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Abstract
Advances in wearable technology allow for the objective assessment of motor performance

in both in-home and in-clinic environments and were used to explore motor impairments in

Parkinson’s disease (PD). The aims of this study were to: 1) assess differences between in-

clinic and in-home gait speed, and sit-to-stand and stand-to-sit duration in PD patients (in

comparison with healthy controls); and 2) determine the objective physical activity mea-

sures, including gait, postural balance, instrumented Timed-up-and-go (iTUG), and in-home

spontaneous physical activity (SPA), with the highest correlation with subjective/semi-ob-

jective measures, including health survey, fall history (fallers vs. non-fallers), fear of falling,

pain, Unified Parkinson's Disease Rating Scale, and PD stage (Hoehn and Yahr). Objective

assessments of motor performance were made by measuring physical activities in the

same sample of PD patients (n = 15, Age: 71.2±6.3 years) and age-matched healthy con-

trols (n = 35, Age: 71.9±3.8 years). The association between in-clinic and in-home parame-

ters, and between objective parameters and subjective/semi-objective evaluations in the

PD group was assessed using linear regression-analysis of variance models and reported

as Pearson correlations (R). Both in-home SPA and in-clinic assessments demonstrated

strong discriminatory power in detecting impaired motor function in PD. However, mean ef-

fect size (0.94±0.37) for in-home measures was smaller compared to in-clinic assessments

(1.30±0.34) for parameters that were significantly different between PD and healthy groups.

No significant correlation was observed between identical in-clinic and in-home parameters

in the PD group (R = 0.10–0.25; p>0.40), while the healthy showed stronger correlation in

gait speed, sit-to-stand duration, and stand-to-sit duration (R = 0.36–0.56; p<0.03). This
suggests a better correlation between supervised and unsupervised motor function assess-

ments in healthy controls compared to PD group. In the PD group, parameters related to ve-

locity and range-of-motion of lower extremity within gait assessment (R = 0.58–0.84), and
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turning duration and velocity within iTUG test (R = 0.62–0.77) demonstrated strong correla-

tions with PD stage (p<0.01).

Introduction
Parkinson’s disease (PD) is the second most common neurodegenerative disease after Alzhei-
mer’s disease, with over 60,000 new diagnoses each year in the United States alone [1]. Motor
impairment due to basal ganglia dysfunction causes gait and balance deterioration, increased
risk of falling, and an overall reduced quality of life in people living with PD [2]. Several objec-
tive outcomes of motor impairment have been previously introduced to explore differences be-
tween healthy controls and PD patients, as well as pre- and post-treatment changes in PD
conditions, including gait analysis [3], postural balance performance [4,5], Timed-up-and-go
(TUG) [6], and spontaneous physical activity (SPA) [7,8].

Common objective motor assessments use a gait protocol inclusive of spatio-temporal pa-
rameters such as gait speed, cadence, stride length, and gait asymmetry [3,9]. Postural balance
is assessed using magnitude and direction of body sway and implemented strategy for main-
taining balance (i.e., ankle-strategy/hip-strategy or dependency on sensory feedback) [4,5].
Further, Horak et al. have developed a metric for mobility assessment in PD, which includes:
postural stability in stance, postural responses, gait initiation, gait (temporal-spatial lower and
upper body coordination and dynamic equilibrium), postural transitions, and freezing of gait
[10]. Traditionally, the TUG test was the sole temporal measure used to assess motor perfor-
mance. More recently, a new sensor-based instrumented TUG (iTUG) method, which includes
spatio-temporal parameters during turning, standing, and sitting, demonstrated more sensitiv-
ity in differentiating between PD patients and healthy controls [6]. Finally, by using wearable
sensors, the differences in SPA parameters, such as gait speed, transitions from sit-to-stand
and stand-to-sit, and the number and duration of walking episodes have been quantified be-
tween PD patients and healthy controls [7,8].

Although previous studies have demonstrated motor impairments in PD patients, it is un-
clear whether unsupervised in-home motor function assessment is as sensitive as supervised
in-clinic measures when used to identify motor impairment due to PD. Furthermore, perform-
ing several objective tests to assess longitudinal changes in motor performance could be diffi-
cult in terms of patient burden and cost; therefore, it is important to identify those physical
tasks which are most sensitive to changes in the PD stage and symptom profile. The goal of the
current study was to assess gait, postural balance, iTUG, and SPA in a sample of PD patients
and healthy controls in order to assess correlations between in-clinic and in-home physical ac-
tivity parameters (i.e., gait speed, sit-to-stand duration, and stand-to-sit duration). We also ex-
plored the association between the severity of PD and motor impairments using the above
objective measures, correlating objective parameters and subjective (e.g., fear of falling and his-
tory of falls based on fallers and non-fallers categories) and semi-objective evaluations (e.g.,
Unified Parkinson's Disease Rating Scale (UPDRS) and the Hoehn and Yahr (H&Y) disease
stage).

Methods

Participants
Fifteen aging adults over 55 years with idiopathic PD, diagnosed by movement disorder spe-
cialists based on the UK Brain Bank criteria, were recruited from the University of Arizona
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Neurology Clinic. Participants were excluded if they were diagnosed with any type of neurolog-
ical disorder other than PD, had received previous PD surgical treatments such as deep brain
stimulation, or progressed to stage five PD based on H&Y staging. A sample of 35 healthy,
non-frail (measured by Fried Frailty index [11]) adult controls, over 55 years of age, were re-
cruited from the University of Arizona Geriatric clinic. Elders with major mobility disorder
(unable to walk a distance of 20 meters without walking assistance) or balance impairments
(unable to perform balance trials as explained below) were excluded. The study was approved
by the University of Arizona Institutional Review Board, and written informed consent accord-
ing to the principles expressed in the Declaration of Helsinki [12] was obtained from all sub-
jects before participation.

Objective assessment
Objective assessments included: 1) gait; 2) postural balance; 3) iTUG; and 4) SPA. Several sen-
sor-based outcomes were extracted including: spatio-temporal, smoothness, and asymmetry
parameters of gait; body sway and balance controlling strategy parameters for postural balance;
trunk velocity and range of motion during the iTUG test; and walking, sitting, standing, and
lying duration, number and speed of gait and postural transition for the SPA monitoring (see
Tables 1 and 2 for the detailed list of parameters). Of note, the current study presented only the
biomechanical and physiological definitions of the parameters; readers are referred to previous
studies for approaches to calculations (Tables 1 and 2). Of all the parameters that could be ex-
tracted, the more commonly used and physiologically meaningful ones were assessed in
this study.

1. Gait: To assess gait performance, participants performed two tests of normal gait (> 25
steps) under single task and dual task conditions. The dual-task condition for gait was used
since previous research has demonstrated an exacerbated motor performance, specifically
during gait, in PD patients while performing in a dual-task condition [21]. The dual-task
measure of counting backwards by one was chosen here, since this task has been proven to
be simpler and more appropriate for older adults [22].

2. Postural balance: Each participant then performed four 30-second trials of balance assess-
ment; in each trial participants stood upright with their feet as close together as possible
without touching each other and with their arms crossed to minimize the effect of arm
movements on center of gravity (COG) displacements. In the first two trials, participants
were instructed to keep their eyes open, with no visual target specified. In the third and
fourth trials participants closed their eyes [16].

3. iTUG: The iTUG task was performed by asking the participants to stand up from a standard
chair without using their arms, walk three meters, turn, and walk back and sit down on the
same chair.
Three-dimensional acceleration and angular velocity of shanks, thighs and the trunk were
measured using five wearable sensors each included a triaxial accelerometer and a triaxial
gyroscope (LEGSys and BalanSens—BioSensics, Boston, MA) to derive gait, postural bal-
ance, and iTUG outcome measures following procedures identical to those explained in ear-
lier studies (see Tables 1 and 2). Sensors were attached to the shank above the ankle, to the
thigh above the knee, and to the lower back in the lumbar region. All in-clinic outcomes
were assessed in an “off-medication state” (i.e.,>12 hours after the last PD medication
dose).
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Table 1. Objective parameter definitions from gait and postural balance tests.

Gait Definition Reference

Steps to steady
state

Number of steps before the steady state walking * [13]

Distance to steady
state

Distance travelled before achieving steady state walking * [13]

Gait speed Steady state gait speed * [14]

Stride length Distance travelled by the same limb between two successive heel
contacts during the steady state walking *

[14]

Gait cycle time Time interval starts when one foot makes contact with the ground and
ends when that same foot contacts the ground again during the
steady state walking *

[14]

Initial double support First foot strike to opposite foot’s toe-off duration as a percentage of
gait cycle time during the steady state walking *

[14]

Terminal double
support

Duration of walking begins with the opposite foot strike until toe off as
a percentage of gait cycle time during the steady state walking *

[14]

Double support Duration of the initial and terminal double support as a percentage of
gait cycle time during the steady state walking *

[14]

Right or left knee
angle

Range of right or left knee angular movement in the sagittal plane
during the steady state walking *

[14]

Speed variability Coefficient of variation (SD divided by the mean) of gait speed among
gait cycles during the steady state walking *

[14]

Mid-swing velocity Mean value of shank angular velocity peaks during each swing for
strides during the steady state walking *

[14]

Gait smoothness A measure of movement quality and the step-to-step symmetry within
a stride, measured by harmonic ratio of vertical trunk movement

[15]

Knee asymmetry Percentage difference in the range of angular movement between
right and left knee

-

Postural Balance

Ankle sway Product of range of ankle rotations in the anterior-posterior and
medial-lateral direction

[16]

Hip sway Product of range of hip rotations in the anterior-posterior and medial-
lateral direction

[16]

Ankle/hip sway Ankle sway over hip sway [16]

COGAP Range of COG sway in the anterior-posterior direction [17]

COGML Range of COG sway in the medial-lateral direction [17]

COG Product of COGAP and COGML [17]

COGML/AP COGML over COGAP [17]

RCIAP or RCIML Representing correlation between hip and ankle motions in the
anterior-posterior or medial-lateral direction

[17]

OLslopeML/AP Representing the amount of medial-lateral over anterior-posterior
sway during the open-loop control (i.e., controlling mechanism that
only involves postural muscles not sensory feedback)

[18]

OLΔtAP or OLΔtML or
OLΔt

Represents the maximum time-interval, in which, sensory feedback is
added to the open-loop control(in anterior-posterior direction, medial-
lateral direction, or overall)

[18]

A reference for calculation procedure is presented for each parameter.

COG: center of gravity

AP: anterior-posterior

ML: medial-lateral

RCI: reciprocal compensatory index

OL: open-loop

* Steady-state walking was the first stride of the group of six strides with an SD below the median SD of

the all analyzed strides ±6% [13].

doi:10.1371/journal.pone.0124763.t001
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4. SPA: To measure SPA, a previously validated method involving a wearable technology was
used (PAMSys, BioSensics, Boston, MA) [7,8]. Briefly, this method utilized a tri-axial accel-
erometer placed inside a shirt in a pocket close to the sternum to estimate the duration and
number of various spontaneous activities at home as listed in Table 2. Parameters were mea-
sured for one day (24 hours consecutively during a weekday).

Subjective and semi-objective evaluations
Subjective/semi-objective measures for the PD group included the SF-12 health survey [23],
fall status, Short Falls Efficacy Scale-International (Short FES-I) [24], the visual analog scale

Table 2. Objective parameter definitions from iTUG and SPA tests.

iTUG Definition Reference

S-St duration * Required time to stand up from a chair [6]

Walk duration Required time to walk three meters forward and backward [6]

Turn duration † Required time for the first and second turn [6]

St-S duration * Required time to sit down on a chair [6]

Total duration Required time to perform the entire iTUG task [6]

S-St%, walking%, first turn%, or
second turn + St-S% * †

Duration of sit-to-stand, walking, first turn, or second turn
+ stand-to-sit as a percentage of the total iTUG duration

[6]

Turning, S-St, or St-S peak
velocity * †

Maximum angular velocity of the trunk during turning,
rising from a chair, or sitting on a chair

[6]

Turning, S-St, or St-S mean
velocity * †

Mean angular velocity of the trunk during turning, rising
from a chair, or sitting on a chair

[6]

S-St or St-S angular ROM * † Range of trunk angle during rising from a chair or sitting
on a chair

[6]

SPA

Sitting%, standing%, walking%,
or lying %

Percentage of sitting, standing, walking, or lying in one
day monitoring

[19]

Walking episodes Number of walking episodes in one day monitoring (more
than three strides in five seconds)

[19]

Total steps Total number of steps in one day monitoring [19]

Max steps Maximum number of steps in one episode of walking [19]

Gait speed ‡ Mean gait speed in one day monitoring for walking
episodes with duration of greater than five seconds and
minimum three consecutive steps

[20]

S-St or St-S number * Number of sit-to-stand or stand-to-sit in one day
monitoring

[19]

S-St or St-S duration * Mean duration of sit-to-stand or stand-to-sit in one day
monitoring

[19]

A reference for calculation procedure is presented for each parameter.

iTUG: instrumented Timed-up-and-go

SPA: spontaneous physical activity

S-St: sit-to-stand

St-S: stand-to-sit

ROM: range of motion

* St-S and St-S transition were defined based on the change of trunk tilt in the sagittal plane both in the

iTUG and SPA assessments.

†Turn transition was defined based on the change of trunk twisting angle in the iTUG assessment.

‡ Gait speed was computed using information from the detected step time and the amplitude of

acceleration during each gait cycle.

doi:10.1371/journal.pone.0124763.t002
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(VAS) for pain [25], UPDRS (parts I, II, and III) [26], and H&Y staging (disease stage) [27].
SF-12 health survey was used to assess generic health status based on physical and mental com-
ponents. Fall history was recorded to categorize participants into faller and non-faller groups;
the faller category consisted of participants with one or more falls during the past year. Short
FES-I was used to assess fear of falling while doing several daily activities to estimate the contri-
bution of fear of falling to functional decline among elderly people [28]. Since all objective and
subjective/semi-objective measurements were performed in one visit, shorter validated versions
of questionnaires were used for both SF-12 health survey (12 instead of 36-item) and Short
FES-I (7 instead of 16-item) to minimize the burden on PD patients. VAS pain assessment was
performed, since pain is commonly attributed to PD [29,30]. Furthermore, UPDRS was used
as a common practice for PD to rate patient’s disability based on: 1) mentation, behavior and
mood (part I); 2) activities of daily living (part II); and 3) motor examination (part III). Both
UPDRS and H&Y staging were assessed by two examiners (in the clinic and using recorded
video).

Statistical Analysis
For the first aim of the study, correlations between in-clinic and in-home parameters were as-
sessed using linear regression-analysis of variance (ANOVA) models for gait speed, sit-to-
stand duration, and stand-to-sit duration (see Table 2 for definitions) and reported as Pearson
correlations (R). Cut-offs of 0.01–0.19: negligible, 0.20–0.29: weak, 0.30–0.39: moderate, 0.40–
0.69: strong, and 0.70–1.00: very strong were selected for correlations [31]. Although several
parameters were obtained from in-clinic measurements, comparisons were made only between
those parameters that were also measureable within in-home assessments. For the second aim
of the study, first a comparison between healthy controls and the PD group for objective pa-
rameters was performed using unpaired t-test (or Mann–Whitney U test for non-parametric
samples) and Cohen’s effect size was calculated. Then, for objective parameters that were sig-
nificantly different between the PD and control groups, the association between objective pa-
rameters and subjective/semi-objective evaluations in the PD group was assessed using linear
regression-ANOVAmodels and reported as Pearson correlations. ANOVA tests were used to
assess differences in objective physical activity measurements between fallers and non-fallers in
the PD group. A summary of results is presented as mean (standard deviation—SD). All analy-
ses were done using JMP (Version 10, SAS Institute Inc., Cary, NC), and statistical significance
was concluded when p� 0.01. The level of 0.01 was selected for significance to more conserva-
tively determine the difference in parameters between the PD and healthy control groups.

Results

Participants
Mean (SD) age and body mass index (BMI) of PD participants were 71.2 (6.3) years and 27.5
(6.5) kg/m2, respectively. Corresponding values for the healthy controls were 71.9 (3.8) years
and 25.7 (4.4) kg/m2. Based on H&Y staging, two (13%) PD participant were in stage 1, two
(13%) were in stage 2, one (7%) was in stage 2.5, seven (47%) were in stage 3, and three (20%)
were in stage 4. Other sociodemographic information is reported in Table 3.

Association between in-clinic and in-home physical activity parameters
Overall, no significant correlation was observed between identical in-clinic and in-home pa-
rameters in the PD group (p> 0.40); correlation coefficients (R) were 0.25, 0.13, and 0.10 for
sit-to-stand duration, stand-to-sit duration, and gait speed, respectively. On the other hand,
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when comparing in-clinic and in-home outcome measures, the healthy control group showed
stronger correlations in gait speed (R = 0.36; p = 0.03), sit-to-stand duration (R = 0.56;
p< 0.01), and stand-to-sit duration (R = 0.47; p< 0.01).

Association between objective parameters and subjective/semi-
objective evaluations
Gait speed, knee angle during walking, mid-swing shank velocity, and gait smoothness were
less, and gait cycle time was longer among PD patients compared to healthy controls in both
normal habitual and dual-task conditions within gait assessments (Table 4). Comparing the
balance behaviors between the PD and healthy control groups showed that hip sway and COG
sway were smaller and range of medial-lateral over anterior-posterior sway was larger in the

Table 3. Mean (SD or percentage) values of participant sociodemographic information.

PD Healthy 95% CI p-value

Number, % of total 15 (30%) 35 (70%) - - -

Male (% of the group) 8 (53%) 10 (29%) 0.1 1.4 0.07

Age, years (SD) 71.2 (6.3) 71.9 (3.8) -5 3 0.71

Stature, cm (SD) 164.3 (10.9) 163.0 (5.7) -5 7.5 0.52

Body mass, kg (SD) 74.9 (15.3) 68.3 (12.6) -2.6 16 0.08

BMI, kg/m2 (SD) 27.5 (6.5) 25.7 (4.4) -1 5 0.91

MMSE score (SD) 25.7 (5.6) 29.2 (1.1) 0.6 1.5 <.0001*

Fallers (% of the group) 7 (47%) 9 (26%) -0.2 1.1 0.15

VAS, 0–10 (SD) 2.8 (3.1) 0.5 (1.0) -1.7 -0.5 <.001*

SF-12, MCS (SD) 44.7 (11.0) - - - -

SF-12, PCS (SD) 38.1 (10.9) - - - -

Short FES-I, 7–28 (SD) 17.0 (6.0) - - - -

PD H&Y stage, 0-5(SD) 2.9 (0.9) - - - -

UPDRS I, 0–16 (SD)UPDRS II, 0–52 (SD)UPDRS III, 0–104 (SD) 4.6 (3.2) - - - -

17.7 (8.4) - - - -

34.8 (13.9) - - - -

Disease duration, years (SD) 5.9 (5.3) - - - -

Total LEDD (SD) 517 (380) - - - -

Dopamine agonist LEDD (SD) 56 (90) - - - -

The symbol * indicates a significant difference using t-test or U test (0.01 was used as the significance level).

PD: Parkinson’s disease

CI: confidence intervals

BMI: body mass index

MMSE: Mini-Mental State Examination [32]

MCS: mental health composite scale

PCS: physical health composite scale

FES-I: Falls Efficacy Scale-International

VAS: visual analog scale

H&Y stage: Hoehn and Yahr stage

UPDRS: Unified Parkinson’s Disease Rating Scale

LEDD: regular levodopa dose x 1 + levodopa continuous release dose x 0.75 + (regular levodopa dose + continuous release levodopa dose x 0.75) x 0.25

if taking tolcapone or entacapone) + pramipexole dose x 67 + ropinirole dose x 20 + rotigotine x 30 + pergolide dose x 100 + bromocriptine dose x 10

+ cabergoline dose x 50 + amantadine dose x 0.5 + selegiline dose x 10 + resagiline dose x 100.

doi:10.1371/journal.pone.0124763.t003

Parkinson's Disease and Motor Impairment

PLOS ONE | DOI:10.1371/journal.pone.0124763 April 24, 2015 7 / 15



PD group (Table 4); balancing strategies were also different between the two groups (reciprocal
compensatory index (RCIAP) and time interval of open-loop control (OLΔt)) both in eyes-
open and eyes-closed conditions (see Table 1 for parameters definitions). Among iTUG pa-
rameters, turning duration and velocity, and trunk angle and angular velocity during sit-to-
stand and stand-to-sit transitions had the largest effect size (Table 5). Finally, daily walking
percentage, the number of steps during one day, and the duration of sit-to-stand and stand-to-

Table 4. Differences in gait and postural balance parameters between PD and healthy control groups.

Gait (Normal Speed) PD Healthy 95% CI p-value Effect Size

Steps to steady state 3.40 (1.76) 2.03 (0.82) 0.36 2.38 <.01* 1.00

Distance to steady state (m) 1.62 (1.21) 1.04 (0.80) -0.13 1.29 0.21 0.20

Gait speed (m/s) 0.94 (0.30) 1.19 (0.13) -0.42 -0.08 <.01* 1.09

Stride length (m) 1.11 (0.28) 1.27 (0.08) -0.32 -0.01 0.04 0.80

Gait cycle time (s) 1.24 (0.15) 1.09 (0.10) 0.06 0.24 <.001* 1.18

Initial double support (%) 14.05 (2.96) 11.38 (2.31) 0.89 4.45 <.01* 1.00

Terminal double support (%) 13.53 (3.79) 11.11 (2.61) 0.18 4.66 0.04 0.74

Double support (%) 27.58 (6.20) 22.49 (4.18) 1.45 8.75 <.01* 1.00

Right Knee angle (deg) 43.37 (9.95) 56.48 (7.28) -19.04 -7.19 <.001* 1.50

Left knee angle (deg) 40.42 (9.80) 56.54 (6.46) -22.05 -10.53 <.0001* 2.00

Speed variability (%) 4.64 (2.78) 3.53 (1.83) -0.53 2.75 0.20 0.47

Initial mid-swing (deg/s) 273.16 (83.25) 360.59 (32.50) -134.50 -40.36 <.01* 1.38

Steady state mid-swing (deg/s) 279.89 (80.79) 360.47 (32.47) -34.85 -126.31 <.01* 1.31

Initial gait smoothness 1.92 (0.37) 2.50 (0.45) -0.32 -0.82 <.0001* 1.39

Steady state gait smoothness 2.13 (0.58) 2.91 (0.78) -0.38 -1.18 <.001* 1.14

Knee asymmetry (%) 0.15 (0.09) 0.08 (0.06) 0.01 0.12 <.01* 0.92

Postural Balance (eyes-open) PD Healthy 95% CI p-value Effect Size

Ankle sway (deg2) 3.51 (4.71) 4.34 (8.36) -4.59 2.93 0.66 0.12

Hip sway (deg2) 2.04 (2.21) 3.85 (3.56) -3.48 -0.13 0.01* 0.61

Ankle/hip sway 1.45 (0.49) 1.46 (3.32) -1.18 1.15 0.98 0.00

COGAP (cm) 0.63 (0.44) 1.19 (0.77) -0.92 -0.22 <.001* 0.90

COGML (cm) 0.69 (0.45) 0.57 (0.33) -0.15 0.39 0.21 0.30

COG (cm2) 0.55 (0.81) 0.80 (1.11) -0.82 0.32 0.06 0.26

COGML/AP 1.33 (0.68) 0.55 (0.28) 0.39 1.16 <.0001* 1.50

RCIAP 0.43 (0.18) 0.78 (0.17) -0.45 -0.23 <.0001* 1.98

RCIML 0.83 (0.07) 0.85 (0.19) -0.09 0.06 0.76 0.14

OLslopeML/AP 2.34 (2.11) 0.65 (0.61) 0.51 2.87 <.001* 1.09

OLΔtAP (s) 1.80 (0.80) 2.06 (0.88) -77.53 26.27 0.34 0.31

OLΔtML (s) 2.54 (0.86) 2.32 (0.86) -32.75 76.88 0.31 0.26

OLΔt (s) 1.32 (0.56) 2.13 (0.99) -125.14 -35.81 <.01* 1.00

The symbol * indicates a significant difference using t-test or U test (0.01 was used as the significance level). Due to similarity between conditions, only

normal habitual gait and the eyes-open condition for the balance test are presented. Mean (SD) are presented.

PD: Parkinson’s disease

CI: confidence interval

COG: center of gravity

AP: anterior-posterior

ML: medial-lateral

RCI: reciprocal compensatory index

OL: open-loop.

doi:10.1371/journal.pone.0124763.t004
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sit from SPA differed between the PD and healthy control groups (Table 5). Among SPA pa-
rameters, those that associated with maximum number of steps during 24-hour monitoring
demonstrated larger differences between the two groups.

Assessment of the above parameters that were different between the PD and healthy control
groups showed that, in the PD group, gait speed, stride length, knee angle during walking, and
mid-swing shank velocity within gait assessment (R = (0.58–0.84)), and turning duration and
velocity, and trunk angle and angular velocity during sit-to-stand within iTUG test (R = (0.62–

Table 5. Differences in iTUG and SPA parameters between PD and healthy control groups.

iTUG PD Healthy 95% CI p-value Effect Size

S-St duration (s) 1.86 (9.41) 1.51 (5.46) -0.19 0.90 0.23 0.05

Walk duration (s) 5.71 (3.78) 4.84 (1.02) -1.24 2.99 0.99 0.31

Turn duration (s) 6.18 (4.06) 3.21 (4.62) 0.71 5.22 <.0001* 1.03

St-S duration (s) 2.05 (0.77) 2.19 (1.28) -0.73 0.45 0.76 0.13

Total duration (s) 14.14 (6.07) 10.88 (1.80) -0.13 6.67 0.06 0.74

S-St % 14.22 (5.74) 13.80 (3.91) -2.97 3.81 0.91 0.09

Walking % 37.53 (10.90) 44.63 (6.89) -13.47 -0.72 0.03 0.78

First turn % 21.11 (6.82) 14.54 (2.97) 2.69 10.44 <.01* 1.25

Second turn + St-S % 27.14 (10.78) 27.02 (6.84) -6.19 6.42 0.35 0.01

Turning peak velocity (deg/s) 153.41 (46.70) 221.17 (31.01) -95.24 -40.29 <.0001* 1.71

S-St peak velocity (deg/s) 117.10 (80.61) 125.49 (33.40) -54.09 37.30 0.15 0.14

St-S peak velocity (deg/s) 102.02 (47.05) 110.33 (41.04) -37.21 20.59 0.49 0.18

Turning mean velocity (deg/s) 66.91 (27.63) 105.12 (13.42) -54.01 -22.40 <.0001* 1.76

S-St mean velocity (deg/s) 27.02 (14.33) 42.94 (11.82) -24.62 -7.21 <.001* 1.21

St-S mean velocity (deg/s) 24.30 (10.65) 37.56 (9.43) -19.82 -6.69 <.001* 1.32

S-St ROM (deg) 26.92 (12.03) 39.65 (11.21) -20.22 -5.24 <.01* 1.09

St-S ROM (deg) 28.27 (11.73) 43.15 (14.07) -22.72 -7.03 <.001* 1.15

SPA PD Healthy 95% CI p-value Effect Size

Sitting % 44.11 (16.39) 43.93 (16.08) -10.16 10.51 0.97 0.01

Standing % 14.40 (7.79) 16.96 (6.18) -7.26 2.14 0.27 0.36

Walking % 6.02 (3.83) 9.18 (4.12) -5.63 -0.68 0.01* 0.79

Lying % 35.36 (22.01) 29.81 (16.30) -7.59 18.69 0.59 0.27

Walking episodes 381 (205) 524 (215) -274.01 -10.39 0.04 0.44

Total steps 4099 (2673) 6391 (3217) -4082 -502 0.01* 1.35

Max steps 189 (290) 346 (378) -360 40 <.01* 0.47

Gait speed (m/s) 0.66 (0.11) 0.62 (0.04) -0.02 0.10 0.18 0.48

Sit-to-stand number 90.27 (37.94) 120.97 (45.66) -56.12 -5.29 0.04 0.73

Sit-to-stand duration (s) 4.63 (1.07) 3.86 (0.72) 0.14 1.40 <.01* 0.85

Stand-to-sit number 90.27 (37.94) 120.97 (45.66) -56.12 -5.29 0.04 0.73

Stand-to-sit duration (s) 4.75 (0.93) 3.84 (0.74) 0.35 1.47 <.01* 1.09

The symbol * indicates a significant difference using t-test or U test (0.01 was used as the significance level). Mean (SD) are presented.

PD: Parkinson’s disease

iTUG: instrumented Timed-up-and-go

SPA: spontaneous daily physical activity

CI: confidence intervals

S-St: sit-to-stand

St-S: stand-to-sit

ROM: range of motion.

doi:10.1371/journal.pone.0124763.t005
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0.77)) demonstrated strong or very strong correlations with the SF-12 health survey, short-
FES-I, UPDRS sub-scores, and the disease stage (Table 6). Among postural balance parameters,
only the time interval of open-loop control (OLΔt)) demonstrated significant correlation with
UPDRS I, both in eyes-open and eyes-closed conditions (R = (0.46–0.66)). None of the SPA

Table 6. Correlation between objective parameters and subjective/semi-objective evaluations.

Gait (Normal Speed) PD Stage UPDRS I UPDRS II UPDRS III SF-12 (MCS) SF-12 (PCS) Short FES-I

Gait speed P-value <.0001* <.01* <.01* 0.02 <.01* 0.15 <.0001*

Correlation 0.83 0.73 0.71 0.59 0.59 0.39 0.82

Stride length P-value <.001* <.01* <.01* 0.03 <.01* 0.12 <.0001*

Correlation 0.76 0.66 0.72 0.57 0.58 0.41 0.83

Right knee angle P-value <.01* <.01* <.01* 0.01* 0.03 0.24 <.001*

Correlation 0.72 0.71 0.75 0.62 0.32 0.32 0.81

Left knee angle P-value 0.02 0.03 0.06 0.20 0.02 0.04 <.01*

Correlation 0.59 0.57 0.50 0.35 0.28 0.53 0.72

Initial mid-swing P-value <.0001* <0.01* <.01* 0.01* 0.09 0.13 <.001*

Correlation 0.84 0.71 0.70 0.62 0.45 0.41 0.80

Steady state mid-swing P-value <.0001* <.01* <.01* 0.03 0.05 0.15 <.0001*

Correlation 0.83 0.70 0.64 0.57 0.52 0.39 0.83

Postural Balance (eyes-open) PD Stage UPDRS I UPDRS II UPDRS III SF-12 (MCS) SF-12 (PCS) Short FES-I

OLΔt P-value 0.16 <.01* 0.26 0.41 0.04 0.53 0.09

Correlation 0.39 0.66 0.31 0.22 0.55 0.17 0.45

iTUG PD Stage UPDRS I UPDRS II UPDRS III SF-12 (PCS) SF-12 (MCS) Short FES-I

Turn duration P-value 0.04 <0.001* <.01* 0.02 0.63 0.14 0.02

Correlation 0.54 0.77 0.73 0.57 0.14 0.40 0.59

First turn % P-value 0.40 <0.01* 0.10 0.15 0.53 0.02 0.36

Correlation 0.24 0.70 0.44 0.39 0.17 0.59 0.26

Turning peak velocity P-value <.001* 0.05 <.01* <.01* 0.04 0.68 <.01*

Correlation 0.77 0.51 0.73 0.73 0.53 0.12 0.73

Turning mean velocity P-value <.01* 0.01* <.01* 0.01* 0.04 0.33 <.01*

Correlation 0.72 0.64 0.70 0.62 0.53 0.27 0.74

Sit-to-stand mean velocity P-value 0.02 0.14 0.05 0.06 0.01* 0.81 <.01*

Correlation 0.59 0.40 0.51 0.50 0.62 0.06 0.68

Sit-to-stand ROM P-value 0.01* 0.27 0.03 0.04 0.02 0.91 <.01*

Correlation 0.63 0.33 0.57 0.53 0.58 0.03 0.65

Stand-to-sit ROM P-value 0.01* 0.05 0.06 0.69 0.14 0.69 0.02

Correlation 0.62 0.51 0.50 0.40 0.40 0.11 0.58

Only parameters with significant Pearson correlations with subjective/semi-objective evaluations are presented (The symbol * indicates a significant

correlation-0.01 was used as the significance level). Due to similarity between conditions, only normal habitual gait and the eyes-open condition for the

balance test are presented. No significant correlation between SPA and subjective/semi-objective evaluations exits.

PD: Parkinson’s disease

SPA: spontaneous physical activity

iTUG: instrumented Timed-up-and-go

UPDRS: Unified Parkinson’s Disease Rating Scale

MCS: mental health composite scale

PCS: physical health composite scale

FES-I: Falls Efficacy Scale-International

ROM: range of motion

OL: open-loop.

doi:10.1371/journal.pone.0124763.t006
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parameters were significantly associated with any of the subjective/semi-objective measures
(p> 0.05). Furthermore, no significant correlation was determined between VAS score and
any of the objective parameters in our sample. None of the postural balance and SPA parame-
ters were significantly different between the faller and non-faller groups (p> 0.02). Alterna-
tively, turning peak velocity within the iTUG test was significantly smaller among fallers with
88% slower turning velocity observed compared to non-fallers (p = 0.005). Within the gait pa-
rameters, stride length was smaller in the faller group in both normal (95%) and dual-task
(85%) conditions; however, based on the assigned significance levels, these differences were not
significant (p = 0.02).

Discussion

Differences between in-clinic and in-home assessment of motor
impairment in PD
Both within- and between-subjects variability in motor performance measures were different
between in-home and in-clinic assessments, especially in the PD group. Overall, better motor
performances were observed during in-clinic assessments compared to in-home assessments
for comparable tasks in both groups (Tables 4 and 5). This could be explained by the fact that
in-clinic assessments were performed under supervised condition. For example, in-clinic as-
sessment of sit-to-stand and stand-to-sit postural transitions involved TUG tests using a stan-
dardized chair. While within the in-home assessment, the duration of postural transitions was
measured as the mean value of all postural transitions irrespective of the type of chair. Faster
gait speed in the clinical environment may have resulted from controlling physical factors such
as more uniform flooring and fewer obstacles, and/or psychological factors such as wanting to
please health care providers. Specifically, large differences between in-home and in-clinic mea-
surements in PD participants may be related to an increased awareness and motivation when
performing tasks in the clinic/hospital than at home. Although the underlying mechanism is
unclear, previous work demonstrated enhanced physical functioning when PD participants
have more motivation and enthusiasm [33,34].

The difference between in-home and in-clinic assessments could also be explained by the
fact that in-clinic assessments were performed during off-medication state, while for in-home
assessment subjects might use medications. However, this may have had negligible impact on
comparative observations since the in-clinic motor performance, which was during the off-
medication state, were overall better than in-home assessments.

Association between objective and subjective/semi-objective
evaluations of motor impairment in PD
In gait analysis, parameters related to the speed and flexibility of movement in the lower ex-
tremities (Table 6) showed stronger correlations with PD stage compared to parameters such
as gait smoothness, and asymmetric walking. This is consistent with the fact that PD patients
develop rigidity with the progression of the disease, especially in the lower extremities, which
can limit ankle, knee, and hip movements [35,36]. Previous studies suggested an increase in ri-
gidity by progression of PD, especially in earlier duration of the disease (< 8 years) [37]. Since
the PD group in the current study was mainly in the earlier duration of disease (< 8 years), we
believe that rigidity may be the main reason for the observed reduced walking speed with the
PD stage progression. The observed smaller stride length here among fallers in the PD group
suggests that lower extremity rigidity may also lead to a higher risk of falling.
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iTUG parameters related to speed of turning and transitions deteriorated more noticeably
along with increasing disease stage (Table 6). Previous research suggested that turning abilities
deteriorate faster than forward walking in early stages of PD [32,38,39]. This deterioration was
observed with slower steps, a greater number of steps, and a longer delay in the last step before
initiating a turn compared to healthy controls [32,38]. As the PD stage advances, asymmetric
basal ganglia activity becomes more compromised; therefore, turning activity, which requires
asymmetric lower limb motion, may be a better metric to demonstrate motor impairments oc-
curring along the disease progression than forward walking [40]. Consistent with the above lit-
eratures, our results suggest that impairments in performing an asymmetric task such as
turning may worsen with the PD stage. Interestingly, our results also suggest that performing
an asymmetric task such as turning should produce different results between faller and non-
faller PD patients.

Despite significant between-group differences in several balance and SPA parameters, no
noticeable association was observed between these parameters and subjective/semi-objective
evaluations (except for the OLΔt parameter that correlated with UPDRS I). This could be due
to limitations of these measurement tools, the small sample size, and/or the large between-sub-
ject variability in particular for in-home measures.

The observed smaller OLΔt in the PD group compared to the controls suggests a deteriora-
tion in the balancing strategy, which may worsen with the subjective mental, behavioral, and
mood characteristics of PD patients (UPDRS I). During open-loop control (short time-inter-
vals), maintaining balance is known to be achieved by the activity of postural muscles, without
using sensory feedback [41,42]. In agreement with our results, previous studies have also sug-
gested a larger ML/AP sway rate during the open-loop control (OLslopeML/AP) in PD patients
compared to healthy controls (Table 4) [4]. We further observed a shorter period of open-loop
control strategy in the PD group, which may be attributed to higher dependency on sensory
feedback (closed-loop control strategy) for maintaining balance [18,41]. Although the underly-
ing mechanism causing the association between balancing strategy and UPDRS I needs further
exploration, results from the current work suggest that postural control strategy (such as those
from the open-loop/closed loop balancing mechanism) may better characterize motor impair-
ments in the PD population, as compared to traditional body sway parameters.

Results suggest a relatively strong correlation between fear of falling as qualified by FES-I
and gait related parameters quantified through both gait and iTUG tests (Table 6). In particu-
lar, with increased fear of falling a concomitant reduction in the speed and range of lower ex-
tremity motion were observed in PD group when performing in-clinic gait and iTUG tests.
This may be a result of compromised postural balance during gait and iTUG, or an overall re-
duced physical activity with increasing fear of falling and guarding [43–45].

Limitations and summary of findings
Limitations arise as our sample was small, and our battery of several objective assessments was
challenging for individuals suffering from PD symptoms; however, we managed to recruit PD
participants from all disease stages (from 1 to 4) to better associate the objective parameters
with the disease severity. Additionally, the accuracy of detecting physical activity (e.g., gait
speed) differs when using in-clinic compared to in-home measurement tools. For example,
using the available technology, it was impossible to estimate steady state walking speed using
one sensor during in-home assessments. These differences may introduce additional errors in
determining the correlation between in-clinic and in-home parameters. Performing in-clinic
measurements in an off-medication state may have also weaken the correlations between in-
home and in-clinic measurements. The reason that in-clinic measurements were performed in
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an off-medication state was to reduce between-subject variability due to medication effects
when correlating objective outcomes and subjective/semi-objective evaluations, as well as to re-
semble the common physical assessment situations that occur in labs and clinics. Finally, the
focus of the current study was to explore body-worn sensor parameters with the potential to
objectively characterize the physiological and biomechanical symptomology of PD. Using
wearable sensor technology, we were able to perform all in-clinic objective assessments in a
shorter timeframe (between 30 to 45 minutes) to avoid participant exhaustion. A large number
of objective parameters were considered within the current study; however, several additional
parameters exist which could be explored in future studies to more accurately characterize
motor impairment in those with PD.

In summary, detecting motor impairments was more difficult when measuring physical ac-
tivities during natural daily activity as compared to objective tests within the lab or clinic envi-
ronment in those with PD, unlike in healthy controls. Furthermore, parameters related to
speed and range of movement, especially during an asymmetrical task such as turning, may be
more sensitive to PD stage when compared to healthy controls and could prove promising as
indicators of change over time (e.g., with changes in disease progression, medication manage-
ment, or other interventions).

Clinical implications and future directions
Based on the compiled results extracted from the current study, we made the following recom-
mendations regarding objective assessment of motor performance in Parkinson’s patients:

1. Overall, detecting motor impairments is harder using SPA monitoring compared to in-clin-
ic measurements, likely due to a higher between-subject variability in SPA outcome mea-
sures. Therefore, a larger sample size is required when studying SPA in PD patients in-
home compared to in-clinic assessments.

2. To better assess physical changes due to the progression of either disease or treatment, pa-
rameters related to speed and flexibility of movements (such as walking speed, range of
lower extremity motion) and asymmetric tasks (such as turning) are preferred.

3. Overall, in-clinic gait and iTUG tasks that involve more rapid movements compared to bal-
ance and SPA are better options for detecting differences in motor impairments at different
stages of PD.

Acknowledgments
We thank Stephan Karp for helping with data collection and Amy Muchna for helping editing
the manuscript.

Author Contributions
Conceived and designed the experiments: NT JM HL SS BN. Performed the experiments: NT
JM SS. Analyzed the data: NT HL SS SP BN. Contributed reagents/materials/analysis tools: NT
JM HL SP BN. Wrote the paper: NT JM HL BN.

References
1. Dibble LE, Christensen J, Ballard DJ, Foreman KB. Diagnosis of fall risk in Parkinson disease: an anal-

ysis of individual and collective clinical balance test interpretation. Phys Therap. 2008; 88: 323–332.
doi: 10.2522/ptj.20070082 PMID: 18187494

Parkinson's Disease and Motor Impairment

PLOS ONE | DOI:10.1371/journal.pone.0124763 April 24, 2015 13 / 15

http://dx.doi.org/10.2522/ptj.20070082
http://www.ncbi.nlm.nih.gov/pubmed/18187494


2. Kerr G, Worringham C, Cole M, Lacherez P, Wood J, Silburn PA. Predictors of future falls in Parkinson
disease. Neurology. 2010; 75: 116–124. doi: 10.1212/WNL.0b013e3181e7b688 PMID: 20574039

3. Paquet J, Auvinet B, Chaleil D, Barrey E. Analysis of gait disorders in Parkinson's disease assessed
with an accelerometer. Rev Neurol. 2003; 159: 786–789. PMID: 13679722

4. Mitchell S, Collin J, De Luca C, Burrows A, Lipsitz L. Open-loop and closed-loop postural control mech-
anisms in Parkinson's disease: increased mediolateral activity during quiet standing. Neurosci Lett.
1995; 197: 133–136. PMID: 8552278

5. Bloem B. Postural instability in Parkinson's disease. Clin Neurol Neurosurg. 1992; 94: 41–45.

6. Zampieri C, Salarian A, Carlson-Kuhta P, Aminian K, Nutt JG, Horak FB. The instrumented timed up
and go test: potential outcomemeasure for disease modifying therapies in Parkinson's disease. J Neu-
rol Neuros Psych. 2010; 81: 171–176.

7. Aminian K, Najafi B. Capturing humanmotion using body‐fixed sensors: outdoor measurement and
clinical applications. Comput Animat Virtual Worlds. 2004; 15: 79–94.

8. Salarian A, Russmann H, Vingerhoets FJ, Burkhard PR, Aminian K. Ambulatory monitoring of physical
activities in patients with Parkinson's disease. IEEE Trans Biomed Eng. 2007; 54: 2296–2299. PMID:
18075046

9. Lowry KA, Smiley‐Oyen AL, Carrel AJ, Kerr JP. Walking stability using harmonic ratios in Parkinson's
disease. Mov Disord. 2009. 24: 261–267. doi: 10.1002/mds.22352 PMID: 18973258

10. Horak FB, Mancini M, Objective biomarkers of balance and gait for Parkinson's disease using body‐
worn sensors. Mov Disord. 2013. 28: 1544–1551. doi: 10.1002/mds.25684 PMID: 24132842

11. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, et al. Frailty in older adults evi-
dence for a phenotype. J Gerontol A Biol Sci Med Sci. 2001; 56: M146–M157. PMID: 11253156

12. AssociationWM.World Medical Association Declaration of Helsinki. Ethical principles for medical re-
search involving human subjects. Bull World Health Organ. 2001; 79: 373. PMID: 11357217

13. Grewal G, Bharara M, Menzies R, Talal T, Armstrong D, Najafi B. Diabetic peripheral neuropathy and
gait: does footwear modify this association? J Diabetes Sci Technol. 2012; 7: 1138–1146.

14. Aminian K, Najafi B, Büla C, Leyvraz P-F, Robert P. Spatio-temporal parameters of gait measured by
an ambulatory system using miniature gyroscopes. J Biomech. 2002; 35: 689–699. PMID: 11955509

15. Yack HJ, Berger RC. Dynamic stability in the elderly: identifying a possible measure. J Gerontol. 1993;
48: M225–M230. PMID: 8366265

16. Toosizadeh N, Lei H, Schwenk M, Sherman SJ, Esternberg E, Mohler J, et al. Does Integrative Medi-
cine Enhance Balance in Aging Adults?—Proof of Concept for Benefit of Electro-acupuncture Therapy
in Parkinson’s Disease. Gerontology. 2015; 61: 3–14. doi: 10.1159/000363442 PMID: 25341431

17. Najafi B, Horn D, Marclay S, Crews RT, Wu S, Wrobel JS. Assessing postural control and postural con-
trol strategy in diabetes patients using innovative and wearable technology. J Diabetes Sci Technol.
2010; 4: 780–791. PMID: 20663438

18. Toosizadeh N, Mohler J, Wendel C, Najafi B. Influences of Frailty Syndrome on Open-loop and Closed-
loop Postural Control Strategy. Gerontology. 2015; 61: 51–60. doi: 10.1159/000362549 PMID:
25278191

19. Najafi B, Aminian K, Paraschiv-Ionescu A, Loew F, Bula CJ, Robert P. Ambulatory system for human
motion analysis using a kinematic sensor: monitoring of daily physical activity in the elderly. IEEE Trans
Biomed Eng. 2003; 50: 711–723. PMID: 12814238

20. Najafi B, Armstrong DG, Mohler J. Diabetic foot disease: Emerging technologies: Novel wearable tech-
nology for assessing spontaneous daily physical activity and risk of Falling in older adults with diabetes.
J Diabetes Sci Technol. 2013; 7: 1147. PMID: 24124940

21. O'Shea S, Morris ME, Iansek R. Dual task interference during gait in people with Parkinson disease: ef-
fects of motor versus cognitive secondary tasks. Phys Therap. 2002; 82: 888–897. PMID: 12201803

22. Beauchet O, Kressig RW, Najafi B, Aminian K, Dubost V, Mourey F. Age-related decline of gait control
under a dual-task condition. J Am Geriatr Soc. 2003; 51: 1187–1188. PMID: 12890096

23. Ware JE Jr, Kosinski M, Keller SD. A 12-Item Short-Form Health Survey: construction of scales and
preliminary tests of reliability and validity. Med Care. 1996; 34: 220–233. PMID: 8628042

24. Kempen GI, Yardley L, Van Haastregt JC, Zijlstra GR, Beyer N, Hauer K, et al. The Short FES-I: a short-
ened version of the falls efficacy scale-international to assess fear of falling. Age Ageing. 2008; 37: 45–
50. PMID: 18032400

25. Langley G, Sheppeard H. The visual analogue scale: its use in pain measurement. Rheumatol Int.
1985; 5: 145–148. PMID: 4048757

26. Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-Martin P, et al. Movement Disorder
Society‐sponsored revision of the Unified Parkinson's Disease Rating Scale (MDS‐UPDRS): Scale

Parkinson's Disease and Motor Impairment

PLOS ONE | DOI:10.1371/journal.pone.0124763 April 24, 2015 14 / 15

http://dx.doi.org/10.1212/WNL.0b013e3181e7b688
http://www.ncbi.nlm.nih.gov/pubmed/20574039
http://www.ncbi.nlm.nih.gov/pubmed/13679722
http://www.ncbi.nlm.nih.gov/pubmed/8552278
http://www.ncbi.nlm.nih.gov/pubmed/18075046
http://dx.doi.org/10.1002/mds.22352
http://www.ncbi.nlm.nih.gov/pubmed/18973258
http://dx.doi.org/10.1002/mds.25684
http://www.ncbi.nlm.nih.gov/pubmed/24132842
http://www.ncbi.nlm.nih.gov/pubmed/11253156
http://www.ncbi.nlm.nih.gov/pubmed/11357217
http://www.ncbi.nlm.nih.gov/pubmed/11955509
http://www.ncbi.nlm.nih.gov/pubmed/8366265
http://dx.doi.org/10.1159/000363442
http://www.ncbi.nlm.nih.gov/pubmed/25341431
http://www.ncbi.nlm.nih.gov/pubmed/20663438
http://dx.doi.org/10.1159/000362549
http://www.ncbi.nlm.nih.gov/pubmed/25278191
http://www.ncbi.nlm.nih.gov/pubmed/12814238
http://www.ncbi.nlm.nih.gov/pubmed/24124940
http://www.ncbi.nlm.nih.gov/pubmed/12201803
http://www.ncbi.nlm.nih.gov/pubmed/12890096
http://www.ncbi.nlm.nih.gov/pubmed/8628042
http://www.ncbi.nlm.nih.gov/pubmed/18032400
http://www.ncbi.nlm.nih.gov/pubmed/4048757


presentation and clinimetric testing results. Mov Disord. 2008; 23: 2129–2170. doi: 10.1002/mds.
22340 PMID: 19025984

27. Goetz CG, PoeweW, Rascol O, Sampaio C, Stebbins GT, Counsell C, et al. Movement Disorder Socie-
ty Task Force report on the Hoehn and Yahr staging scale: status and recommendations the Movement
Disorder Society Task Force on rating scales for Parkinson's disease. Mov Disord. 2004; 19: 1020–
1028. PMID: 15372591

28. Yardley L, Beyer N, Hauer K, Kempen G, Piot-Ziegler C, Todd C. Development and initial validation of
the Falls Efficacy Scale-International (FES-I). Age Ageing. 2005; 34: 614–619. PMID: 16267188

29. Ford B. Pain in Parkinson's disease. Clin Neuros (New York, NY). 1997; 5: 63–72.

30. Goetz CG, Tanner CM, Levy M, Wilson RS, Garron DC. Pain in Parkinson's disease. Mov Disord.
1986; 1: 45–49. PMID: 3504231

31. Lawrence I, Lin K. A concordance correlation coefficient to evaluate reproducibility. Biometrics. 1989:
255–268.

32. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”: a practical method for grading the cognitive
state of patients for the clinician. J Psychiatr Res. 1975; 12: 189–198. PMID: 1202204

33. Pluck G, Brown R. Apathy in Parkinson’s disease. J Neurol Neuros Psych. 2002; 73: 636–642. PMID:
12438462

34. Schwab R, Zieper I. Effects of mood, motivation, stress and alertness on the performance in Parkin-
son's disease. Eur Neurol. 1965; 150: 345–357.

35. Gelb DJ, Oliver E, Gilman S. Diagnostic criteria for Parkinson disease. Arch Neurol. 1999; 56: 33–39.
PMID: 9923759

36. Pålhagen S, Heinonen E, Hägglund J, Kaugesaar T, Mäki-Ikola O, Palm R, et al. Selegiline slows the
progression of the symptoms of Parkinson disease. Neurology. 2006; 66: 1200–1206. PMID:
16540603

37. Maetzler W, Liepelt I, Berg D. Progression of Parkinson's disease in the clinical phase: potential mark-
ers. Lancet Neurol. 2009; 8: 1158–1171. doi: 10.1016/S1474-4422(09)70291-1 PMID: 19909914

38. Crenna P, Carpinella I, Rabuffetti M, Calabrese E, Mazzoleni P, Nemni R, et al. The association be-
tween impaired turning and normal straight walking in Parkinson's disease. Gait Posture. 2007; 26:
172–178. PMID: 17532636

39. Visser JE, Voermans NC, Nijhuis LBO, van der Eijk M, Nijk R, Munneke M, et al. Quantification of trunk
rotations during turning and walking in Parkinson’s disease. Clin Neurophysiol. 2007; 118: 1602–1606.
PMID: 17452124

40. Bracha H, Shults C, Glick SD, Kleinman JE. Spontaneous asymmetric circling behavior in hemi-parkin-
sonism; a human equivalent of the lesioned-circling rodent behavior. Life Sci. 1987; 40: 1127–1130.
PMID: 3821375

41. Collins JJ, De Luca CJ. Open-loop and closed-loop control of posture: a random-walk analysis of cen-
ter-of-pressure trajectories. Exp Brain Res. 1993; 95: 308–318. PMID: 8224055

42. Collins J, De Luca C, Burrows A, Lipsitz L. Age-related changes in open-loop and closed-loop postural
control mechanisms. Exp Brain Res. 1995; 104: 480–492. PMID: 7589299

43. Mak MK, Pang MY. Fear of falling is independently associated with recurrent falls in patients with Par-
kinson’s disease: a 1-year prospective study. J Neurol. 2009; 256: 1689–1695. doi: 10.1007/s00415-
009-5184-5 PMID: 19479166

44. Tinetti ME, De Leon CFM, Doucette JT, Baker DI. Fear of falling and fall-related efficacy in relationship
to functioning among community-living elders. J Gerontol. 1994; 49: M140–M147. PMID: 8169336

45. Adkin AL, Frank JS, Jog MS. Fear of falling and postural control in Parkinson's disease. Mov Disord.
2003; 18: 496–502. PMID: 12722162

Parkinson's Disease and Motor Impairment

PLOS ONE | DOI:10.1371/journal.pone.0124763 April 24, 2015 15 / 15

http://dx.doi.org/10.1002/mds.22340
http://dx.doi.org/10.1002/mds.22340
http://www.ncbi.nlm.nih.gov/pubmed/19025984
http://www.ncbi.nlm.nih.gov/pubmed/15372591
http://www.ncbi.nlm.nih.gov/pubmed/16267188
http://www.ncbi.nlm.nih.gov/pubmed/3504231
http://www.ncbi.nlm.nih.gov/pubmed/1202204
http://www.ncbi.nlm.nih.gov/pubmed/12438462
http://www.ncbi.nlm.nih.gov/pubmed/9923759
http://www.ncbi.nlm.nih.gov/pubmed/16540603
http://dx.doi.org/10.1016/S1474-4422(09)70291-1
http://www.ncbi.nlm.nih.gov/pubmed/19909914
http://www.ncbi.nlm.nih.gov/pubmed/17532636
http://www.ncbi.nlm.nih.gov/pubmed/17452124
http://www.ncbi.nlm.nih.gov/pubmed/3821375
http://www.ncbi.nlm.nih.gov/pubmed/8224055
http://www.ncbi.nlm.nih.gov/pubmed/7589299
http://dx.doi.org/10.1007/s00415-009-5184-5
http://dx.doi.org/10.1007/s00415-009-5184-5
http://www.ncbi.nlm.nih.gov/pubmed/19479166
http://www.ncbi.nlm.nih.gov/pubmed/8169336
http://www.ncbi.nlm.nih.gov/pubmed/12722162


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


