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Abstract
Gait and mobility problems are prominent features of Parkinson’s Disease (PD), and are difficult
to observe clinically in early stages of PD. We previously reported that gait changes were
measurable in early to mid-stage PD subjects, when we used inertial sensors during an
instrumented Timed Up and Go test (iTUG). With the advent of wearable inertial sensors, home
assessment of mobility has become possible. We tested six people with early PD and eight control
subjects using the iTUG in the home and laboratory. Our objectives were to 1) investigate the
feasibility of testing subjects at home, and 2) compare performance at home versus laboratory. We
found that home iTUG testing is feasible and the patients with PD were more affected than the
healthy control subjects when tested at home.
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1. INTRODUCTION
Gait and mobility problems are prominent features of Parkinson’s Disease (PD), and a major
cause of disability [1]. Such deficits start early in PD, but are not clinically observable until
patients reach moderate to advanced disease stages. Only motion analysis techniques have
been able to detect early deficits [2]. However, motion analysis usually has to be performed
in sophisticated laboratories, and is cumbersome, expensive and time consuming. With the
advent of small, wearable inertial sensors the assessment of mobility at home has become
possible [3,4]. Assessing mobility at home may be advantageous over the laboratory because
it is more convenient, practical and ecological. However, no studies have reported whether
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quantitative mobility assessment in the home is feasible in PD and whether results are the
same as those obtained in the laboratory.

The Timed Up and Go (TUG) test has been extensively used to assess balance and mobility
in moderate-to-severe stage PD. Previous work by our research group, though, has shown
that the sole stopwatch measure of the TUG duration was not sensitive to detect
abnormalities in early-to-mid stage PD. In order to make the TUG test more sensitive and
reliable, we used inertial sensors to instrument the TUG (iTUG) test [2]. Several metrics
from the iTUG were shown to be sensitive and reliable to detect early gait and mobility
changes in PD in a laboratory setting [5].

There are potentially a wide range of activities that could be recorded in the home using
inertial sensors to measure mobility. In this pilot study, we used the iTUG to directly
compare the same test collected in the laboratory and in the home to see if test location
makes a difference. We also investigated the feasibility of inertial sensor testing in the
home.

2. METHODS
2.1. Subjects

Six subjects with PD (57.3 ± 8.6 years old; 3M/3F) and 8 (63.7 ± 5.9; 2M/6F) healthy
controls participated in this study. The groups were similar in height and weight (p>0.05).
Patients were in early-to-mid-stages of PD, with a Unified Parkinson’s Disease Rating Scale
Motor of 28.6 ± 15 and a Hoehn and Yahr of 1.9 ± 0.7. Three patients had been taking anti-
parkinsonism medication, two for 1 month and the other for 8 months. All participants
provided informed consent approved by the Institutional Review Board.

2.2. Apparatus and Protocol
Subjects wore a portable data-logger on a waist belt (Physilog®) [3] with five inertial
sensors attached to their body [3-5]. Two uni-axial gyroscopes (range 600°/s) were attached
to the anterior shank, 4 cm above the ankle joint. Two 2-dimensional (2-D) gyroscopes
(range ± 1200 °/s), that measured respectively roll (axial rotation) and pitch (flexion
extension) angular velocity, were attached to the dorsum of each wrist. One sensor, which
contained a 2-D gyroscope (range ± 400 °/s, pitch and roll axis) and a 3-D accelerometer
(range ± 2g), was attached to the chest on the sternum; 2 cm below the sternal notch. Data
were recorded at a sampling rate of 200 Hz, with 16 bits/sample and stored in a flash
memory card.

Subjects performed the iTUG test at home within 24 hours before or after laboratory testing.
For consistency of data collection, same researcher administered all tests in the home and
laboratory to ensure appropriate placement of the sensors and minimize bias. Thus, all
measurement procedures were the same and only the data collection location was different.
The iTUG test consists of standing up from a chair, walking 7 meters, turning, walking back
to the chair and sitting down [2,5]. Three trials were collected at each test location.

Our laboratory has both natural and fluorescent lighting on an open space of 9 meters by 4
meters over a linoleum floor. The distance walked in the laboratory was 7 meters. The
distance walked at home varied between 5-7 meters because most homes could not
accommodate 7 meters of straight walking. When the distance was shorter than 7 meters,
subjects performed an extra trial so that total number of gait cycles remained comparable
with laboratory trials. Criteria for selecting home settings were: 1) sufficient walking space
to allow at least a 5-meter walk and turn, 2) even floor surface, and 3) quiet environment.
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2.3. Outcomes and Data Analysis
We used a Matlab program to automatically detect, separate and analyze different
components of gait and postural transition measures (sit-to-stand and turning) during the
iTUG. More details on the algorithms used to measure the gait parameters can be found in
our previous work [4,5]. We previously found stride length, stride velocity, cadence, peak
arm swing velocity on the more affected side (MAS), and turning velocity to be the most
sensitive variables in early PD [2], so we used these parameters for comparisons here. Our
previous work has shown that these parameters have good to excellent test-retest reliability,
with stride velocity ρ=0.78, stride length ρ=0.67, cadence ρ=0.94, and peak arm swing
velocity ρ=0.90 and turning velocity ρ=0.86 [5]. Below is a definition of each parameter:

a. Stride Length: distance between two consecutive strikes of the same foot, presented
as a percentage of the subject’s height (%height).

b. Stride Velocity: stride length in centimeters divided by stride time in seconds,
presented as a percentage of the subjects’ height (%height/sec).

c. Cadence: number of steps per minute.

d. Peak arm swing velocity on the more affected side (MAS): The maximum angular
velocity achieved during the swing phase (deg/sec). The 2 axes of the forearm
gyroscopes were combined.

e. Turning velocity: The maximum achieved angular velocity of trunk rotation in the
yaw axis during 180-degree turns (deg/sec).

The peak arm swing velocity on MAS was determined based on a sum of bradykinesia sub-
scores of the Motor UPDRS (items 23 – finger tapping, 24 – hand open and close, 25 – hand
pronation/supination, and 26 – leg agility). The MAS corresponded to the side with higher
sum of bradykinesia sub-scores. For control subjects, the average of both sides was used for
comparison. This classification has been used in previous work [2].

2.4. Statistical Analysis
A Repeated Measures ANOVA was run with group (PD vs Control) as a between-group
factor, and location (Laboratory vs Home) as a within-group factor for each parameter (α =
0.05). Tukey-Kramer tests were run as post-hoc comparisons.

3. RESULTS
The distances walked at home were shorter than the laboratory, and similar between groups:
PD = 5.9 ± 0.5 meters, Control = 5.9 ± 0.6 meters. The characteristics of the houses were: 3
Control and 3 PD group houses had hardwood or laminate floors, while the remaining
houses had carpeted floors; all had both natural and artificial lighting; all had an armless
firm chair for performing the iTUG; and all but one house had walls or furniture within 2
feet of the turning position. These findings show that home testing was feasible because the
homes provided enough space and met the criteria to accommodate testing.

Results comparing home versus laboratory are summarized in Figure 1 and Table 1. There
was a significant group effect for stride velocity (p=0.03, Fig.1A, Table 1), cadence
(p=0.001, Fig.1C, Table 1), peak arm swing velocity MAS (p=0.002, Fig.1D, Table 1) and
turning velocity (p=0.003, Fig.1E, Table 1). There was a significant interaction effect for
stride velocity (p=0.02, Fig.1A, Table 1) and stride length (p=0.002 Fig.1B, Table 1). The
interaction effect indicates the difference between groups depends on location; with the
Control group performing similarly in both settings and PD group walking significantly
slower at home. There was a significant location effect for turning velocity (p=0.002 Fig.1E,
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Table 1). A post-hoc analysis showed that the location effect was significant for the Control
group only.

4. DISCUSSION
The objectives of this pilot study were to investigate the feasibility of administering the
iTUG in the home and to compare performance in the home versus the laboratory. Our
results show that home testing is feasible, and that the home environment affected subjects’
performance on the iTUG, more so for the PD group than the Control group. Our main
findings shows that when tested in the laboratory, subjects with PD and control subjects
walk with similar step length and velocity, but when tested at home, PD group walked
significantly slower with shorter steps than the control group (Fig. 1A,B, Table 1). These
preliminary results indicate not only that the iTUG can identify differences between PD and
healthy subjects, but also that differences are more apparent at home than in the laboratory;
i.e. patients with PD performed worse at home. Because home characteristics were similar
between groups, we are confident that the differences found between groups cannot be
attributed to home differences, but to the effects of the disease. Our findings also suggest
that the home environment makes mobility testing more sensitive than the laboratory
environment. Several factors may contribute to our findings:

1) Home environments are more cluttered and constrained than gait laboratories
The houses we visited varied in characteristics (e.g. flooring, lighting, open spaces, furniture
arrangement), whereas our gait laboratory was a “standard” area with ample open space, flat
linoleum floor and good lighting. Constraints in the environment are known to affect gait in
PD. For example, freezing of gait usually is triggered by narrow spaces such as doorways or
spaces between furniture [6]. Studies investigating the circumstances of falls in PD have
shown that 80% of all fall events happen at home, and fallers are ambulant in 45% of falls
[7].

2) People may feel more comfortable and relaxed at home
The laboratory is a formal and non-familiar environment, which may increase alertness and
stress. Whereas at home patients may be more relaxed and thus exhibit their typical posture
and gait. In a laboratory environment, increased anxiety and attention, as well as increased
effort to impress the examiner, may increase dopamine levels in patients with PD [8].

3) Patients may be more distracted at home than in the laboratory
Performance of a cognitive task while walking can interfere with gait in PD subjects even
more so than in healthy subjects [9]. The home environment may naturally engender shared
attentional resources between walking and a mental task. For example, while walking
subjects could have been thinking of a “to do” list, concerns about the home conditions, or
the presence of a visitor in their home. In contrast, in the laboratory, they may have
automatically directed their attention to the task so that they were more focused on physical
performance with less extraneous mental activity.

This pilot study is the first to investigate the use of portable inertial sensors for mobility
testing at home and to compare it to the laboratory. One limitation of this study is the small
sample size. However, this was meant to be a preliminary study, involving only a few
subjects. More studies should follow to confirm our findings in larger groups. In addition,
the inherent day-to-day variability in motor performance in PD may raise the question
whether the differences we found are due to environmental constrains or the natural
variability in PD. However, it is not likely that the variability is the cause of our results
because it is more predominant in moderate-to-late stages of the disease, rather than early
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stages [2], which is the focus of our sample. In addition, our data showed similar changes
across PD subjects, whereas day-to-day fluctuations would likely cause some PD subjects to
be better and others to be worse when tested in the home.

Inertial systems are a promising technology that has great advantages over other
technologies used for mobility assessment at home. Other studies have used accelerometry
[10], infrared beams [11], and activity monitors [12], however, these systems provide
limited quantitative information on gait and mobility. Inertial sensors are becoming smaller,
lighter, more comfortable to wear and practical to operate. However, it remains to be
demonstrated whether patients could administer the iTUG by themselves given appropriate
instructions and software. In the future, continuous monitoring of gait, turning and arm
swing while subjects go about their normal daily activities may be most advantageous
because of the large amounts of data that can be gathered throughout the day, rather than
performing a scripted task like the TUG.

More research is warranted to determine the specific environmental factors that influence
gait and dynamic posture in both healthy people and patients with PD. Future research is
also necessary to 1) develop and test a self-administered iTUG, 2) evaluate the reliability
and sensitivity of the home-based iTUG, and 3) determine the validity of the iTUG to
monitor the progression of mobility deficits.

In conclusion, this study demonstrated that the use of wearable inertial sensors to quantify
the TUG test at home is both feasible and sensitive to detect mobility deficits in patients
with early PD.
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Figure 1. Comparison of gait measurements between groups and locations on the iTUG test
Symbols: *group effect, ¥ interaction effect, § location effect. Fig 1A and B shows that
patients walk slower and take shorter steps than controls at home, whereas in the laboratory
there is no difference between the groups. Fig. 1 C and D shows that patients walk with
slower cadence and swing their most affected arm slower than controls independent of the
location. Fig. 1E shows that patients turn slower than controls in the lab and at home. A
post-hoc analysis revealed that the location effect is only for controls: controls turn slower at
home when compared to the laboratory, whereas there is no difference on location for the
PD group.
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