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Abstract— Gait and balance disturbances are amongst the
most disabling features of Parkinson’s disease (PD), and are not
adequately controlled with currently available medical and
surgical therapies. Development of objective quantitative
measures of these abnormalities would greatly help in the
assessment and the development of therapeutic interventions.
Recently, we developed a methodology, using dynamical system
theory, for testing gait with a state-of-the-art motion-detection
system (OPTOTRAK 3020, Northern Digital, Inc.). We also
developed a model of the dynamics of the foot that predicts the
stance and swing phase dynamics of normal walking. In the
present study, we determined whether model parameters were
altered in subjects with PD when they were tested ON/OFF
levodopa (LD) and ON/OFF deep brain stimulation (DBS) in a
2x2 matrix.

I. INTRODUCTION

he locomotor gait cycle is divided into swing and stance

phases [1], [2]. During the stance phase the weighted
limb supports the weight of the body and moves it forward.
During the swing phase, the unweighted limb swings forward
to complete the step at heel contact. Together these comprise
the stride length. Walking velocity is the product of stride
length and stride frequency. In normal spontaneous gait,
increments in walking velocity are predominantly dependent
on increasing stride length, although increases in step
frequency contribute to a lesser degree at higher walking
velocities [3].

In PD, the stride does not lengthen sufficiently with higher
walking velocities [4]-[6]; hence, the step rate increases to
compensate in an effort to maintain gait velocity [7]-[9]. As a
consequence, the angular excursion is reduced at the hip,
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knee, and ankle. The reason for these deficiencies is not clear
and may be related to reduced plantar flexion at full weight
acceptance, which could result in diminished push-off at the
end of the stance phase [10]. Decreased force, decreased
velocity, and slowed execution of the anticipatory postural
adjustments for self-generated stepping have also been
observed with isolated gait initiation difficulties in PD
[10]-[12].

Training and supplying visual cues during overground
locomotion can increase stride length to near normal values in
PD patients [7], [9], [10]. However, when attention is
diverted and PD subjects are required to multitask, motor
function deteriorates, and stride length shortens as gait reverts
to the abnormal state [4], [13]. Age and dementia can also be
associated with diminished stride length and reduction in gait
velocity [14], [15].

The benefits of LD and DBS have been well established for
rigidity, bradykinesia, and tremor in PD patients [16], [17].
However, the effects of LD and DBS on locomotion are not
well understood. Quantification is critical for standardizing
the effects of drugs and DBS. Recently, we have found
precise relationships between foot movements during the
stance and swing phases that are critical for maintaining
efficient and stable gait [18]-[20]. The purpose of this study
was to utilize a model that we developed for predicting the
dynamics of the stance and swing phases during normal
walking to assess parkinsonian gait during ON/OFF DBS and
LD in a 2x2 matrix. The model allows for quantitative
assessment of the therapeutic value of the various treatments.
It has the potential for assessing a wide range of treatments of
PD that might affect gait and for determining targets for the
development of new therapies that might improve PD gait.

II. METHODS

A. Subjects
Two male and one female subjects with PD, who were
receiving LD and had previously undergone DBS,
participated in this study after signing an IRB approved
informed consent. Subject demographics are summarized in
Table 2.1. All were right-handed with a right dominant leg
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and had subjective and objective features of gait dysfunction
despite therapy. PD therapies were stable for at least one
month prior to testing. Each subject had received bilateral
DBS surgery of the subthalamic nucleus (STN), which was
performed at least 4 months prior to testing. Stimulation
settings (voltage, frequency, pulse width) were maintained at
a stable level for at least one month prior to testing.

B. Methodology for Testing Gait

Movements of the foot, shank, and head were recorded
using the OPTOTRAK 3020 video motion analysis system
(Northern Digital, Ontario, Canada). The system sensed
pulses coming from active infrared (IR) markers (LED’s),
and tracked the three-dimensional position of each LED,
storing this information in a computer file. The total number
of markers determines the sampling rate. In this study, 21
markers were utilized, allowing a sampling rate of 100
frames/s. When the OPTOTRAK system is positioned 4 m
from the subject, the accuracy of translational measurement is
0.3 mm (manufacturer’s specification) with an accuracy in
pitch and yaw of 0.1 deg (See [3], [18] for a full description of
the OPTOTRAK characteristics and the methods for
calibration and data acquisition).

C. Normalization of length and Temporal Vectors

The data were normalized by transforming them into
dimensionless quantities that could be compared across
subjects with different body sizes [21]. Quantities that had
dimension of length, i.e., coordinate location in space, were
normalized to individual leg length /,, the distance between
the greater trochanter and the heel markers. The coordinate
location was, therefore, given in terms of “leg-length.”
Acceleration was normalized with respect to the equivalent
acceleration of gravity, a,. As the period of a naturally

oscillating leg is 2 \// / a,, , where [ is the distance from the

hip to the center of mass of the leg (0.4/y) [22], time was
normalized with respect to 2+/0.47,/,/a, , which is the

natural oscillation period of a leg whose length is /,. This
equalizes the duration of gait cycles for short and tall persons.
The average /y for the normal subjects was 0.84 m [20].
Therefore the consequent normalization time was 1.16 s,
which was referred to as a “leg-period”.

The velocity, which has the dimension of length over

duration, has the normalization factor equal to ,//,a ¢ - This

velocity, which is considered to be 1.0 “Froude number” [21],
has been used to normalize the gait kinematics across a wide
range of species and gravitational environments [23], [24].

D. Experimental protocol

Parkinsonism was assessed using Part I1I of the Unified PD
Rating scale (UPDRS), a standardized means of assessing PD
disability. The gait subscore (items 26-30 of the UPDRS) was
also tabulated.

PD gait was characterized using treadmill walking for at
least 30 seconds over a range of velocities. Treadmill walking
approximates normal overground walking if subjects are

properly trained [25]. Walking velocities in previous studies
on normal subjects ranged from 0.6 — 2.1 m/s. However, PD
subjects were not able to achieve these velocities, and walked
at 0.6, 0.9, and 1.2 m/s under four conditions: 1) OFF
medication/OFF  stimulation, 2) ON medication/OFF
stimulation, 3) OFF medication/ON stimulation, and 4) ON
stimulation/ON medication. OFF medication was defined as
no anti-parkinsonian medication for at least the preceding 12
hours prior to testing. ON medication was defined as the best
response after administration of anti-parkinsonian therapy.
OFF stimulation was tested when the stimulator had been
turned off for at least 30 minutes. ON stimulation was tested
when the stimulator had been turned on for at least 30
minutes. Clinical and treadmill assessments were performed
after 30 minutes in each condition to “wash out” any effects
of stimulation in Condition 2 and to allow medication and
stimulation to have maximal effects during Conditions 3 & 4.

The LD dose was determined by the anti-PD regimen
before surgery since the LD requirement often drops after the
stimulation parameters are optimized. LD during testing was
given as carbidopa/levodopa that was crushed and suspended
in soda to expedite the time to ON.

III. RESULTS

A. Clinical Assessments

Clinical measurements are summarized in Table 3.1. Higher
scores correspond to more severe parkinsonism.

TABLE 3.1
CLINICAL ASSESSMENTS OF SUBJECTS
UPDRS I1I/ S1 S2 S3
Gait Subscore
M- S- 63/10 43/10 38/11.5
M+ S- 63/11 39/9 12.5/1
M- S+ 34/7 16/3 24/5
M+ S+ 8/2 21/7 22/4.5

B. Conceptual Basis for Parameterization of PD Gait

The conceptual basis for comparing PD gait to that of
normals is embodied in a simple model of foot dynamics
during walking on a treadmill [18]-[20] (Fig. 3.1).

FIG. 3.1
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The model assumes that when there is a load on the foot
during the stance phase, the foot velocity is controlled by a
velocity feedback governed by a damping parameter, F,
which maintains foot velocity equal to that of the treadmill.
When the foot is lifted from the treadmill, the load is reduced
to zero, and the feedback is switched from a velocity
dependent mechanism to a position dependent mechanism
governed by a parameter, K;, which is an active feedback
control law. This modifies the passive dynamics of the foot,
determined by a parameter, Ky. The summation of parameters
K, and K, determine the dynamics of the swing and the
phase-plane behavior of forward foot velocity vs. foot
position.

To assess the kinematics and dynamics of stance and swing
phases, the phase-plane trajectories (Toe Velocity vs.
Position) (Fig. 3.2) and main sequence relationships
(Peak-Toe Velocity vs. Range of Toe Translation) (Fig. 3.3)
were evaluated. Fig. 3.2a shows an average phase-plane plot
of toe movement in 6 normal subjects [18]-[20]. These are
characterized by a constant velocity during the stance phase
and an approximately semicircular trajectory during the
swing phase (Fig. 3.2). The peak velocity of the swing phase
was dependent on walking velocity. Phase-plane plots for the
three subjects while walking at up to three velocities
generally followed these trajectories under all conditions
(Fig. 3.2b-g). Trajectories of Subject 1 while OFF
medication/OFF stimulation could not achieve the third
walking velocity (Fig. 3.2b), but had fairly normal plots at
lower velocities (Fig. 3.2b, ¢). When ON medication/ON
stimulation, this subject was able to achieve the higher
walking velocity and had approximately normal trajectories
(Fig. 3.2c). The trajectories of Subject 2 show that the range
of normal swinging could not be achieved (Fig. 3.2d, e).
However, Subject 2 achieved an approximately normal peak
velocity for the forward foot movement (Fig. 3.2d, e). The
trajectories of Subject 3 were close to normal, independent of
medication/stimulation (Fig. 3.2f, g).

The main sequence plots of peak velocity vs. range of toe
translation in both the X and Z direction had an
approximately linear relationship (Fig. 3.3), confirming the
normal trends apparent in the toe phase-plane trajectories.
The only abnormality was the limited range of toe translation
in the subjects, which was unaffected by medications and/or
stimulation. Subject 1 had smaller main sequence slopes than
normals for both X and Z directions (Fig. 3.3a, b), although at
the lower range of velocities, the slopes fell close to the
normal main sequence plot. Subject 2 had similar
characteristics, although it was confined to a small region of
position-velocity space (Fig. 3.3c, d). Subject 3 was normal in
all respects and could achieve the higher velocities and ranges
during the swing phase than the other subjects (Fig. 3.3e, f).
Again, there was no change in the main sequence
relationships either due to the medication, DBS, or both.

In all subjects, the data representing the oscillation
frequency of the foot as a function of frequency of stepping
could be fit by the model with the same parameter K, which is
the sum K(+K;, as a function of stepping frequency (Fig. 3.4),
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independent of the administration of LD or the initiation of
DBS. Thus, the foot followed the appropriate dynamic
trajectory at initiation of the swing in all subjects. This
occurred despite the fact that the trajectories of Subject 3 with
medication/stimulation in the ON/OFF state were greatly
affected by dyskinesia causing eversion of the right foot and
subjective complaints of walking difficulties.
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FIG. 3.4
CHANGES FEEDBACK CONTROL PARAMETER
(K¢+K ;) AS A FUNCTION OF STRIDE FREQUENCY
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IV. CONCLUSION

We quantified and analyzed locomotion in PD using a
three-dimensional motion detection system (OPTOTRAK).
Regardless of testing condition, the major difficulty that
impaired locomotion in the PD subjects was an inability to
generate adequate toe lift and foot pitch. The impaired toe
clearance limited stepping both in forward and vertical
directions,  prematurely  shortening  stride  length.
Consequently, energy expenditure was increased because the
foot was thrust into the treadmill surface at the end of the
swing phase.

Contrary to current understanding of the gait disturbances
in PD, the onset of swing-phase trajectories and the velocity
profile as a function of foot position were normal in all PD
subjects, regardless of severity of disease or mode of therapy.
Furthermore, the peak-toe velocity as a function of walking
velocity was essentially normal in all subjects, and the ability
to walk at higher velocities did not improve with LD or DBS.
However, in Subject 1, DBS with LD allowed for an increase
in range and peak velocity in the X direction.

DBS and LD achieved their clinical effect by increasing
the range of the main sequence and K=K,+K;. Further studies
are needed to determine the characteristics in gait dysfunction
that will result in clinically significant improvements with
DBS, LD, or the combination of both modalities.
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