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Abstract - Considerable research attention has been devoted
to interpersonal synchrony and to locomotor control.
However their intersection, the interpersonal synchronization of
stepping rhythms which is widely observed in our daily life,
remains relatively unexplored, despite being a common
phenomenon that has considerable rehabilitation potential.
Therefore, from the perspective of mutual entrainment of gait
rhythms, we have constructed an interpersonal synchrony
emulation system between a human subject and a virtual biped
robot that generates pacing signals using nonlinear oscillators.
This system synchronizes the gait cycles of a human and the robot
in a cross-feedback manner, by presenting auditory stimuli that
indicate the timing of the partner’s foot contacting the ground.
Here, we evaluated the effectiveness of this mutual synchrony
model in gait stabilization of two Parkinson’s disease patients,
who display disturbances in rhythm formation and gait
festination (accelerating steps). The results showed that the gait
festination, as measured as stride time reduction rate, stabilized
and accelerated less compared to unassisted walking (i.e., not
exposed to the auditory stimuli). In addition, carry-over effects
were observed. After termination of the auditory stimuli, the gait
remained stabilized. This is the first study using mutual
entrainment in dynamically stabilizing gait festination. These
results seem to warrant future clinical application of this
interpersonal synchrony emulation system for patients with a
variety of motor disorders.

Index Terms - Parkinson’s disease, Gait festination, Stride
time, synchronization, Walk-Mate.

I. INTRODUCTION

Parkinson’s disease (PD) is one of the neurodegenerative
diseases in substantia nigra. This disease decreases dopamine
in the basal ganglia, causing dysfunction of the basal ganglia
and their associated networks. PD patients have difficulty
starting, stopping, or sustaining movement. Rhythm generation
and the timing of repeating movements are also disturbed in
PD!"} 2 These disturbances are related to the disorders of the
basal ganglia and the projection path from the brainstem to the
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spinal cord®®!. For example, PD scrambles gait rhythm, gait
cycle, and gait pattern of the patient!” %),

PD is treated with not only dopaminergic medication and
deep brain stimulation, but also behavioral therapy. Behavioral
therapy is one of the rehabilitation methods. This is applied to
the PD patients of various levels because this is the cure
without medicament or surgery. In behavioral therapy for gait
disorder, there are mainly two methods. One is Rhythmic
Auditory Stimulation (RAS). The other is Walk-Mate.

RAS is the method with the rhythmic sounds having the
fixed tempo in order to improve gait disorder. In this method,
a patient makes an effort to synchronize one’s own gait rhythm
and rhythmic sounds. Previous studies reported that RAS
improved stride lengths, gait cycles, walking speeds, or gait
patterns of PD patients!'* 131,

On the other hand, our research group has focused on
interpersonal synchrony. In daily life, we have often
experienced synchronizing our rhythm or our timing with
someone. Hence, it seems that there is interactive component
of rhythm behind interpersonal synchronization. For example,
Muto et al. suggested that it was important for gait
rehabilitation to implement mutual interaction between a
caregiver and a patient with gait disorder!*!.

Moreover, our previous studies modeled the phenomenon
of mutual interaction and developed the biped virtual robot of
interpersonal synchrony emulation system. The robot was
named Walk-Mate'""1*2. Walk-Mate makes patient’s gait
rhythm and rhythmic sounds interact. This interpersonal
synchrony emulation system stabilized PD patients’ gait
through the mutual entrainment between those two rhythms.

In addition, our previous study compared the influences of
Walk-Mate and RAS on Parkinson’s gait by using a common
evaluation method".. In this study, gait cycle fluctuation was
focused on as the index of dynamic stability of a gait. The
fluctuation was analyzed by fractal scaling exponent that was
one of the index for evaluating 1/f characteristics from the
viewpoint of dynamics. As a result, Walk-Mate interactive
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Fig. 1. The exchange of footstep sounds between a
human walker and a walking robot.
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Fig. 2. The rhythm generator model in the robot had a
hierarchical structure

rhythmic stimulation dynamically stabilized Parkinson’s gait
more than fixed-tempo RAS. Thus, the study suggests that the
interactive component is important to improve the dynamic
stability of gait with PD.

From these background, we focuses on the dynamic
destabilization that occurs in a common Parkinsonian gait
disorder: festinating or accelerating gait!®* [*). Festination is an
alteration in gait pattern characterized by a quickening and
shortening of normal strides. We expect that Walk-Mate has
potential for mitigating festination by dynamically stabilizing
gait. Therefore, the aim of this study is to investigate the
effectiveness on mitigating festination by applying the function
which Walk-Mate generates of the dynamical stabilization of
gait.
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Fig. 4. Experimental setup.

II. MATERIAL AND METHOD

A.  Interpersonal synchrony emulation system

As shown in Figure 1, the interpersonal synchrony
emulation system included a cross-feedback process, whereby
the virtual robot’s timing of ground contact was given as an
input signal to the subject, while the robot was provided with

the subject’s heel strike timing. The rhythm generator model in
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Fig. 5. An example of time-course changes in the stride
time and phase difference of a healthy subject, achieved
by the interpersonal synchrony emulation system.

the robot had a hierarchical structure, as illustrated in Figure 2.
Module 1 was responsible for mutual entrainment between the
human stepping rhythms and the virtual robot’s gait pattern,
and Module 2 controlled the phase difference (shift in timing)
between the sensory input (the subject’s foot contact with the
ground) and the motor output (production of robot footstep
sound stimuli to the subject) to a targeted value. More
specifically, Module 1 involved the use of a phase
oscillatort”®. which has been shown to be effective for
simulating CPGs'”’), and Module 2 implemented feedback
control for the difference (phase difference) in the timing of
input and output of Module 1. See appendices A, B, and C for
more detailed description of rhythm generator model in the
interpersonal synchrony emulation system.

The relevance of this model is supported by the finding
that human locomotor behaviors were hierarchically governed
by spinal CPG-dependent rhythm modulation and by
cerebellar and brainstem feedback control systems® 28], [t
was further supported by the dual process model?”! and our
experimental results in synchronization tapping®"*. Figure 3

provides an overview of the complete gait support system,
including the portable PC and other devices, as well as a
subject wearing this system (Figure 4).

Figure 5 shows an example of time-course changes in the
stride time and phase difference achieved by this system. First,
a healthy subject was instructed to walk down a straight
corridor. The subject walked without exposure to the tones in
the first 60 seconds, followed by another 60 seconds during
which the cross-feedback of the walking signals was conducted
with a targeted phase difference of 0 rad, followed by another
60 seconds interval during which the gaits were synchronized
with the targeted phase shift of 0.2 rad (a slight delay in
presentation of the auditory stimuli relative to the time point of
the subject’s heel strike).

During the unassisted walking condition (0-60 sec), the
subject and the virtual robot walked at different stride time.
During the assisted walking condition (60-120 sec), their stride
time drew closer to each other via mutual entrainment, with the
phase difference stably converging to the target value of 0 rad.
During the condition when the target phase difference was set
to 0.2 rad (120-180 sec), the subjects’ walking slowed down;
their stride times increased automatically without being aware
of the phase difference.

This phenomenon is thought to be useful to stabilize gait
festination of PD. These results showed that the gait cycle
could be manipulated by controlling the target phase
difference in mutual synchrony.

B.  Participants

Two normal-hearing and non-demented patients with PD
were recruited. Table I shows the subjects’ age, sex, disease
duration, modified Hoehn and Yahr stage (modified HY), and
Unified Parkinson’s Disease Rating Scale (UPDRS).

They exhibited gait festination during a prescreening
interview with the physician, and were receiving medication
for treatment of PD. Their Hoehn and Yahr stages (severity
indicator, range: 0-5) were 2 or 3, indicating independent
ambulation. All subjects provided written informed consent
before participation.

TABLE 1
LIST OF PARKINSON’S DISEASE PATIENTS
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Subject Disease ~ Modifie UPDRS
No. Age Sex duratio d part 2 part 3
n HY
1 92 Male 2 3 22 29
2 77 Male 2 2 7 14
C. Task

Subjects were instructed to walk along the path in the
corridor; at predefined intervals, they were exposed to
rhythmic tones presented by the interpersonal synchrony
emulation system, which they were carrying. The corridor was
flat and straight, with the ambient temperature and light
intensity adjusted to the comfort of the subjects. The walking
distance was set at 80 m. Subjects were instructed to make a



pretest walk for 80 m to familiarize with the system and
environment, without presentation of rhythmic sound stimuli
(unassisted condition). Then, after a 5 minutes rest, they were
given the following task. One round of the 80 m walking task
included a sequence of unassisted walk, synchronized walk
(with presentation of step-guiding tones), and unassisted walk.
This study was approved by the Kanto Central Hospital Ethics
Committee.

D. Experimental setup

In specific terms, the timing of the virtual robot’s ground
contact was presented to the subject as an auditory stimulus
(combination of F5 and C5 notes, 200 ms duration) via
headphone (HP-RX500, Victor, Japan). The subject’s
footground contact was detected by a pressure sensor (OT-
21BPG, Ojiden, Japan) fixed underneath the shoe. The
detected signals were transmitted to the gait simulation
software program running on a portable PC (CF-WS5,
Panasonic, Japan). The measurement, calculation, and
recording of the heel strike timing were performed in real time
at 10 ms intervals. The Walk-Mate system was intended to
achieve interpersonal gait synchrony between the subject and
the virtual bipedal robot.

E.  Analysis of gait cycle and phase difference

In order to evaluate the gait festination, we focused on
human stride time as the gait cycle. The human stride time
(gait cycle time), 7}, is shown in equation (1), in which 7}, is
defined as the difference between the ground-contact timing
ty(i+1) for the (i+1)-th step and ¢,(i) for the i-th step of the
same leg. Equation (1) is applicable to the virtual robot as
well, by replacing the suffix h (for human) with m (for robot).

T,()=t,i+1)—t,0). (1)

Here, the subject’s phase difference 4A(i) for the i-th step
is determined based on the difference between #,(i) (i.e., the
time at which the subject’s foot makes the i-¢4 ground contact)
and tm(i) (i.e., the time at which the auditory stimulus is
presented in response to the i-th ground contact), as shown in
equation (2). In this equation, ¢,(i), which is defined as the
time at which the virtual robot makes the i-t4 ground contact,
provides the time at which the auditory stimulus is provided to
the subject, because these timings are identical. This equation
may also be understood to indicate the phase difference
between the times at which the subject and the virtual robot
make the i-th ground contact.

AB, (i) = (t, () - 1,,(1)) @
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F.  Quantification of gait festination

Gait festination refers to a clinical manifestation in which
both the stride time and the stride length decrease over time
during walking. In this study, we paid attention to stride time
decrease and conducted least-squares linear regression analysis

to estimate the temporal change in stride time; the gradient of
the regression line, a, was used to evaluate the stride time
reduction rate. The gradient, a, which is calculated by equation
(3), relates to decrease in stride time per second. In this
analysis, based on preliminary analysis results (mean + SD of
a: 0.00002 + 0.00049) obtained from 10 healthy subjects (7
males and 3 females, mean age: 25.6 years) under the same
experimental conditions, we defined gait festination as
a<-0.001.
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III. RESULT

Figure 6 provides time-course changes in stride time and
phase difference in subject No.1 equipped with the system. In
the first 40 second period, the subjects walked unassisted (i.e.,
before assisted walking). The downward-sloping curve
demonstrates the characteristic aspect of festinating gait, with
the gait gradually accelerating.

However, after the initiation of the auditory stimuli with
the targeted phase difference of 0.2 rad (i.e., assisted walking),
the subject’s gait festination decreased, indicating dynamic
stabilization of the walking rhythm. The observed phase
difference values centered around the target phase difference,
suggesting that the walking rhythms of the subject and the
virtual robot were stably synchronized with a slight delay in
presentation of the auditory stimuli relative to the timing of the
subject’s heel strike. Stride time reduction rate (decrease in
stride time per second) was newly defined as the gradient, a, of
the regression line for the graph of stride time versus elapsed
time. When a was calculated for the subject, we noted a
marked improvement (81.0%) from before assisted walking
(a= -0.00213) to assisted walking (o= -0.00042). In addition,
the mean phase difference for the 40 seconds of assisted
walking is near the target phase difference.

TABLE II
STABILIZATION OF GAIT FESTINATION IN PARKINSON’S DISEASE

Stride time reduction rate (x10%)

Subject
No. Be.f ore Assisted After
assisted walkin assisted
walking & walking
1 -2.13 -0.42 -1.53
2 -2.05 -0.52 -1.14
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Fig. 6. Time-course changes in stride time and phase
difference of the subject No. 1, achieved by the
interpersonal synchrony emulation system. This result
obtained in the before assisted walking, the assisted
walking and the after assisted walking are compared.
Every these three sections, each gradient of the
regression line a was calculated. The festination gait was
defined as a <-0.001.

After termination of the auditory stimuli (i.e., after
assisted walking), the gait festination returned. However, the
stride time reduction rate after assisted walking became closer
to zero than before assisted walking. When o was calculated,
we noted a marked improvement (28.2%) between the before
assisted walking (a = -0.00213) and the after assisted walking
(o=-0.00153).

Figure 7 provides time-course changes in stride time and
phase difference in subject No.2 equipped with the system. In
the first 30 second period, the subject walked with nothing and
showed the gait festination because the stride time reduction
rate o was under -0.001. During the subject walked with the
auditory stimuli synchronizing with subject’s footstep timing,
the index of gait festination got nearer to zero than before. The
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Fig. 7. Time-course changes in stride time and phase
difference of the subject No. 2, achieved by the
interpersonal synchrony emulation system. This result
obtained in the before assisted walking, the assisted
walking and the after assisted walking are compared.
Every these three sections, each gradient of the
regression line o was calculated. The festination gait was
defined as a <-0.001.

gait festination improved 74.6% between the before assisted
walking (o = -0.00205) and the assisted walking (a= 0.00052).
Moreover, in this 30 seconds period, the phase difference
converged in the target phase difference (46, = 0.2). After
stopping the rhythmic sound, the subject showed little gait
festination. However, the extent of the stride acceleration after
assisted walking was smaller than that of before assisted
walking. The gait festination improved 44.4% between the
before assisted walking (a = -0.00205) and the after assisted
walking (o = -0.00114). This subject No.2 also showed similar
result of the subject No.l. Table II argue the results of
analyzing stride time reduction rate for all subjects.



IV. DISCUSSION

With assisted walking, the stride time reduction rate o got
closer to zero compared to before assisted walking in the two
subjects. During assisted walking, the phase difference
converged in target phase difference (46, = 0.2). This phase
difference indicates synchronized walking rhythm between
human and virtual robot. The experimental manipulation
between before assisted walking and assisted walking is the
auditory stimuli provided by the interpersonal synchrony
emulation system. Here, the slope of rate a near to zero means
that the subjects were able to continue walking at constant
speed commonly. Then, the synchronization of walking rhythm
between subjects and virtual robot seemed to mitigate the
symptom of gait festination.

Regarding after assisted walking, the stride time reduction
rate o after assisted walking got closer to zero more than
before assisted walking in the two subject. They showed the
gait festination again after termination assisting with
synchrony-based auditory stimuli. The stride time reduction
rate was bigger than that of assisted walking. However, it was
smaller than that of before assisted walking. Then, facilitation
with the system seemed to have carry-over effect to improve
the gait festination of PD patients.

Several researchers have previously proposed the use of
constant rhythmic auditory stimuli®*'?! and floor stripe
patterns®"! in gait training for PD patients; however, these
studies were one-sided stimulation and paid no attention to the
mutual interaction between the rhythmic stimuli and gait cycle
for realizing dynamic stability of synchronization. Our study is
the first one to demonstrate the potential applicability of the
interpersonal synchrony for dynamic stabilization of gait
rhythm. By focusing on gait festination in PD patients, this
study evaluated the effects of our system on rhythm formation
disturbances resulting from the basal ganglia disease. The
results showed that the interpersonal mutual entrainment and
phase difference control seemed to be quite effective for
dynamically stabilizing the festinating gait. In addition, the
presence of carry-over effects of the gait stabilization was
shown, thereby suggesting a possible application for
rehabilitation and learning process in the basal ganglia®?.
Despite the small number of subjects in the present study, the
process of synchronization between man and machine appears
to have considerable rehabilitation potential. We suppose that
these effects will strengthen and solidify in future as our
sample size increases. In addition, follow-up research is
warranted to clarify how this interpersonal mutual synchrony
contributes to stabilization and improvement of human gait
and other various rhythmic movements.

V. CONCLUSION

In this study, we applied an interpersonal synchrony
emulation system to Parkinson’s disease patients with
festinating gait. We tested for improvements in gait festination
and analyzed the stride time reduction rate and phase
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difference of subjects. Results indicated that gait stabilized and
accelerated less when assisted by the system compared to
unassisted walking. Moreover, carry-over effects were
observed. After termination of the auditory stimuli, the gait
remained stabilized. These results seem to warrant future
clinical application of this interpersonal synchrony emulation
system for patients with a variety of motor disorders. In the
near future, we are going run more trials to test the system’s
effectiveness of this demonstration on the patients with
Parkinson’s disease.
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APPENDIX

A.  The rhythm generator model in the interpersonal
synchrony emulation system

The interpersonal synchrony emulation system[22] used in
this study exchanged information on the timing of footground
contact between the subject and the virtual robot (Figure 1).
This system had a hierarchical structure (Figure 2) consisting
of two modules: Module 1 was responsible for mutual
entrainment between the human stepping rhythms and the
virtual robot’s gait pattern, and Module 2 controlled the phase
difference (shift in timing) between the sensory input (the
subject’s foot contact with the ground) and the motor output
(production of robot footstep sound stimuli to the subject) to a
targeted value.

B.  Module 1 as implementing mutual entrainment of gait

Phase oscillators!"®], which have been successfully used
for simulating CPG’s function of generating walking
patterns/®H?*were applied to express the control law for
Module 1, as shown by equation (4). Here, 8,, represents the
virtual robot’s phase of the gait cycle, and w,, designates the
natural frequency (reciprocal of the natural period) for the
walking cycle. When 6,, in equation (4) attained an integer
multiple of 2n, Module 1 transmitted a tone signal to the
subject, interpreting it as an indication of the virtual robot’s
foot making contact with the ground. The input variable of this
equation, 6, presents the phase of the subject’s gait cycle,
estimated from the discontinuous timing of the subject’s heel
strike; K,, (> 0) designates the coupling constant.

0, =w,+K,sin6, -6,). )

C. Module 2 as controlling the phase difference of gait

The control law for Module 2 was derived based on the
following considerations. In a stable state in which two
coupled rhythmic oscillators are synchronized through mutual
entrainment, the relative phase advances for the oscillator with
the larger natural frequency (known to occur in association



with phase wave propagation)®!. This finding enabled
implementation of a feedback control for the difference in the
timing of input and output of Module 1 (equivalent to
46,, = 6, - 8,). The control law for Module 2 could then be
presented as in equation (5), in which 46,,, 46,, and u denote
the Module 1 phase difference, the target phase difference, and
the control gain, respectively.

—usin(A8, —AG,).

@, = (&)

The above equations can be applied for both the right and
left legs, with a phase shift of n. In this study, values of 0.5 and
0.32 were used for K, and y, respectively.
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