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Abstract

This pilot study investigated the impact of freezing of gait, objectively measured with three inertial 

sensors, on mobility function during seven days of community-living monitoring in people with 

Parkinson’s disease.

Twenty-four subjects with PD, of which 14 experiencing freezing of gait, were recruited in this 

study. Subjects wore three inertial sensors (Opals, APDM) attached to both feet and the lumbar 

region for a week of continuous monitoring. Walking bouts, of at least 10s, were first identified, 

and then features of freezing, quantity and quality of mobility were extracted and averaged across 

the seven days.

Results showed significant impairments in freezing and quality of mobility in the freezers group 

compared to the non-freezers. Our measures of average and variability of time spent freezing was 

associated to the subjects’ perception of freezing, assessed with the New Freezing of Gait 

Questionnaire. These preliminary results are introducing promising measures of mobility 

impairments measured during community-living in PD.

I. Introduction

Gait disturbances in Parkinson’s disease (PD) such as reduced gait speed, shorter stride 

length, increased time of double support and slow turns, are a major cause for functional 

dependence and the largest risk factor for falls, institutionalization and death in PD [1, 2]. In 

addition, over 80% of people with PD eventually develop freezing of gait (FoG), an 

intermittent failure to initiate or maintain locomotion, especially while turning [3, 4]. FoG 

and slow walking are the most significant factors affecting the quality of life in people with 

PD and are associated with increased risk of falls [5].

The assessment of patient mobility in the clinic or laboratory is not an accurate 

representation of typical mobility function in daily life. Increased attention, alertness, and 
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effort to impress the examiner during testing may enhance motor performance. This is 

particularly true for FoG because freezing is often difficult to observe during a clinical visit 

or in the laboratory [6–8] when patients are attending to their walking, which is primarily 

assessed on a straight path.

Turning is generally difficult for people with PD and known to trigger FoG [9], with links to 

balance confidence implicated [5, 10]. Freezing during turning may be even more common 

in the home than in the clinic or laboratory because freezing is triggered in specific 

conditions, such as multi-tasking in crowded environments. However, a recent study [11], 

measuring turning during community-living activities in a large sample of PD with and 

without freezing, showed that quantity of turning was similar among freezers and non-

freezers during 72 hours of monitoring with one wearable sensor on the belt.

The majority of activity monitors reflect the quantity but not the quality of mobility or the 

patterns of activity that emerge from continuous monitoring [12, 13]. Activity monitors 

measure total daily movements as reflected by accelerations and/or the percent of the day a 

subject is standing, walking or sitting/lying. Common measures include total activity 

duration, total number of steps taken, and the time spent in each activity. Whilst informative, 

these measures tend to not characterize specific gait impairments, such as freezing, quality 

of turning performance, or quality of walking, such as stride length or variability aspect of 

gait. Characterization of mobility impairments during daily life of people with PD will help 

inform effects of treatment, disease progression, characterize fall risk and explain 

differences in activity.

Recently, a few studies [12–15] have focused on quality of mobility in PD during daily life, 

using wearable, light-weight inertial sensors placed on different places on the body. Novel 

measures calculated from both accelerometers and gyroscopes enables a detailed analysis of 

gait bouts and turning over a week of continuous recording, as well as analysis of patterns of 

accumulated activity. Recent studies suggest that quantity of walking and turning at home is 

similar among freezers and non-freezers [11, 12]. However, the quality of walking and 

turning, such as variability and consistency may be different in freezers versus non-freezers 

with PD.

A recent review [16] pointed out that while the studies detecting freezing of gait in a 

laboratory environment are well validated at this point, studies focused on detecting freezing 

of gait during community-living activities are not. In addition, the true impact of FoG on 

balance perception and mobility disturbances have not yet been investigated. Moreover, 

although a growing number of successful studies are focusing on freezing episode detection 

during daily activities [16–18], surprisingly the impact or percentage of freezing during 

daily life have not yet been reported.

Here, we aimed to introduce a novel, objective measure of time spent freezing at home and 

investigate its association with perception of freezing severity (clinical validity), balance 

confidence and mobility function during community-living in a group of PD with and 

without freezing of gait.
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II. Methods

A. Participants

Twenty-four subjects with PD (67±7 years old) participated in this study. Fourteen subjects, 

out of the 24, were classified as freezers, according to the New Freezing of Gait 

Questionnaire, NFOG-Q (≥1 the Questionnaire [19]). Inclusion criteria for all subjects were: 

diagnosis of idiopathic Parkinson’s disease with sensitivity to levodopa; exclusion criteria 

were other factors affecting gait (hip replacement, musculoskeletal disorder, uncorrected 

vision or vestibular problem), or an inability to stand or walk for 2 minutes at a time. All 

participants provided informed consent approved by the Oregon Health & Science 

University Institutional Review Board.

B. Procedure

A research assistant met subjects at their homes the first morning to set up the sensors, 

instruct subjects how to wear them and charge them at the end of the day, and conduct 

clinical tests. Then, participants were monitored with the wearable sensors throughout the 

day, for a week. Subjects wore 3 Opal inertial sensors (APDM, Inc., Portland, OR): on their 

lower back (lumbar region), right and left foot (on the shoes) for 7 days and docked them to 

recharge each night. The sensors were easily placed in the body location with a Velcro belt 

and straps. Each Opal records tri-axial acceleration (± 2g or 6g), rotation (±1500 deg/s), and 

magnetic field strength (±6 gauss) at a sample rate of 128 Hz. Each sensor is wirelessly 

synchronized with each other (≤10 μs) and can store up to 8Gb of data (enough for over 30 

days of continuous monitoring). Researchers returned to their homes after 7 days to pick up 

equipment, conduct a structured interview about feasibility and perform clinical tests. 

Severity of disease was rated based on the Unified Parkinson’s Disease Rating Scale (MDS-

UPDRS, Part III [20]), and balance confidence was assessed with the Activity Specific 

Balance confidence scale (ABC, [21]).

In addition, a subset of the subjects (n=20) performed two 2-minute walk tests in their home. 

The research assistant along with the subject determined a stretch (> 4.5 m) in the home that 

allowed unobstructed back and forth walking. Beginning and end of the stretch were 

temporarily marked off with tape. Subjects were provided with an interval timer (Gymboss) 

that was programmed to give an acoustical signal after two minutes, indicating the end of a 

trial. Subjects with PD completed the first walking test before intake of their levodopa 

medication and the second test one hour after intake of the first dose of levodopa the day.

C. Data Analysis

Freezing Ratio and Turning features—From the data collected over 7 days, first the 

periods of walking were detected, from the 3D angular velocity and 3D acceleration of the 

lumbar sensor, in windows of 30 minutes [11, 22–24]. Walking bouts of 10s and longer were 

then used for further analysis.

Freezing proxy: the FoG identification algorithm used the antero-posterior acceleration of 

the sensors worn on the feet during each identified gait bout. It has been shown that freezing 

is accompanied by high-frequency components in the 3–8 Hz band of the leg movement. 
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Recently a ‘Freezing Ratio’ was defined as the power in the “freeze band” (3–8 Hz) divided 

by the power in the “locomotor band” (0.5–3Hz) with larger ratios indicating more freezing 

[25, 26]. Such ‘high-frequency’ components of gait have been associated with the 

‘trembling’ observed during freezing episodes. The power spectral densities (PSD) were 

calculated for both right and left foot using a 4-s Hanning window with 50% overlap (using 

the Welch method). The total power was then normalized to the area under the PSD and 

frequency Ratio was calculated as the square of the total power in the 3–8 Hz band, divided 

by the square of the total power in the 0.5–3 Hz band. Lastly, for each gait bout the 

percentage of time in which the ratio (for either right or left foot) was higher than 1 was 

calculated, see Figure 1. Our primary outcome measure for freezing was the cumulative sum 

of such percentage normalized to the total hours of recording (average time spent freezing 

per hour). In addition, the variability of the percentage of time spent freezing was reported.

Turn detection: the algorithm used the horizontal rotational rate (yaw) of the lumbar 

sensor during each identified gait bout. Details are described elsewhere. Briefly, a turn was 

defined as a trunk rotation around the vertical plane with a minimum of 40 degrees [22]. 

Turning angle was then obtained integrating the angular rate of the lumbar sensor around the 

vertical axis. Quantity of turning is reported as the mean numbers of turns per 30 minutes 

and quality of turning is reported as average turning angle (degrees). Both outcomes were 

averaged across the hours of recording over the 7 days.

Walking features—A separate algorithm, using Unscented Kalman Filter to fuse 

information from the accelerometers, gyroscopes, and magnetometers to estimate the 

orientation and position trajectory of the sensors on the feet, was used to quantify quality of 

walking. Gait was defined as walking bouts of at least 3 consecutive strides, a minimum 

duration of 3 seconds and intermittent breaks of no longer than 6 seconds.

The selected outcomes for walking were gait speed (m/s), and the pitch angle of the foot at 

initial contact (degrees) selected as an indicator of shuffling. Both outcomes were averaged 

across the hours of recording. Steps that occurred during turning were excluded.

C. Statistical Analysis

Pearson’s correlation was used to evaluate the association between subjects’ perception of 

FoG and the objective measures of freezing (clinical validity). Pearson’s correlation was also 

used to determine the association among the extracted features of mobility and balance 

confidence for all the subjects with PD.

Independent t-tests were used to determine differences in mobility between the Freezer and 

Non-freezer groups (p<0.05). The Levene’s test for equality of variance was carried out in 

advance for all the selected features to determine if the variance among the two groups was 

equal and in case of rejected hypothesis, equality of variance was not assumed for the t-test 

of that feature. The statistical analyses were performed using SPSS Software v.24.
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III. Results

The objective measures of freezing in the home, average time spent freezing and its 

variability, were significantly related to scores on the NFOG-Q questionnaire (r=0.56 and 

r=0.62, p<0.05) demonstrating moderate clinical (face) validity. Balance perception, 

measured by the ABC clinical scale, was also significantly associated with the time spent 

freezing and its variability across the hours (r=−0.44 and r=−0.44, p<0.05).

In addition, the objective measures of freezing (time and variability) were significantly 

associated with the quality of mobility at home, but not with the quantity of disease severity 

(measured by the MDS-UPDRS Part III), Table I. Specifically, a higher average time spent 

freezing and higher variability of time spent freezing were associated with lower average 

pitch angle at initial contact, higher variability of pitch angle at initial contact, and smaller 

average turning angle. Interestingly, no significant associations were found between 

measures of freezing with severity of disease, gait speed or number of turns. Similarly, only 

the quality, and not quantity of mobility at home differed between freezers and non-freezers, 

Table II.

IV. Conclusion and Future Work

Our novel, objective measures of freezing from inertial sensors on the feet during 

community-living monitoring for 7 days differentiated subjects with PD who reported 

freezing of gait and those who did not report freezing. In addition, both average time spent 

freezing and variability of time spent freezing were significantly associated with patient 

freezing severity perception (measured by total NFOG-Q score) and balance perception 

(measured by the ABC).

Quality of turning and gait were significantly altered in freezers compared to non-freezers. 

Specifically, the average turning angle was smaller in freezers compared to non-freezers, as 

previously reported in a larger cohort [11]; and such difference could potentially be 

attributed to the fact that freezers may avoid larger turning angles, known to elicit more 

freezing. Consistent with previous works [11, 12], quantity of mobility, as assessed by 

average number of turns, number of hours recorded, and number of gait bouts was similar 

among freezers and non-freezers.

The average pitch angle at initial foot contact with the ground was significantly smaller in 

freezers compared to non-freezers, consistent with more shuffling gait in freezers than non-

freezers. The large variability of the pitch angle at initial contact and the high variability of 

the time spent freezing could potentially reflect fluctuations in number of freezing episodes 

due to periodic medication intake throughout the day.

These findings, although promising, should be cautiously taken, as the sample size of this 

pilot study is small. Future work will increase the number of subjects and determine the 

validity of our objective freezing measures in daily life. Specifically, we plan to use a mini-

camera pointed at the feet as a gold standard comparison for home recording of gait and 

turning, for comparison with the inertial sensor data.
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A valid, objective measure of freezing with wearable technology has tremendous value to 

assess the efficacy of interventions such as medications and rehabilitation on quality of 

mobility and frequency of FoG during community-living.
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Figure 1. 
Representative examples of Freezing episodes (grey areas)
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Figure 2. 
Associations between with NFOG-Q and time spent freezing (average and CV)
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TABLE I.

Associations between the average time spent freezing and variability of time spent freezing with disease 

severity, balance confidence, and mobility

Time spent freezing CV time spent freezing

r p-value r p-value

Clinical

MDS-UPDRS Part III 0.36 0.12 0.27 0.25

ABC −0.44 0.05 −0.44 0.05

Quantity of Mobility

Average Turns # −0.26 0.24 −0.31 0.16

Average Bouts # −0.26 0.24 −0.28 0.21

Average Bout Duration −0.01 0.97 −0.06 0.79

Quality of Mobility

Average Pitch angle 0.54 0.01 0.56 0.01

CV Pitch Angle −0.71 0.00 −0.79 0.00

Average Gait Speed −0.34 0.14 −0.31 0.19

Average Turn Angle −0.48 0.02 −0.45 0.04
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TABLE II.

Means and sem of the clinical and objective measures of mobility.

Non-freezers Freezers

Clinical Mean and SEM Mean and SEM p-value

MDS-UPDRS Part III 35.6 3.9 36.1 4.0 0.927

ABC 87.0 3.6 71.6 5.2 0.037

Quantity of Mobility

Average Turns # 28.38 5.80 30.33 6.94 0.846

Average Bouts # 8.19 0.98 8.83 0.75 0.608

Average Bouts Duration (s) 5178.31 548.94 4708.45 334.31 0.446

Quality of Mobility

Average Pitch angle (degrees) −18.20 1.92 −12.12 2.09 0.052

CV Pitch Angle −0.515 0.049 −0.949 0.151 0.017

Average Gait Speed (m/s) 0.85 0.04 0.77 0.06 0.305

Average Turn Angle (degrees) 97.26 1.90 90.17 1.25 0.004

Time spent freezing (%) 5.09 1.31 10.94 2.33 0.041

CV time spent freezing 5.94 0.97 10.48 1.48 0.019
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