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1. Introduction

Parkinson’s disease (PD) patients are committed to a treatment strategy based on
dopaminergic medications to reduce the severity of their motor symptoms. Over time,
however, these treatments can lead to, among other complications, motor fluctuations with
reemergence of tremor or bradykinesia (slowed movements) and medication-induced
dyskinesias (involuntary abnormal movements). The associated worsening of quality of life
resulting from motor complications has become better appreciated in recent years (Chapuis
et al., 2005). PD motor symptom and motor complications are most commonly appraised
during clinic visits through the use of the Unified Parkinson’s Disease Rating Scale
(UPDRS) (Goetz et al., 2007). Adjustments in treatment are in part dependent on the
outcome of these in-clinic assessments. However, motor fluctuations throughout the day
may go unnoticed.

Limited methods are currently available to capture and assess motor complications at home.
Patients can manually complete diary entries of medication times and wearing off periods;
however, they may have difficulty accurately and objectively evaluating their own symptom
severity and distinguishing between symptoms.

Motion sensor technology has previously been leveraged for capturing and quantifying PD
motor symptoms (Costa et al., 2010; Giuffrida et al., 2009; Heldman et al., 2011; Manson et
al., 2000; Patel et al., 2009; Rigas et al., 2009; Schrag et al., 1999; Weiss et al., 2010).
However, home monitoring applications require high patient compliance, a critical element
for validation of home testing results and achieving acceptance in the clinical community.
While a technology may successfully integrate complex algorithms for automated scoring of
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motor symptom severity, if patients cannot use the device unsupervised at home or properly
follow instructions to complete motor assessments, the technology will have little clinical
value.

The objective of this pilot study was to evaluate the feasibility and patient compliance of a
home-based PD assessment system (Kinesia™, Cleveland Medical Devices Inc., Cleveland,
OH) in which wireless motion sensor technology provided quantitative motor symptom
severity scores highly correlated to clinical rating scales throughout the day. Subjects used
the system at home to perform video-guided motor tasks while motion sensor data were
captured to evaluate tremor and bradykinesia in response to PD medication. We
hypothesized the system could be used correctly by PD subjects to undergo automated motor
assessments at home.

2. Material and methods

2.1 Subject recruitment

Twenty subjects were enrolled including ten subjects diagnosed with idiopathic PD and
prescribed dopaminergic medication (8 male and 2 female; 61.4+7.4 years of age; 1511+933
mg Levodopa Equivalent Daily Dose) and ten non-PD subjects (Control). PD subjects were
recruited at the University of Cincinnati while control subjects were recruited at Cleveland
Medical Devices Inc. Testing was completed under the purview of each institution’s
respective Institutional Review Board. All subjects provided informed consent prior to
participation.

2.2 Technology overview

Kinesia™ (Cleveland Medical Devices Inc., Cleveland, OH), a Food and Drug
Administration cleared-to-market device, was used to capture and quantify PD motor
symptoms (Fig. 1). The finger-worn mation sensor contains three orthogonal accelerometers
and three orthogonal gyroscopes to measure linear accelerations (a, ay, and a,) and angular
velocities (wy, oy, and o), respectively. A wrist-worn command module connects to the
finger sensor via a thin, flexible cable and houses a battery and 2.4 GHz radio. Kinematic
data are sampled at 128 Hz and wirelessly transmitted in real-time to a computer.

The Kinesia software guides patients through three tremor and three bradykinesia motor
tasks based on the UPDRS Ill Motor Examination: rest, postural, and kinetic tremor, and
repetitive finger-tapping, hand-grasping, and pronation-supination for evaluating speed,
amplitude, and rhythm. Motion data captured by the finger sensor are processed into 0
(symptom absent) to 4 (severe impairment) severity ratings using previously validated
algorithms, which showed high correlations to expert clinician UPDRS tremor (Giuffrida et
al., 2009) and Modified Bradykinesia Rating Scale (MBRS) speed, amplitude, and rhythm
scores (Heldman et al., 2011).

2.3 Control subjects and compliance criteria

Control subjects were monitored by a trained technician to ensure instructions were properly
followed. The motion sensor was placed over the dorsal side of the index finger’s distal
phalanx with a thin silicon sleeve. Seated in front a laptop, subjects followed the Kinesia
software videos to undergo an automated motor assessment consisting of the six motor
tasks, each performed for twenty seconds.

Compliance criteria were developed from the data to ensure subjects were correctly
performing the motor tasks during the automated evaluations. Some of the video-guided
motor tasks required subjects to remain still in a specific position, while others required
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them to voluntarily move. Therefore, a voluntary movement threshold (VMT) was
calculated. Motion data collected during the rest tremor tasks were used to determine the
VMT. The gyroscope angular velocity channels (oy, wy, and o,) were integrated to derive
angle and then band-pass filtered from 0.3-3 Hz (2" order Butterworth) to remove rest
tremor frequency components (Rahimi et al., 2009). The peak in the power spectrum was
calculated for each angle channel (9y, 6y, and 0,), and the root mean square (Orms) of the
three values was calculated as a measure independent of the direction of motion. The VMT
was defined as the average Orms plus two standard deviations. A rest or postural tremor task
was rejected if the calculated 6gps for that motion data file exceeded the VMT while a
kinetic tremor or one of the three bradykinesia tasks was rejected if the 6gpg did not exceed
the VMT.

In addition to gross motion detection to classify voluntary movement versus involuntary
movement tasks, task-specific criteria were developed to determine if the correct tasks were
being performed. Linear acceleration channels were used to determine sensor and finger
orientation in tasks requiring subjects to maintain a specific posture. Tasks requiring
subjects to voluntarily move such as finger tap used the angular velocity channels to
determine whether the proper rotational hand movements were performed. Based on these
guidelines, a range of quantitative variables were selected and tested. The variable that was
rejected the fewest times was selected for each motor task. The resulting six variables were
then applied to the tasks completed at home by the PD group.

2.4 PD subjects, home compliance, and medication response

During a clinical visit, PD subjects were given the Kinesia device and laptop computer along
with detailed instructions for home use. The clinician instructed subjects when to perform
motor task assessments and to document their prescribed PD medication use. Subjects were
required to demonstrate to the clinician that they could perform all motor tasks correctly
using Kinesia before being sent home.

Each home testing session consisted of performing the six motor tasks while wearing the
Kinesia device on the more affected limb. The subjects performed 3—-6 motor assessments
per day for 3-6 consecutive days depending on their available schedule. All data was stored
on the laptop computer. After completing the study at home, subjects returned the Kinesia
system and laptop computer to the clinician.

The compliance criteria developed from the Control subjects were used to determine
whether the PD subjects performed the motor task assessments correctly at home. If any one
criterion failed, the task instance was rejected and excluded from further data analysis.

Additionally, we evaluated the ability of the system to capture motor fluctuations.
Algorithms generated scores for six symptoms: 1) rest, 2) postural, and 3) kinetic tremor and
4) average speed, 5) amplitude, and 6) rhythm calculated across the three bradykinesia tasks.
For each testing day, motor scores per symptom were grouped into two medication states: 1)
baseline: before the first medication dose in the morning when motor symptoms are
typically at their worst and 2) treatment: after the first medication dose and for the remainder
of the day when symptoms should be well controlled. Severity scores for a particular motor
task and day were excluded from analysis if the baseline score was less than one as
medication may not improve symptoms with severity scores already so low. Severity scores
grouped into the treatment medication state were averaged together as a measure of mean
symptom severity throughout the day. A paired t-test was used to compare the baseline and
mean treatment scores across all PD subjects, days, and the six motor symptoms.
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Motor response across dose cycle was analyzed to evaluate symptom fluctuations. For a
given symptom and subject, the baseline score from each day was aligned to time zero of the
dose cycle, and treatment scores were binned into one hour intervals based on elapsed time
since the previous medication dose. The first, middle, and last two bins were compared
using a t-test to determine whether statistically significant differences occurred between bins
and motor symptoms.

All Control subjects successfully completed their motor assessments in the laboratory
setting, while 9 out of 10 PD subjects completed their home assessments as instructed. The
PD subject who did not complete the protocol as instructed did not record medication times
and only performed a motor assessment session once per day, and therefore was excluded
from the analysis. Overall, each of the six motor tasks were performed a total of 210 times
by the PD subjects.

Calculating 6gps across all rest tremor motor task data files produced a VMT value of 4.9.
No Control group and eleven (5%) PD group rest tremor data files were rejected when
sufficient voluntary movement occurred during non-movement tasks as indicated by the
VMT. Task-specific criteria were selected based on the lowest Control group data file
rejection rate for each motor task. The rest and postural tremor criteria algorithms derived
hand orientation relative to gravity by low-pass filtering the accelerometer data at 0.3 Hz
(2" order Butterworth) to remove tremor and checked if the mean of ay was less than zero
for rest tremor and if the mean of the a, was greater than zero for postural tremor. The
kinetic tremor and bradykinesia criteria algorithms band-pass filtered the gyroscope data
between 0.3-3 Hz and 0.3-8 Hz (2"9 order Butterworth), respectively, calculated angle
through integration, calculated the peak in the power spectrum for 6y, 6y, and 6,, and
determined which channel yielded the largest value. Based on these criteria, one Control
group rest tremor data file (10%), fifteen (7%) postural tremor, and three (1%) kinetic
tremor PD group data files were rejected. In summary when including task-specific as well
as voluntary movement criteria, approximately 97% (1222/1260) of all motor tasks
completed by the PD subjects were accepted.

Tremor and average speed, amplitude, and rhythm motor score trends were analyzed over
the course of the day and in response to medication. A paired t-test showed that medication
significantly improved rest and postural tremor and average speed and amplitude scores
(p<0.02) when comparing the baseline (before the first medication dose in the morning) and
mean treatment score (remainder of the day). Kinetic tremor and average rhythm scores did
not significantly improve with medication (p>0.4, p>0.1, respectively).

Additionally, symptom scores were plotted to evaluate motor fluctuations and medication
effectiveness. Subjects 2 and 5 were used as examples to highlight differences in motor
response to medication (Fig. 2). Subject 2’s rest tremor scores greatly fluctuated while
subject 5 had a baseline score of 1.5 and a mean treatment score of less than 0.5 for the
remainder of the day. Finger tap speed in contrast showed minimal change in both subjects.
Figure 3 shows symptom severity versus elapsed time since the previous medication dose
compiled over all test days. Subject 2’s rest tremor and average speed improved after 2-3 h
(p<0.01, p<0.01, respectively), but worsened before the next medication dose cycle (p<0.05,
p<0.01, respectively). Furthermore, rest tremor percent improvement between the first and
middle two bins was greater than for average speed (p<0.01). Subject 5’s rest tremor and
average speed did not improve after 2-3 h (p>0.1, p>0.3, respectively) and did not worsen
before the next medication dose cycle (p>0.4, p>0.4, respectively).
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4. Discussion

4.1 Patient compliance at home

Patient compliance is essential for acceptance of any home monitoring technology. In
general, PD subjects correctly moved voluntarily and remained still as instructed. Upon
review of the raw motion data collected during the 5% of rejected rest tremor files, it is
likely that these subjects were either voluntarily moving or experienced levodopa-induced
dyskinesias. Previous studies have demonstrated that PD dyskinetic movements occur
between 1-3 Hz (Lemstra et al., 1999) and, therefore, would cause the Brps to exceed the
VMT even after bandpass filtering to remove rest tremor activity typically occurring
between 3-6 Hz (Koller et al., 1989). Task-specific criteria were also established for each
motor task. For example, the finger tap task should generate the largest rotational movement
about the second metacarpal joint of the index finger. Therefore, in order to not reject a data
file, the peak in the power spectrum on 6, should be larger than those on 0y, or 0, based on
the sensor axis orientation. Although 7% of postural data files were rejected, 13 of the 15
rejected files can be attributed to a single subject. Upon closer review of the raw motion
data, mean of a, was consistently less than zero, suggesting that the subject either incorrectly
performed the task with his palms facing up or with the sensor rotated below the finger.

Motor response to medication was also used to evaluate compliance. Four of six motor
symptoms significantly improved, demonstrating that the Kinesia device captured and
quantified the expected improvement in symptom severity. Although kinetic tremor and
average rhythm did not significantly improve, studies have shown a lack of response from
levodopa use for these symptoms (Espay et al., 2011; Raethjen et al., 2005).

Although the compliance criteria results demonstrate that PD subjects were able to complete
the home study, additional design considerations should be considered for future system
development. Frequency content of tremor, bradykinesia motor tasks, and voluntary motion
may overlap. Therefore, tremor activity may be present while a bradykinesia motor task is
being performed and may affect the generated motor score. Also the VMT calculation only
detects voluntary motion in frequency ranges less than 3 Hz; therefore, this measure may not
capture all voluntary activity in order to reject a data file. Ergonomic design and ease of use
is equally important as proficient data processing and accurate motor scoring to achieve high
compliance. The low rejection results may be in part due to the overall low symptom
severity in the recruited PD group. Out of the possible 44 study days across all PD subjects,
only ten days resulted in baseline scores greater than one for rest tremor. Therefore, the
Kinesia system design may require additional modifications to comply with patients in more
advanced stages of PD. This will include reducing the size of the wrist and finger-worn
motion sensor and developing an intuitive touch screen interface for simplified computer
use.

4.2 Capturing motor fluctuations at home

Many factors exist that can influence PD symptom response to medication. Disease
progression can decrease the time duration of symptomatic benefit. Patients in the early
stages of PD with mild symptom impairment may experience a 6-8 h therapeutic window
whereas advanced patients, who require higher medication doses, may only have a 0.5-2 h
window with faster and less predictable wearing-off periods (Ahlskog and Muenter, 2001;
Fahn, 2006, 1999). This observation is evident in Figure 3. Subject 2’s scores exhibited a
significant improvement into the dose cycle; however, symptoms returned well before the
next medication dose. In order to maintain symptom improvement throughout the day, the
time between each dose must be optimized to better achieve a more continuous therapeutic
window. That is, levodopa dosage and frequency of use can have a major impact on motor
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fluctuations. Therefore, decreasing the time between doses for Subject 2 may achieve a more
continuous therapeutic window throughout the day, similar to the medication response
shown for Subject 5. Also, Subject 2’s average speed was less responsive than rest tremor,
suggesting that levodopa was more effective at treating rest tremor than bradykinesia. It is
plausible that either the prescribed dose may be too low (although just enough for tremor) or
an alternative intervention may be necessary for addressing bradykinesia. These
observations highlight key advantages of Kinesia home monitoring to optimize treatment
outcome.

In this pilot study, we have demonstrated that the PD patients can correctly perform motor
tasks based on the UPDRS unsupervised at home to evaluate tremor and hand movement
speed, amplitude, and rhythm. Additional outcome measures to consider for future
development may include lower extremity function (i.e. gait and balance) and non-motor
cognitive symptoms. Whether a patient is newly diagnosed or in advanced stages, the
clinician’s role is to utilize the tools available to maximize therapeutic benefit. Unlike the
symptom severity snapshot given by the in-clinic UPDRS, Kinesia automated motor scoring
and video-guided software technology provides clinicians with a standardized and
quantitative monitoring tool to track symptom fluctuations and medication responses
throughout the day and across multiple motor symptoms in a patient’s home.

Research Highlights
1. PD patients were instructed to perform automated motor symptom tasks at home

2. Compliance criteria were developed for rejecting motor tasks performed
incorrectly

3. PD patients correctly completed 97% of all motor tasks at home
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Figure 1.

Kinesia motion capture device. The unit consists of a finger-worn motion sensor and wrist-
worn command module for data acquisition and wireless data transmission. With the motion
sensor positioned above the finger with palm down and fingers extended parallel to the
ground, ay is oriented perpendicular to the finger and parallel to the ground with the positive
direction to the right, ay is oriented parallel to the finger with the positive direction distal to
the hand, and a; is perpendicular to the finger and ground with the positive direction up. The
oy, 0y, and o, gyroscope channels represent the rotation about each linear acceleration axis.
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Figure 2.

Symptom severity scores during a single day. Rest tremor and finger tap speed scores are
shown for two PD subjects to highlight differences in motor score severity and fluctuations
in response to PD medication. Black points indicate motor symptom severity scores while
vertical dotted lines indicate the time at which medication was taken. When evaluating rest
tremor, Subject 2 exhibited significant fluctuations throughout the day while Subject 5’s
severity was well controlled after taking the initial medication dose. Finger tap speed in

contrast showed minimal response to medication.
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Figure 3.

Averaged symptom severity scores over medication dose cycles. Symptom scores were
grouped into one hour intervals based on the elapsed time since the previous medication
dose. Baseline scores were aligned with time zero. Error bars represent the standard
deviation of the motor scores in each time interval. Second order equations were fitted to the
plotted data (dotted curves). Subject 2’s rest tremor and speed averaged across the three
bradykinesia tasks improved after 2-3 h (p<0.01, p<0.01, respectively), but worsened before
the next medication dose cycle (p<0.05, p<0.01, respectively). Subject 5’s rest tremor and
average speed did not improve after 2-3 h (p>0.1, p>0.3, respectively) and did not worsen
before the next medication dose cycle (p>0.4, p>0.4, respectively).
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