potential to evaluate gait
training of PD patients. In this study, we focused on these
indicators, CV and α.
However, the gait training was not evaluated by these
indicators at a time. In previous study, the carry-over effect of
gait training using rhythmic cue on α of gait rhythm was
reported by Hove et al. [3]. Moreover, the relearning effect of
4-day training on α was reported by Uchitomi et al. [4]. The
relearning effect is linear trend of day-by-day change trend of
α, or CV. Improvement of CV has not been reported in [4]. If
we evaluate change amount of CV between pre-training and
post-training, sensitivity of evaluation will be improved.
From these backgrounds, the purpose of this study is to
propose rhythm-fluctuation-based evaluation platform for gait
training. We reanalyzed the data of Uchitomi et al. [4], and
evaluated the interactive WM gait training, fixed-tempo RAS
gait training and Silent Control training. To improve the
evaluation method for gait training, we focused on change
amount of CV and that of α from pre-training to post-training.
Specifically, we tested difference of average of CV and that of
α between pre-training and post-training in each training. In
addition, we compared the training effect on change amount of
CV and that of α between 3 types of gait training.
In section II, the experimental system, participants, and gait
training
program
were
explained.
Then,
the
rhythm-fluctuation-based evaluation platform for gait training
were described. In section III, the result of each gait training,
and the result of comparison of training effect between
different types of training were presented. In section IV, the
difference of training effect between 3 types of training was
discussed. Section V is conclusion.

II. METHOD

B. Participants and gait training program
24 PD patients (mean ± SD of age: 71 ± 8 years, Male:
Female = 13 : 11) were participated. The median value of
modified Hoehn and Yahr scale (HY) was 2.5, and the range
of HY was from 1.5 to 3. Participants were divided into 3
groups. Training program was consecutive-four-day walking
task (see Fig. 2). All participants walked three times a day,
from the first day to the third day. The first trial in each day
was baseline walking without any cue. The following two
trials were gait training trials corresponding to training groups.
All walking trial was for about 2-3 minutes.
Before the participation in this experiment, all participants
were informed using written materials, and we obtained prior
written consent. The procedure of this study was approved by
Kanto Central Hospital Ethics Committee.

A. Experiment system
Fig. 1 shows the experimental system. The training using
rhythmic auditory stimulation was provided by overhead-type
stereo headphones (HP-RX500, Victor, Japan). The cue
rhythm was generated by Walk-Mate model [4], [11], which is
implemented on laptop PC (CF-W5AWDBJR, Panasonic,
Japan). Walk-Mate model is described by hierarchical phase
oscillator [4]. Module-1 is the mutual entrainment with human
gait rhythm. It is written by (1), and is called as “Kuramoto
model” [15].

m  m  K sin(h  m ).

(1)

Module-2 is the phase control. It is described by (2), and
this module contributes to set phase difference between
human and sound cue to target value.
(2)
m   sin(d  hm ),
where natural frequency of phase oscillator m , the phase

C. Rhythm-fluctuation-based evaluation platform
Rhythm-fluctuation-based
evaluation
platform
is
constructed by the combination of 2 dynamic indicators. One
is coefficient of variation (CV). The other is scaling exponent
α. The first 5 stride data and the last 5 stride time data were not
analyzed at least, to eliminate transient walking period.
1) CV: To quantify amplitude of gait rhythm fluctuation, we
used CV of stride interval. This indicator is calculated by (3).

difference between human and phase oscillator
hm  h  m , phase of oscillator  m and phase of human
 h are the variables. The 0 [rad] of  m and  h are defined as
stimulus timing and foot contact timing. The initial value of
m was set to preferred walking tempo, determined by the

CV 

first 20 steps of each trial. In WM gait training, to control the
phase difference between human and sound cue, the target
phase difference  d was set to 0.2, and coupling constant K

where

usd
 100
u

[%],

(3)

is standard deviation of stride interval, and u is
average of stride interval. CV of PD patients is larger than that
of healthy people (usually about 2-3%) [13]. In fact, decrease
of CV indicates the improvement of gait rhythm generation.

was set to 0.5, and μ was set to 0.32. These value were same
settings as previous studies [4], [10], [11]. RAS training was
realized by unidirectional fixed-tempo auditory cue (K = 0,
μ=0). In Silent Control gait training, rhythmic auditory cue
were not provided. The gait rhythm was measured using foot
switches (OT-21BP-G, Ojiden, Japan) attached to the shoes.
This information was transmitted to laptop PC wirelessly
every 10ms using transmitter (S-1019M1F, Smart Sensor
Technology, Japan) and receiver (WM-1019M1F, Smart
Sensor Technology, Japan). The accuracy of phase difference
between human footsteps and auditory cues were confirmed in
[4], [10], [11], even though the lag between laptop PC and
sensor exists.

usd

Fig. 1. Device for gait training using rhythmic auditory cue.

Fig. 2. Training program. Each participants walked the same corridor for about 2-3 minutes total 10 times in four consecutive days. The first walking trial
in each day is baseline walking without any rhythmic cue. From 1st day to 3rd day, there were 2 training trials using rhythmic cue after baseline trial. To
verify the training effect, we analyzed the baseline data of the 1 st day (Pre-training data) and the baseline data of the 4 th day (post-training data).
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2) Scaling Exponent: To estimate the fluctuation property
of stride interval time series, scaling exponent α is calculated
using DFA [14]. There were 2 steps in DFA. Step 1 is
integration of time series data, described as (4). In step 2, the
integrated data were divided into the non-overlap same size
box. The scaling structure of detrended fluctuation to divided
box size was estimated, described as (5).
y (k ) 

i

 u(k ) 
k 1

F ( n) 

1
N'

u 

(i  1,..., N ).

(4)

 n ,

(5)

N'

 ( y(k )  y

n ( k ))

2

used, if the significant variance between 3 groups is observed.
3) Threshold of significance level in statistical analysis:
Significant level was set to p < 0.05, and marginally
significant level was set to p < 0.10.
III. RESULT
A. Result about each type of gait training
In Fig. 3, the training effect about interactive WM gait
training was shown firstly. The dashed arrows in Fig. 3(a) are
individual trajectory on CV-α plane. And the solid arrow is the
averaged trajectory about interactive WM gait training. The
lengths of each trajectories tends to be large, and CV
decreased, and α increased. The training effect of CV and that
of α was significant (see Fig. 3(b), and Fig. 3(c)). Specifically,
the CV in post-WM gait training was significantly lower than
that in pre-WM gait training (see Fig. 3(b), t(7) = 2.8, p =
0.01). This result represents the improvement of gait rhythm
generation by WM gait training. Similarly, the α in post-WM
gait training was significantly higher than that in pre-WM gait
training (see Fig. 3(c), t(7) = -2.4, p = 0.02). This result
indicates the improvement of fluctuation property.
Secondly, the training effect about fixed-tempo RAS gait
training was shown in Fig. 4. When we consider the direction
of individual trajectory, CV tends to decrease, and direction to
decrease of α (see Fig. 4(a)). In fact, the difference of CV
between pre-RAS gait training and post-RAS gait training was
marginally significant (see Fig. 4(b), t(7) = 1.6, p = 0.08). This
result tends to suggest that RAS gait training would improve
the amount of gait rhythm fluctuation. Moreover, the
difference of α between pre-RAS gait training and post-RAS
gait training was marginally significant, too (see Fig. 4(c), t(7)
= 1.4, p = 0.10). Thus, it is suggested that α might be improved
by RAS gait training.
Finally, the training effect about Silent Control gait training
was analyzed (see Fig. 5). The length of each individual
trajectory was likely to be smaller than that of WM gait
training or that of RAS gait training (see Fig. 5(a)). Also, the
directions of individual trajectories were not unified. In truth,
there was no significant difference of CV between pre-training
and post-training in Silent Control gait training (see Fig. 5(b),
t(7) = -0.17, p = 0.87). In addition, the α in post-training was
not significantly different from that of pre-training (see Fig.
5(c), t(7) = -0.71, p = 0.50). From these results, the training
effect of Silent Control gait training is not likely to be unified.

k 1

where u(k) is k-th stride interval and y(k) is the integrated data
of the deviation from the average stride interval. The
fluctuation F(n) is calculated by the root mean square of the
deviation of y(k) from linear trend yn(k) when the divided box
size is n. If α is near 1.0, the time series has 1/f fluctuation
property. 1/f property is often observed in the stride interval of
healthy young people [16]. If the α is near 0.5, the time series
has white noise property. White noise property is often
observed in the stride interval of PD patients [9], [17].
Therefore the increase of α represents the improvement of
fluctuation property.
3) Averaged Trajectory on CV-α plane: The individual
trajectories in each group from baseline data of 1st day
(pre-training) to that of 4th day (post-training) on CV-α plane
was drawn to quantify the training effect (see Fig.
4(a),5(a),6(a)). Then averaged trajectory between participants
in each group was calculated to evaluate the tendency for each
group to improve or deteriorate gait dynamics.
D. Statistical analysis
At first, we analyze the training effect in each group. Then
we compare the effects of training between interactive WM,
fixed-tempo RAS and Silent Control condition.
1) Training Effect in Each Training Conditions: The
difference of mean value of CV or α between pre-training and
post-training were tested to verify the training effect of each
training. Three hypothesis shown below were tested by
paired- sample t test.
NH-1) CV of pre-WM is smaller than CV of post-WM, and
α of pre-WM is larger than α of post-WM.
NH-2) CV of pre-RAS is smaller than CV of post-RAS and
α of pre-RAS is smaller than α of post-RAS.
NH-3) CV of pre-training is the same as CV of post-training
and α of pre-training is the same as α of post-training in silent
control gait training.
2) Comparison of Training Effect between training types:
The differences of mean value of the change of CV or change
of α from pre-training to post-training were tested to compare
the training effect between 3 groups. At first, Levene’s test
was used to test the homogeneity of variance between the 3
groups. If the homogeneity of variance between 3 groups was
confirmed, then analysis of variance (ANOVA) was used to
test significance of variation among 3 groups. As a post-hoc
test, Tukey’s honestly significant difference (HSD) test were

B. Comparison of training effect between 3 groups
Table 1 shows the characteristics of the participants in each
group. The median of HY, sex ratio, average of age or disease
duration in each group are not different between 3 types of
training (Levene’s test: F(2,21)=2.3, p=0.13 for age,
F(2,21)=0.7, p=0.49 for duration disease, F(2,21)=0.7,
p=0.49 for HY.; ANOVA: F(2,21)=0.4, p=0.67 for age,
F(2,21)=1.0, p=0.38 for duration disease, F(2,21)=0.2,
p=0.86 for HY).
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Fig. 3. Result of WM gait training. (a) Trajectory on CV-α plane about
WM gait training. Dashed arrows are individual trajectory, and solid
arrow is the averaged trajectory. WM gait training tends to increase α,
and decrease CV. (b) Effect of WM gait training on CV. The significant
difference of CV between pre-WM gait training and post-WM gait
training was observed ( *: p ≦ 0.05 ). (c) Effect of WM gait training on
α. The significant difference of α between pre-WM gait training and
post-WM gait training was observed ( *: p ≦ 0.05 ).

Fig. 5. Result of Silent Control gait training. (a) Trajectory on CV-α
plane about Silent Control gait training. Dashed arrows are individual
trajectory, and solid arrow is the averaged trajectory. (b) Effect of
Silent Control gait training on CV. The difference of CV between
pre-training and post-training was not significant. (c) Effect of Silent
Control gait training on α. The difference of α between pre-training and
post-training was not significant (n.s.).

In addition, the homogeneity of CV and α in pre-training
among 3 types of gait training was confirmed (Levene’s test:
F(2,21)=1.2, p=0.33 for CV, F(2,21)=1.2, p=0.31 for α).
Significant difference of CV and α in pre-training among 3
groups were not observed (ANOVA: F(2,21)=0.4, p=0.67 for
CV, F(2,21)=1.0, p=0.38 for α).
Fig. 6 shows the results of the comparison of training effect
on CV-α plane between interactive WM gait training,
fixed-tempo RAS gait training and Silent Control gait training.
The averaged trajectories of 3 gait trainings were plotted on
the CV-α plane in Fig. 6(a). The solid arrow is the averaged
trajectory of WM gait training, the alternate long and short
dashed arrow is the averaged trajectory of RAS gait training
and the dashed arrow is the averaged trajectory of Silent
Control gait training. The length of averaged trajectory about
WM gait training is the longest among three types of training.
We compared the change amount of CV to understand the
effect of training type on CV (see Fig. 6(b)). At first, the
homogeneity of variance was confirmed (F(2, 21) = 0.40, p =
0.67). ANOVA showed the weak trend of difference among 3
groups (F(2, 21) = 2.5, p = 0.11). As a supplement, marginal
significant difference between WM gait training and Silent
Control gait training was shown by Tukey test (p = 0.09).

Fig. 4. Result of RAS gait training. (a) Trajectory on CV-α plane about
RAS gait training. Dashed arrows are individual trajectory, and solid
arrow is the averaged trajectory. (b) Effect of RAS gait training on CV.
The difference of CV between pre-RAS and post-RAS was marginally
significant ( † : p ≦ 0.10 ). (c) Effect of RAS gait training on α. The
difference of α between pre-RAS gait training and post-RAS gait
training was marginally significant ( † : p ≦ 0.10 ).
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TABLE I
CHARACTERISTIC OF PARTICIPANTS (MEDIAN OF HY; AVERAGE OF AGE,
DISEASE DURATION, CV AND α IN PRE- AND POST-TRAINING)
Group
(Male:
female)

Mean
Pre-training
Post-training
Mean
Median
(SD) of
(SD) of
of HY
duration Mean Mean Mean Mean
age
(range)
disease (SD) of (SD) (SD) of (SD)
[year]
[year] CV [%] of α CV [%] of α

WM
(4:4)

2.75
(2-3)

69.9
(12.4)

7.3
(5.5)

3.7
(1.6)

0.8
(0.17)

3.1
(1.3)

0.93
(0.15)

RAS
(4:4)

2.25
(1.5-3)

69.1
(7.7)

5.4
(2.5)

2.8
(0.9)

0.79
(0.17)

2.5
(0.8)

0.72
(0.12)

Silent
Control
(5:3)

2.5
(2-3)

70.4
(4.6)

5.5
(3.7)

3.2
(0.9)

0.71
(0.09)

3.2
(1.3)

0.74
(0.1)

p value

0.19

0.96

0.61

0.5

0.2

0.62

0.04

On the other hand, to analyze the effect of training type on α,
the change amount of α was compared among 3 trainings (see
Fig. 6(c)). Using Levene’s test, the null hypothesis of
homogeneity of variance was not rejected (F(2, 21) = 0.01, p =
0.99). An ANO VA on the change amount of α yielded
significant variation among training conditions (F(2, 21) = 3.5,
p = 0.05). A post-hoc Tukey’s HSD test showed that WM gait
training groups and RAS gait training groups differed
significantly at p < 0.05 (p = 0.03). The Silent Control gait
training group was not significantly different from the other
two groups, lying somewhere in the middle.
I. DISCUSSION
In this study, we proposed rhythm-fluctuation-based
evaluation
platform
for
gait
training.
The
rhythm-fluctuation-based evaluation platform is constructed
by the combination of CV and α of stride interval. In
interactive WM gait training, CV decreased and α increased
significantly, and these changes represent the improvement of
gait rhythm generation. By fixed-tempo RAS gait training, CV
was likely to be decreased, but α tended to be decreased.
However, in Silent Control gait training, the CV and α were
not significantly different between pre-training and
post-training. From these results, only interactive WM gait
training shows significant positive effect on both of CV and α.
The decrease of amplitude of gait rhythm fluctuation in
hemiplegic patients was reported [4], [5], but that in PD
patients were not mainly reported in previous studies about
WM gait training [10], [11].
In addition, to compare the training effect between 3 groups,
the change amount of CV and that of α from pre-training to
post-training were analyzed. The significant difference of α
between WM gait training and RAS gait training was shown.
In the previous study, Hove et al. reported the carry-over
effect on α of PD patients in 5 minutes after the WM gait
training trial [10]. The training period and the evaluated time
point after the gait training in this study are longer than
previous study [10]. Uchitomi et al. [11] compared the trend
of day-by-day change amount of α and that of CV, and the
amount in previous study [11] is smaller than this study.
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Fig. 6. Comparison of training effect on rhythm-fluctuation-based
evaluation platform between three training conditions. (a) Averaged
trajectory on CV-α plane of three trainings. WM decrease CV and
increase α. However, RAS decrease both of CV and α. (b) Training
effect on coefficient of variation CV between three training conditions.
There was no significant difference between each training conditions.
(c) Comparison of training effect on scaling exponent α between three
training conditions. The significant difference between WM and RAS
was observed ( * : p ≦ 0.05 ).

The rhythm-fluctuation-based evaluation platform was
defined as the combination of CV and α in previous study [12].
The CV indicates amplitude of gait rhythm fluctuation, one of
the measures of gait stability, and this is associated to
symptom of PD [13], [18], such as festinating gait, and
freezing of gait [19]. In previous study, the presence or
absence of PRD is mainly differentiated by CV [12]. The α
represents fluctuation property of gait rhythm, and this is
related to neurodegenerative disease [9], [12], [20].
Especially, the severity of PRD seen in PD patients was
mainly discriminated by α [12]. The improvement by gait
training on this evaluation platform have potential to estimate
the recovery of severity of PD. Gait training is based on
human gait rhythm generation property. From aspect of
movement generation, the movement variability is very
important [21]. CV is linear indicator of variability and it
represents the static property of gait rhythm generation. The
CV can evaluate abnormality of neural rhythm generation in
views of sustaining their own rhythm. On the other hand, α is
nonlinear indicator of variability and it represents the dynamic
property of gait rhythm generation. The α can evaluate
alteration of neural rhythm generation from aspect of ability to
adapt themselves to environment. These indicators would be
able to evaluate complemental aspects of gait rhythm
generation.
From this study, the difference between interactive
rhythmic gait training and unidirectional rhythmic gait
training were shown in rhythm-fluctuation-based evaluation
platform. In the future, the mechanism of improvement
through interactive rhythmic gait rehabilitation is expected to
be investigated.

[3]
[4]
[5]

[6]
[7]

[8]

[9]
[10]

[11]

[12]

[13]

II. CONCLUSION
The 3 types of gait training were evaluated by
rhythm-fluctuation-based evaluation platform, which is the
combination of CV and α of stride interval. The effect of 4-day
gait training was quantified by the change amount of CV or α
to compare the effect and the change direction between
interactive WM, fixed-tempo RAS and Silent Control gait
training. As a result, the rhythm-fluctuation-based evaluation
platform was shown to be applied to evaluate gait training. In
addition, the difference of the training effect between the
interactive WM gait training and fixed-tempo RAS training
were clearly detected.

[14]
[15]
[16]

[17]
[18]

ACKNOWLEDGMENT

[19]

We would like to thank anonymous reviewers for your kind
reading and informative comments on this paper.

[20]

REFERENCES
[1]

[2]

A. Z. Zivotofsky, J. M. Hausdorff, “The Sensory Feedback
Mechanisms Enabling Couples to Walk Synchronously: An Initial
Investigation,” Journal of Neuro Engineering and Rehabilitation, vol.
4, issue 28, pp. 1–5, 2007.
A. Z. Zivotofsky, L. Gruendlinger, J. M. Hausdorff, “Modality-specific
Communication Enabling Gait Synchronization during over-ground

[21]

731

side-by-side walking,” Human Movement Science, vol. 31, pp.
1268–1285, 2012.
M. H. Thaut, and M. Abiru, “Rhythmic auditory stimulation in
rehabilitation of movement disorders: a review of the current research,”
Music Perception, vol. 27, pp. 263–269, 2010.
Y. Miyake., “Interpersonal synchronization of body motion and the
Walk-Mate walking support robot,” IEEE Transactions on Robotics,
vol. 25, issue. 3, pp. 638–644, 2009.
T. Muto, B. Herzberger, J Hermsdoerfer, Y. Miyake, E. Poeppel,
“Interactive cueing with walk-Mate for Hemiparetic Stroke
Rehabilitation,” Journal of NeuroEngineering and Rehabilitation, vol.
9, no. 58, pp. 1–11, 2012. doi:10.1186/1743-0003-9-58.
J. Jankovic, “Parkinson’s disease: clinical features and diagnosis,” J
Neurol Neurosurg Psychiatry, vol. 79, pp. 368–376, 2008.
doi:10.1136/jnnp.2007.131045.
K. Takakusaki, T. Habaguchi, J. Ohtinata-Sugimoto, K. Saitoh, T.
Sakamoto, “Basal ganglia efferents to the brainstem centers controlling
postural muscle tone and locomotion: A new concept for understanding
motor disorders in basal ganglia dysfunction,” Neuroscience, vol. 119,
pp. 293–308, 2003.
J. M. Hausdorff, J. Lowenthal, T. Herman, L. Gruendlinger, C. Peretz,
and N. Giladi, “Rhythmic auditory stimulation modulates gait
variability in Parkinson's disease,” European Journal of Neuroscience,
vol. 26, no.8, pp.2369–2375, 2007.
J. M. Hausdorff, “Gait dynamics in Parkinson’s disease: common and
distinct behavior among stride length, gait variability, and fractal-like
scaling,” Chaos, vol. 19, 2009, 026113. doi: 10.1063/1.3147408.
M. J. Hove, K. Suzuki, H. Uchitomi, S. Orimo, and Y. Miyake,
“Interactive rhythmic auditory stimulation reinstates natural 1/f timing
in gait of Parkinson’s patients,” PLoS ONE, vol. 7, issue. 3, e32600,
2012. doi:10.1371/journal.pone.0032600.
H. Uchitomi, L. Ota, K. Ogawa, S. Orimo, and Y. Miyake, “Interactive
rhythmic cue facilitates gait relearning in patients with Parkinson’s
disease,” PLoS ONE, vol. 8, issue. 9, e72176, 2013.
doi:10.1371/journal.pone.0072176.
L. Ota, H. Uchitomi, K. Ogawa, S. Orimo, Y. Miyake, “Relationship
between neural rhythm generation disorders and physical disabilities in
Parkinson’s disease patients’ walking,” PLoS ONE, vol. 9, issue. 11,
e112952, 2014. doi: 10.1371/journal.pone.0112952.
J. M. Hausdorff, M. E. Cudkowicz, R. Firtion, J. Y. Wei, A. L.
Goldberger, “Gait Variability and Basal Ganglia Disorders:
Stride-to-Stride Variations of Gait Cycle Timing in Parkinson's Disease
and Huntington's Disease,” Movement Disorders, vol. 13, no. 3, pp.
428–437, 1998.
C.-K. Peng, S. Havlin, H. E. Stanley, A. L. Goldberger, “Quantification
of scaling exponents and crossover phenomena in nonstationary
heartbeat time series,” Chaos, vol. 5, pp. 82–87, 1995.
Y. Kuramoto, Chemical oscillation, waves and turbulence. Germany:
Springer-Verlag, 1984.
J. M. Hausdorff, P. L. Purdon, C. K. Peng, Z. Ladin, J. Y. Wei, et al.
“Fractal dynamics of human gait: stability of long-range correlations in
stride interval fluctuation,” J Appl Physiol, vol. 80, pp. 1448–1457,
1996.
J. M. Hausdorff, A. Lertratanakul, M. E. Cudkowicz, A. L. Peterson, D.
Kaliton, et al. “Dynamic markers of altered gait rhythm in amyotrophic
lateral sclerosis,” J Appl Physiol, vol. 88, pp. 2045–2053, 2000.
R. Baltadjieva, N. Giladi, L. Gruendlinger, C. Peretz, J. Hausdorff,
“Marked alterations in the gait timing and rhythmicity of patients with
de novo Parkinson’s disease,” European Journal of Neuroscience, vol.
24, pp. 1815–1820, 2006.
P. Chen, R.-L. Wang, D.-J. Liou, J.-S. Shaw, “Gait disorders in
Parkinson’s disease: Assessment and management,” International
Journal of Gerontology, 2013. doi:
http://dx.doi.org/10.1016/j.ijge.2013.03.005.
R. Bartsch, M. Plotnik, J. W. Kantelhardt, S. Havlin, N. Giladi, J. F.
Hausdorff, “Fluctuation and synchronization of gait intervals and gait
force profiles distinguish stages of Parkinson’s disease,” Physica A 282,
pp. 455–465, 2007.
R.T. Harbourne, N. Stergiou, “Movement variability and the use of
nonlinear tools: Principles to guide physical therapist practice,”
Physical Therapy, vol. 89, no. 3, pp. 267–282, 2009

