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Abstract

Background—Difficulty turning during gait is a major contributor to mobility disability, falls 

and reduced quality of life in patients with Parkinson’s disease (PD). Unfortunately, the 

assessment of mobility in the clinic may not adequately reflect typical mobility function or its 

variability during daily life. We hypothesized that quality of turning mobility, rather than overall 

quantity of activity, would be impaired in people with PD over 7 days of continuous recording.

Methods—13 subjects with PD and 8 healthy control subjects of similar age wore 3 Opal inertial 

sensors (on their belt and on each foot) throughout 7 consecutive days during normal daily 

activities. Turning metrics included average and coefficient of variation (CV) of: 1) number of 

turns per hour, 2) turn angle amplitude, 3) turn duration, 4) turn mean velocity, and 5) number of 

steps per turn. Turning characteristics during continuous monitoring were compared with turning 

90 and 180 degrees in a observed gait task.

Results—No differences were found between PD and control groups for observed turns. In 

contrast, subjects with PD showed impaired quality of turning compared to healthy control 

subjects (Turn Mean Velocity: 43.3±4.8°/s versus 38±5.7°/s, mean number of steps 1.7±1.1 versus 

3.2±0.8). In addition, PD patients showed higher variability within the day and across days 

compared to controls. However, no differences were seen between PD and control subjects in the 

overall activity (number of steps per day or percent of the day walking) during the 7 days.

Conclusions—We show that continuous monitoring of natural turning during daily activities 

inside or outside the home is feasible for patients with PD and the elderly. This is the first study 

showing that continuous monitoring of turning was more sensitive to PD than observed turns. In 
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addition, the quality of turning characteristics was more sensitive to PD than quantity of turns. 

Characterizing functional turning during daily activities will address a critical barrier to 

rehabilitation practice and clinical trials: objective measures of mobility characteristics in real-life 

environments.
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Introduction

The assessment of mobility function during activities of daily living is now technically 

possible (Horak, King, & Mancini, 2014). Body-worn sensors can measure mobility, 

similarly to how a Heart Rate Holter Monitor characterizes cardiac function over days and 

weeks. In fact, a critical barrier to effective physical therapy is the need for measuring 

mobility in natural, functional settings across long periods of time. Continuous monitoring 

of mobility allows characterization of fluctuations across the day and week, response to 

medications and other interventions and influence of real-world distractions and complex 

environments (Horak et al., 2014). Moreover, mobility assessment in the home and 

community provides important information about disease progression, fall risk and 

effectiveness of rehabilitation.

Studies have suggested that the assessment of mobility in the clinic or laboratory in patients 

with Parkinson’s disease does not adequately reflect typical mobility function during daily 

life (Lidstone, 2014; Zampieri, Salarian, Carlson-Kuhta, Nutt, & Horak, 2011). In addition, 

increased attentional control, alertness, effort to impress the examiner during clinical or 

laboratory testing may enhance motor performance. A recent pilot study from our group 

reported worse mobility performance, assessed with an Instrumented Timed-Up and Go test, 

in the home compared to the laboratory in a group of patients with mild PD (Zampieri et al., 

2011). In addition, single, sparsely-spaced measures cannot assess within-day, day-to-day or 

other clinically relevant windows of change such as medication-induced motor fluctuations 

or fatigue.

Currently, activity monitors reflect the quantity, but not the quality of mobility. Activity 

monitors use accelerations to measure relative daily activity and/or the percent of the day a 

subject is standing, walking or sitting/lying (Ford et al., 2010; Skidmore et al., 2008; 

Zwartjes, Heida, van Vugt, Geelen, & Veltink, 2010). More informative measures include 

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

spent engaging in different intensity levels of activity (Cavanaugh et al., 2012; Lord et al., 

2013; Rochester, Chastin, Lord, Baker, & Burn, 2012). Whilst informative, these measures 

do not characterize specific gait impairments, features of postural control, or the patterns of 

daily activity.

Recent studies (Weiss, Herman, Giladi, & Hausdorff, 2014a, 2014b; Weiss et al., 2011) 

have focused attention on quality of gait mobility in PD measured at home using wearable, 

light-weight inertial sensors placed on different parts of the body. However, turning, defined 

as changing of walking direction, is an aspect of mobility that has been overlooked. Turning 
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can be even more frequent than straight-ahead walking in older people confined to small 

homes. Turning performance is compromised in PD, leading to a significant disability, 

freezing of gait, falls, and loss of function (E. Stack & Ashburn, 2008). Laboratory studies 

reported abnormal spatial and temporal turning strategies, as well as increased number of 

steps to turn and turn duration (Hong, Perlmutter, & Earhart, 2009; Huxham, Baker, Morris, 

& Iansek, 2008; Mak, Patla, & Hui-Chan, 2008; E. L. Stack, Ashburn, & Jupp, 2006).

However, no studies have yet attempted to measure natural turning continuously during the 

day in the home and community environments. We recently introduced and validated a 

novel method to measure turning mobility over a week of continuous recording calculated 

from both accelerometers and gyroscopes (El-Gohary et al., 2013) in healthy older subjects 

and subjects with PD.

The objective of the present study was to determine the feasibility and potential usefulness 

of continuous monitoring of turning during spontaneous, daily activity in people with PD 

and age-matched elderly subjects.

Methods

Subjects

We examined turning in 13 subjects with PD, 65 ± 6.0 years, 24.5 ± 7.5 Unified Parkinson’s 

Disease Rating Scale (UPDRS Part III tested ON medication), mean±STD Levodopa 

Equivalent Dose: 886.8±318.8mg (range from 506mg to 1448mg); and 19 control subjects 

of similar age (67 ± 9.0 years). Inclusion criteria for PD were diagnosis of idiopathic 

Parkinson’s disease treated with levodopa (Hoehn and Yahr scores of II-IV). Exclusion 

criteria for all the participants were dementia, others factors affecting gait, like hip 

replacement, musculoskeletal disorders, uncorrected vision or vestibular problems, or 

inability to stand and walk in the home without an assistive device.

Data collection and processing

Subjects wore 3 Opal inertial sensors (APDM, Inc., Portland, OR, USA) for an average of 

ten hours, every day for seven days. On the morning of the first day, a study coordinator met 

subjects at their homes and instructed them on how to wear the sensors and charge them at 

the end of each day. The 3 Opal sensors were worn, with elastic bands, on the pelvis at the 

lumbar 5, vertebral level and one on top of each foot. In addition, with the study coordinator 

the subjects performed an observed, short walk back and forth through a doorway, with 5 

repetitions of 90 degree and 180 degree turns. The study coordinator also administered the 

UPDRS Motor Part III while ON antiparkinsonian medication. Participants wore the Opal 

sensors during the observed task and UPDRS and all day for seven days, and recharged 

them each night. Data were stored in the internal memory of the Opal and downloaded to a 

laptop at the end of the 7 days. An Opal is lightweight (22 g), has a battery life of 16 h, and 

includes 8 GB of storage, which can record over 30 days of data. The Opals use patented, 

wireless, synchronization technology to ensure multiple units collect data with a precision of 

better than ±1ms.
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Data analysis and extracted parameters

The algorithm for detecting and characterizing turning was detailed previously (El-Gohary 

et al., 2013). In summary, periods of walking were first detected and the walking period of 

10 seconds or longer were defined as gait bouts, and were used by the algorithm to search 

for potential turns. We defined a turn as a trunk rotation about the transverse plane with a 

minimum of 45 degrees, accompanied with at least one right and one left foot stepping. We 

used the rotational rate of the lumbar sensor to detect turning events during bouts. Turns 

were detected from segments in which the maxima of the vertical rotational rate exceed a 

threshold of 15 degrees/s. Only turns with durations between .5 and 10 seconds, and turn 

angles of 45 degrees or more were considered. Relative turn angles were obtained by 

integrating the angular rate of the lumbar sensor about the vertical axis. This turning 

algorithm was validated with Motion Analysis System (Santa Rosa, CA) in a previous study 

in the Balance Disorders Laboratory at the Oregon Health and Science University (OHSU) 

in 15 subjects with PD and 19 age-matched control subjects. Compared to Motion Analysis, 

the algorithm maintained a sensitivity of 0.90 and a specificity of 0.75 for detecting turns.

Figure 1 shows rotational rate of the gyroscope sensors placed on the lumbar, right and left 

foot. The figure shows periods of turning (gray) during walking and when a subject is 

sedentary (green).

The analysis of the rotational rate and acceleration of the lumbar and feet sensors provided 

the following metrics: hourly frequency of turning, duration of each turn, number of steps 

needed to complete a turn, peak and average rotational turning rate. Furthermore, we used 

the coefficient of variation (CV) of each metric to analyze the variability of turns 

characteristics throughout the day and week. Activity rate was also calculated as the percent 

of time when subjects were walking or turning, compared to the total monitoring time per 

day.

Statistical Analysis

Normality of data was checked with the Shapiro-Wilk test, One-way Analysis of Variance 

was used to compare selected metrics between PD and control subjects. Lastly, Pearson 

correlation coefficients were used to assess the relationships between turning metrics, and 

UPDRS III.

Results

Turning in an observed test is not as sensitive to PD as turning during daily activities

Interestingly, turning performances assessed with the observed test, and quantified by the 

Turn Mean Velocity and Turn Duration, were similar between healthy and PD subjects 

(p=0.34 and p=0.33), see Figure 2. In contrast, the Turn Mean Velocity from daily activities 

was significantly slower in PD compared to healthy subjects (p=0.04, Figure 3).

Quality, but not quantity, of turning differs between PD and control groups

PD group turned an average of 70 times per hour and the control group turned an average of 

71 times per hour. Quantity of activity, measured by the Active Rate and the mean number 
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of turns/hour across the seven days was similar between PD and healthy subjects, indicating 

a similar level of activity in both groups. See details in Table 1 and Figure 3.

In contrast, quality of turning was significantly compromised in PD compared to healthy 

subjects. Specifically, besides turn mean velocity, the mean number of steps to complete a 

turn was larger in PD than control subjects (3.2 versus 1.7 steps).

Furthermore, PD subjects tended to complete shorter turns with smaller turn angles (92.0 

degrees), compared to the control group (96 degrees). Table 1 also shows that variability of 

turning metrics, measured by coefficient of variation (CV), was consistently larger in the PD 

than control subjects.

Disease severity is related to continuous measures of turning mobility

The coefficient of variation of turn velocity showed a high correlation with the UPDRS 

motor score (r=0.79, p=0.01). Similarly, the correlation between the number of steps per 

turn (r=0.61 and p=0.03) and turn velocity (r=0.61, p=0.03) with the UPDRS motor score 

were statistically significant.

Subjects with PD show larger variability of turning compared to healthy subjects

Figure 5 clearly shows the trend towards increase in variability in PD subjects for turn 

duration within the same day and across day compared to healthy subjects. Interestingly, 

variability seems to increase with disease severity (measured by UPDRS III) which may 

reflect motor fluctuations which tend to be larger in more severely affected PD subjects.

Figure 6 shows the average step duration during turning for a PD and a control subject 

throughout a 10-hour period of each day, averaged across seven days. Compared to the 

consistent step duration of the control subject, the PD subject not only has slower steps, but 

also exhibits greater turn step variability.

Discussion

This is the first study characterizing turning during a week of daily activities using body-

worn inertial sensors. The elderly subjects in our study and subjects with PD turned 

approximately 700 times per day while walking, which allowed averaging of turning metrics 

over many trials. Our study demonstrates that continuous monitoring of natural turning 

during daily activities inside or outside the home is feasible and useful for elderly people 

with or without Parkinson’s disease. These findings suggest that: 1) continuous monitoring 

of turning may be more useful than an observed test in revealing differences between PD 

and healthy subjects, 2) a decline in the quality of turning, but not quantity, is present in PD, 

and that such decline may be associated with disease severity, and 3) measures of turning 

variability may be indicative of disease- and medication-induced motor fluctuations.

Decision-making by physical therapists or physicians could benefit by prescribing a week of 

continuous monitoring of quality of mobility in their patients. The present study showed that 

turning characteristics of people with PD during an observed gait task for a clinician are 

more normal than turning during daily life. In addition, continuous monitoring of movement 
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with small, body-worn inertial sensors allows clinicians to aseess the effect of disease, 

rehabilitation intervention or medications on patient’s real-life, functional mobility. 

Objective measures of mobility can replace subjective diaries and observed tests in the clinic 

that do not reflect actual functional performance.

The decline in quality, but not quantity, of turning activity suggests that people with PD do 

not alter how often they turn but they do alter how they turn. Turning may be more 

vulnerable to functional impairments than straight-ahead, linear gait. Compared to walking 

straight, turning involves more inter-limb coordination, more coupling between posture and 

gait (Patla, Adkin, & Ballard, 1999), and modifications of locomotor patterns requiring 

frontal lobe cognitive and executive functional that control postural transitions (Herman, 

Giladi, & Hausdorff, 2011; King et al., 2012). In fact, it is possible that speed of turning will 

predict functional limitations and fall risk even better than gait speed.

As PD advances, patients increasingly experience motor fluctuations. These fluctuations are 

one of the most common and troublesome problems in the management of PD and are the 

major reason for surgical intervention (Obeso et al., 2000; Olanow & Obeso, 2000). 

Neurologists currently rely on anecdotal patient interviews and subjective diaries for 

medical decision-making regarding motor fluctuations (Hauser, Deckers, & Lehert, 2004; 

Hauser et al., 2006). Movement disorder specialists spend much of their effort with patients 

who have PD to reduce motor fluctuations by adjusting medication schedules and dosage, 

and referring patients to neurosurgery for deep brain stimulation (DBS). Precise measures of 

mobility, objectively characterizing motor fluctuations could provide neurologists with a 

screening tool for motor fluctuations, and will potentially help reduce the extensive, costly 

visits necessary to adjust stimulation settings after DBS surgery.

The present study demonstrates that it is simple and feasible for patients to wear 3 sensors 

and obtain continuous measures of mobility in the home and community. The results from 

this study suggest that adding measures of mobility that are objective and continuous 

extends the usefulness of home evaluations and provides a useful and realistic idea of how 

patients are functioning during their daily lives. All the subjects applied and charged the 

sensors every day without problems. It only took clinicians about 10 minutes to teach 

patients how to use the sensors. The data can be collected up to a month and uploaded to a 

laptop or database for analysis. Rehabilitation assessment and decision-making will benefit 

from new technologies that unobtrusively quantify mobility impairments during daily 

functional activities. There are several limitations to this study: i) limited sample size, ii) the 

prescribed test was carried out only in the ON state, iii) the time of medication intake was 

not tracked, therefore motor fluctuation could not be directly related to medication cycles.
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Figure 1. 
Rotational rate of the lumbar (top), left and right foot (bottom). Blue, green and red traces 

are the gyroscope x, y and z-axes. Green areas represent periods in which the subject is 

sedentary; gray represents periods of turning, and white represent periods of walking in this 

30 second-segment.
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Figure 2. 
Turn Duration and Mean Velocity during the prescribed task at home (mean±STD). The 

prescribed task is depicted on the right panel.
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Figure 3. 
Box-plot of Quantity (A) and Quality (B) of mobility measured across the 7 days of 

continuous monitoring.
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Figure 4. 
Relationship between disease severity (measured by UPDRS Motor Score) and turning 

metrics during daily activities.
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Figure 5. 
The CV of Turn Duration is plotted over the 7 days and every hour of the day for a 

representative healthy subjects, a mild PD and a moderate PD.
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Figure 6. 
PD subjects exhibit more motor fluctuations during the day. Blue waves show the hourly 

fluctuation in step duration during turns of a patient with PD (blue), compared to a control 

subject (green), averaged across seven days.
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Table 1

Mean and STD in healthy subjects (CTR) and PD subjects of turning metrics calculated during daily activity 

across 7 days of continuous monitoring. The table also shows the F-value and p-value for the statistical test.

CTR PD

Mean STD Mean STD F-value p-value

Active Rate (%) 20.5 4.6 23.6 11.7 0.5 0.50

Number of turns /hour 71.1 26.6 70.7 35.2 0.0 0.98

Turn Angle (degrees) 95.8 4.7 92.0 6.8 1.9 0.18

CV Turn Angle 0.17 0.09 0.14 0.08 0.50 0.50

Turn Duration (s) 1.91 0.24 2.01 0.29 0.60 0.40

CV Turn Duration 0.16 0.07 0.25 0.22 1.27 0.20

Number of steps /turn 1.7 1.1 3.2 0.8 13.0 0.002

CV Number of steps /turn 0.28 0.15 0.22 0.08 1.34 0.26

Turn Mean Velocity (degrees/s) 43.3 4.8 38.0 5.7 4.8 0.04

CV Turn Mean Velocity 0.16 0.08 0.18 0.09 0.24 0.60
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