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Abstract

Background

Health-related Quality of Life (HrQoL) is probably the most important outcome parameter for
the evaluation and management of chronic diseases. As this parameter is subjective and
prone to bias, there is an urgent need to identify objective surrogate markers. Gait velocity
has been shown to be associated with HrQoL in numerous chronic diseases, such as Par-
kinson’s disease (PD). With the development and wide availability of simple-to-use wear-
able sensors and sophisticated gait algorithms, kinematic gait parameters may soon be
implemented in clinical routine management. However, the association of such kinematic
gait parameters with HrQoL in PD has not been assessed to date.

Methods

Kinematic gait parameters from a 20-meter walk from 43 PD patients were extracted using a
validated wearable sensor system. They were compared with the Visual Analogue Scale of
the Euro-Qol-5D (EQ-5D VAS) by performing a multiple regression analysis, with the Inter-
national Classification of Functioning, Disability and Health (ICF) model as a framework.

Results

Use of assistive gait equipment, but no kinematic gait parameter, was significantly associ-
ated with HrQoL.

Conclusion

The widely accepted concept of a positive association between gait velocity and HrQoL
may, at least in PD, be driven by relatively independent parameters, such as assistive gait
equipment.
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Introduction

Health-related Quality of Life (HrQoL) is considered the most important factor describing treat-
ment efficacy in patients with chronic (progressive) diseases, such as Parkinson’s disease (PD) [1,2].
Not surprisingly, HrQoL measures are used to evaluate disease progression and treatment outcomes
[3-5]. One downside of these measures is that they build on a subjective “experience” with a poten-
tially high risk of bias. This is relevant for clinical trials and for the efficient management of chronic
diseases, and objective surrogate markers that reflect aspects of HrQoL are urgently needed.

HrQoL models including multiple domains and interactions between these domains represent
realistic relationships between the parameters of interest [6,7]. An example of a model that can be
used to describe health status (including HrQoL) is the International Classification of Function-
ing, Disability and Health (ICF) framework, developed by the World Health Organization
(WHO) in 2001 [8]. The ICF model includes five interacting domains: body function, activity,
societal participation, environmental factors and personal factors. It enables the inclusion of quan-
titative parameters, such as kinematic gait parameters. This is relevant as wearable sensor tech-
niques are increasingly recognized as a valuable option to evaluate and manage features of chronic
diseases. The measurement of these features goes beyond clinical judgment and evaluation, which
is often subjective [9,10]. Algorithms can “translate” sensor data into a plethora of clinically rele-
vant parameters, such as rhythmicity, symmetry and regularity [11]. A coherence between sensor-
measured Timed-Up-and-Go parameters and HrQoL has already been published [12].

PD can be seen as a model chronic disease for the evaluation of parameters that affect
HrQoL. A wide variety of motor and non-motor features can be observed in PD, including
gait, mood and cognitive deficits [13]. All these features can affect HrQoL, and there is evi-
dence that axial features (such as gait disturbances [14-17]) in particular lead to decreased
HrQoL. Comparable with other chronic diseases, such as multiple sclerosis [18], chronic
stroke [19] and osteoarthritis [20], gait difficulties occur even at early stages of PD and prog-
ress over the course of the disease [21,22].

Therefore, we investigated the relationship between predefined gait parameters and a
widely used HrQoL measure using of the ICF model.

Methods
Design and participants

Forty-three PD patients (14 females) from the EGGS study (Erfassung von Gang- und Gleichge-
wichtsstorungen) were prospectively assessed at the ward of the Neurology Department of the
University Hospital Tuebingen between 12/2014 and 04/2015. Inclusion criteria were: i) age
between 40 and 89 years, ii) diagnosis of PD according to the UK Brain Bank Society criteria
[23], and iii) ability to stand stable for at least 30 seconds and walk on even ground for at least
100 meters. The use of a walking aid was allowed. Exclusion criteria were: i) more than one fall
per week during the last four months (due to high risk of falling during the assessment) and ii)
a Mini Mental State Examination (MMSE) [24] score below 10 points (due to the risk of misin-
terpretation of the given instructions). The local ethical board of the Medical faculty of the
University of Tuebingen approved the study (No. 356/2014BO2). The study was conducted in
accordance with the principles of the latest version of the Declaration of Helsinki. All partici-
pants signed the informed consent prior to assessment.

Clinical assessment

All participants underwent a detailed clinical assessment during their medication ON phase,
including a medical history and neurological evaluation.
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HrQoL was assessed using the Visual Analogue Scale of the Euro-Qol-5D (EQ-5D VAS)
[25], an instrument that is widely used to assess HrQoL in the (typically chronically ill) respon-
dent’s immediate situation. The EQ-5D VAS is a validated HrQoL assessment tool in PD
[25,26]. A mark must be positioned on a line between 0 (worst imaginable HrQoL) and 100
(best imaginable HrQoL).

In addition, the following tests were performed: the motor part of the MDS version of the
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS III) [27], the MMSE [24], a self-devel-
oped physical activity questionnaire (adapted from a recent questionnaire that allows the
calculation of metabolic equivalents [28]), the Tilburg Frailty Indicator (TFI) [29] (which pro-
vides information about the respondent’s living environment, mobility difficulties, weight
course during recent months, fatigue and forgetfulness), the Beck’s Depression Inventory II
(BDI) [30] and the Lachs-Questionnaire [31] (which assesses functional disability in older
patients).

Gait assessment and data extraction from the sensors

For the gait assessment, participants performed a straight walk of 20 meters on their usual self-
selected gait velocity in an at least 3-m-wide obstacle-free corridor. The participants started
from a position marked with a line and walked over a similar line at the end of the 20m dis-
tance. The exact instruction was as follows: “Please walk with your usual gait speed to a similar
line on the floor at the end of the hallway, as you see here in front of your feet. Please stop after
you have crossed that line.” Before the assessment, participants were equipped with three stati-
cally calibrated sensors (RehaGait®), Hasomed GmbH, Magdeburg, Germany [32]), one
located at the lower back and one on each ankle. Each RehaGait sensor has a magnitude of
60x35x15 mm, a weight of 34 g, and includes three axis accelerometers (range + 16 g), three
gyroscopes (range + 2000°/s), and a magnetometer (range + 1,3 G). The data was streamed in
real-time at 100 Hz to a tablet via Bluetooth. Processing of raw data was performed using vali-
dated algorithms [33]. The entire walking distance except the starting step was analysed.

Statistical analysis

Demographic, clinical, MDS-UPDRS III and sub scores [34-37], kinematic gait and HrQoL
parameters are presented as the mean and standard deviation or, in the case of non-normally
distributed data, as the median and range or percentage of the total. The following kinematic
gait parameters were selected, as they represent relatively independent gait domains [11]: gait
velocity, step duration, stride time variability (variability of stride duration) and step asymme-
try (asymmetry of swing times between the legs [38]).

Spearman rank correlations were performed, in order to select the most relevant parame-
ters for the block-wise multivariate regression model. This method was also used to evaluate
correlation coefficients (r) between all parameters. An r>0.4 between two parameters [39] led
to the exclusion of one of the two parameters. Detailed results are shown in S1 Table.

For the block-wise multivariate regression analysis, kinematic gait parameters were
assigned to the body function domain, physical activity (calculated from the metabolic equiva-
lents of task) was assigned to the activities domain, the items “loss of fun” and “loss of interest”
of the BDI [30] were assigned to the participation domain, assistive gait equipment (no equip-
ment vs. walking cane vs. wheeled walker) and living alone versus living with others (from the
TFI [29]) were assigned to the environmental factors domain, and age was assigned to the per-
sonal factors domain of the ICF model. The EQ-5D VAS score was used as the dependent vari-
able (Fig 1). The alpha level of significance was set at p = 0.05 to enter the regression model.
The data were analyzed using SPSS 23.0.
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HrQoL in Parkinson’s disease — EQ-5D VAS

Body structures and functions Activities (of daily living) Participation (in societal roles)
Factor B Factor B Factor B
UPDRS total 0.026 Physical activity 0.140 Participation in -0.133
Gait velocity 0.203 social life
Step asymmetry -0.113
! !
Environmental factors Personal factors
Factor B Factor B
Assistive gait -0.413 Age -0.227
equipment
Living environment 0.323
adj. r? 22.1%

Fig 1. Block wise multivariate regression analysis for HrQoL using the ICF model as framework. Block wise
multivariate regression analysis for Health-related Quality of Life (HrQoL) assessment in Parkinson’s disease with
consideration of International Classification of Functioning, disability and health (ICF)-relevant parameters, including
kinematic gait parameters. Significant 3-values are presented in bold. EQ-5D VAS, Visual Analogue Scale of the
Euro-Qol-5D; adj. r?, adjusted regression coefficient for the entire model.

https://doi.org/10.1371/journal.pone.0176816.9001

Results

The demographic, clinical, and kinematic gait parameters and the results of the EQ-5D VAS of
the investigated PD cohort are presented in Table 1. In the Spearman’s analyses with the EQ-
5D VAS as the dependent variable, the parameters use of assistive gait equipment (six patients
used a stick, and nine patients used a walking wheel) and gait velocity showed significant cor-
relations with the EQ-5D VAS. The results are shown in Table 2 & S1 Table. Based on a high
correlation coefficient in the Spearman’s analyses, the following parameters were excluded
from the block-wise regression: step duration (r = -0.43 against gait velocity, p<0.001), stride
time variability (r = 0.44 against gait asymmetry, p = 0.003) and all UPDRS sub scores (r<0.42
against the MDS-UPDRS III score, p<0.001).

All remaining parameters (gait velocity, step asymmetry, physical activity, MDS-UPDRS III,
loss of fun and interest in social activities, use of assistive gait equipment, living environment and
age) were assigned to the ICF domains (see Statistics and Fig 1) and included in a block-wise
multivariate regression analysis. The overall model explained 22.1% of the variance of the EQ-5D
VAS. Use of assistive gait equipment was the only single parameter that was significantly associ-
ated with the EQ-5D VAS score. Detailed results are presented in Fig 1 and Table 3. Of note, the
MDS-UPDRS III did again, after showing no relevant effect in the Spearman’s correlation analy-
sis, not significantly contribute to the explanation of the variance of EQ-5D VAS score (Table 3).

Exclusion of participants with MMSE < 18 points did not affect these results.

Discussion

This study embeds innovative sensor-based kinematic gait assessment into a comprehensive
model in relation to HrQoL in PD. Wearable sensors are cheap, easy to handle and have the
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Table 1. Demographic, clinical, kinematic gait parameters and the Visual Analogue Scale of the Euro-QoL-5D (EQ-5D VAS) of the included patients

with Parkinson’s disease (PD).

ICF Domain Parameter Range Mean (if not otherwise Standard
indicated) deviation
Outcome parameter EQ-5D VAS [%] (0-100) 10-85 50 8.6
Body functions and MDS UPDRS Il total (0-132) 5-67 30 12.3
structures
Bradykinesia subscore (0-36) 1-29 13 6
Axial impairment subscore (0—20) 1-12 5 3
Tremor subscore (0—28) 0-16 3 4
Rigidity subscore (0—-20) 0-16 7 4
Gait velocity [m/s] 0.26-1.19 0.8 0.2
Step duration [s] 0.44-0.82 0.6 0.1
Stride time variability [%] 0.26-4.71 1.9 1.0
Step asymmetry [%] -20.59— 7.6 6.1
36.55
Activities Physical activity [MET * hours] 0.0-32.7 10 10
Participation Participation in societal life (Loss of fun and 0-6 | 1.4
interest; 0-6) °
Environmental factors Use of assistive gait equipment [%] *°
- no equipment 65
- walking stick 15
- wheeled walker 20
Living alone [%] ** 12
Personal factors Age [years] 49-89 67 10
Further scores used in the Hoehn&Yahr (1-5) ° 1-4 ‘2.5 0.6
study MMSE (0-30) ° 17-30 28 2
Lachs screening questionnaire (0—15) 0-10 4 2
BDI (0-63) 0-41 13 9

BDI, Becks Depression Inventory; ICF, International Classification for Functioning Disability and Health; MET, metabolic equivalents of task; MMSE, Mini
Mental State Examination; MDS-UPDRS llI, motor part of the MDS sponsored Unified Parkinson’s Disease Rating Scale.

‘median
““per cent of total.

https://doi.org/10.1371/journal.pone.0176816.t001

potential to substantially influence future clinical assessment and management of chronic
diseases in general, and of PD in particular [9,10]. As HrQoL is an extremely important, but
“difficult”, subjective concept and parameter, the conceptualization with, for example, quan-
titative surrogate markers seems relevant. In this respect, kinematic gait parameters are of
interest, as they can be collected with the above-mentioned wearable sensors and are clearly
associated with HrQoL in many chronic diseases, including PD [14-20].

As HrQoL incorporates several domains such as physical, mental, social and role function-
ing [6], we used the ICF framework as a comprehensive model for the statistical comparison
of the kinematic gait parameters evaluated in this study with the EQ-5D VAS. The use of com-
plex models to examine HrQoL is also supported by previous studies [16,40]. For example, a
study including 210 PD patients used a path analysis based on the ICF model. They found that
HrQoL in PD is strongly associated with limitations of self-care and mobility, fall history and
disease duration [40]. The advantage of such complex models is that they are able to account
for the interaction of a relatively large number of parameters, no matter whether they indicate
a relevant association of HrQoL impairment coming from the motor [17,40,41] or the non-
motor domains [14,41,42] of the disease.
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Table 2. Spearman’s Rank correlation coefficients, in relation to the Visual Analogue Scale of the
Euro-Qol-5D (EQ-5D VAS).

EQ-5D VAS
Correlation coefficient (r) p-value
Age -0.278 0.058
Use of assistive gait equipment -0.440 0.002
Living environment 0.064 0.674
Participation in societal life -0.196 0.192
Physical activity 0.278 0.062
MDS-UPDRS I -0.090 0.549
Bradykinesia subscore -0.063 0.672
Axial impairment subscore -0.227 0.125
Tremor subscore 0.113 0.448
Rigidity subscore -0.030 0.840
Gait velocity 0.295 0.044
Step duration 0.084 0.573
Stride time variability 0.006 0.970
Step asymmetry -0.184 0.257

Living environment: living alone vs. living with others; MDS-UPDRS Ill, motor part of the MDS sponsored
Unified Parkinson’s Disease Rating Scale.

https://doi.org/10.1371/journal.pone.0176816.t1002

Beyond gait velocity, we did not find any gait parameter significantly associated with the
EQ-5D VAS in our correlation analysis. This indicates that specific, in particular kinematic,
gait domains accessible with new wearable techniques do not relevantly contribute to a better
understanding of HrQoL in PD. Even gait velocity may not relevantly contribute to HrQoL in
PD, as it did not remain significantly associated with HrQoL in the block wise multivariate
analysis. Our results are in agreement with a previous study of 236 PD patients, which also did
not find a relevant association of the Parkinson’s Disease Questionnaire-39 (PDQ-39) with the
time needed to walk 10 meters [17]. One explanation for these results might be the effect of the
artificial environment, such as a lab or a clinic, where the tests were performed. Studies per-
formed in a more naturalistic environment may produce different results. Indirect evidence
for such an effect has been observed in datasets collected in these different environments [43].
Another explanation for these results could be that the assessment of short walks is not accu-
rate for delineating relevant associations, and (co-occurring) symptoms such as fatigue would
help delineate associations between gait and HrQoL. This assumption is indirectly supported
by the results of Ellis and colleagues [17]. Here, the 6-minute walk test retained in the final
model explained the chosen HrQoL parameter.

The driving parameter for HrQoL in our block-wise multivariate regression model was the
use of assistive gait equipment. It is intriguing to hypothesize that this parameter is closely
associated with gait velocity in PD, as the probability of reduced gait velocity has been shown
to be increased by the use of an assistive gait device [44,45]. However, the r between the two
parameters was only 0.35, arguing for the existence of a relevant portion of PD patients with
high HrQoL choosing a low self-preferred gait velocity (or vice versa). The question remains
why the use of assistive gait equipment and the EQ-5D VAS score are so closely and inversely
related, as these assistive devices are prescribed to enable a more active (and safer) lifestyle. We
hypothesize that the use of assistive devices is indeed associated with worse motor functional-
ity, and our pilot study indicates that this association cannot be reflected by sensor-based
parameters. As the focus of this study was not on the association between use of walking aids
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Table 3. Individual values of selected parameters out of a block wise multivariate regression analysis for Health-related Quality of Life assessment
in Parkinson’s disease, with consideration of International Classification of Functioning, disability and health-relevant parameters.

Model Regression coefficient | Standard Beta |T Sig. |Part Collinearity Collinearity
B error correlation tolerance VIF
(constant) 60.093 32.918 1.826 | 0.08
Age -0.395 0.279 -0.227 | -1.415 | 0.17 | -0.367 0.792 1.221
Use of assistive gait -10.184 4.027 -0.413 | -2.529 | 0.02 | -0.367 0.792 1.263
equipment
Living environment 16.724 8.958 0.323 | 1.867 |0.07 | 0.271 0.703 1.423
Participation in societal life | -2.223 2.651 -0.133 | -0.839 | 0.41 | -0.122 0.838 1.193
Physical activity (MET) 0.252 0.284 0.140 |0.886 |0.38|0.129 0.845 1.183
MDS-UPDRS lll score 0.034 0.237 0.026 |0.145 | 0.89 | 0.021 0.680 1.470
Gait velocity 23.645 20.430 0.203 | 1.157 | 0.26 | 0.168 0.686 1.458
Step asymmetry -0.534 0.739 -0.113 | -0.723 | 0.48 | -0.105 0.864 1.158

Significant results are printed in bold. The Visual Analogue Scale of the Euro-QoL-5D was used as parameter for HrQoL. Living environment: living alone
vs. living with others; MET, metabolic equivalents of task. MDS-UPDRS IIl, motor part of the MDS sponsored Unified Parkinson’s Disease Rating Scale.
VIF, variance inflation factor. The adjusted r? of the model was 0.221.

https://doi.org/10.1371/journal.pone.0176816.t003

and HrQoL, the dataset of this study did not allow us to elaborate in more detail on this associ-
ation. Future studies should focus on the investigation of the difference between the above-
mentioned parameters. Moreover, they should investigate the contribution of extrinsic factors
that may hinder the proper use of such aids (stairs, transport by car and public transport) and
on intrinsic aspects of walking aid users. These studies may also clarify whether anxious PD
patients use walking aids even when they may not necessarily physically need them. For exam-
ple, it has been shown that fear of falling and uncertainty in walking lead to lowered HrQoL
[46].

In line with previous results [41,47,48], neither the MDS-UPDRS III, nor its sub scores, cor-
related significantly with the EQ-5D VAS score. This indicates that the performance of this test
does not reflect a high relevance for HrQoL in PD patients. A previous study [47] investigated
82 PD patients and found that the UPDRS III explained only 6% of the variability of the PDQ-
39. Two further studies found similar results [41] [48]. Although some studies found at least
some association between the UPDRS III and HrQoL (e.g., [49,50]), it is obvious that the infor-
mation we can extract from clinical assessment of motor dysfunction in PD is limited. Reasons
have been discussed extensively by us [7,10,51] and others [52-55], and include downsides of
such assessments, such as that they are snapshots of a condition, subjective (and therefore asso-
ciated with high interrater variability), and performed in an artificial environment.

There are some limitations of this study. First, the cohort investigated was relatively small.
However, it covers (almost) the whole range of severity of ambulatory PD patients, and we
therefore argue that the results should be generalizable to the mobile PD community. The
aspect that the use of assistive gait equipment, but not gait velocity, was the most relevant fac-
tor explaining reduced HrQoL in our multivariate ICF-based model may also have relevance
for the design of studies performed for other chronic diseases. Second, we did not assess anxi-
ety or fear of falling. These parameters may be of particular relevance for our understanding of
the interplay between gait difficulties and cognitive / neuropsychiatric functions. This has
been shown in a previous study with elderly individuals with and without previous falls and
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with and without fear of falling [56]. Third, we have to emphasize that this study focused on
the collection and evaluation of demographic, clinical and quantitative movement parameters;
however, other HrQoL-relevant aspects, such as economic and family factors, anxiety and atti-
tude have not been investigated. Fourth, only 15 of 43 patients used an assistive device, such as
a walking stick or a walking wheel. We were thus not able to perform sub analyses concerning
the influence of specific types of assistive devices due to sample size. This aspect should be con-
sidered in future studies and larger cohorts using assistive devices, as this aspect could have
enormous clinical and economic implications. Finally, we cannot exclude with complete cer-
tainty increased variability of our sensor data, as we used only a single trial and did not exclude
acceleration- and deceleration phases of the 20 meter walk in our analyses. The reasons for
these procedures were to omit fatigue and adaptation processes, and to reflect a walking behav-
iour that is as close as possible to walks as performed during daily life.

In conclusion, sensor-based gait parameters do not seem to relevantly contribute to a con-
ceptual model of HrQoL in PD. Specifically, the lack of a significant association between gait
velocity and HrQoL in the ICF model is surprising and should motivate a detailed investiga-
tion of potentially independent and novel parameters. Interesting candidates are the use of
assistive gait equipment, the presence of anxious behavior and complicating external factors.

Supporting information

S1 Table. Spearman’s Rank correlation matrix of all parameters. EQ-5D, Euro QoL-5D,
Living environment: living alone vs. living with others; MDS-UPDRS III, motor part of the
MDS sponsored Unified Parkinson’s Disease Rating Scale; VAS, visual analogue scale. P values
are printed in cursive characters; significant correlations are printed in bold.

(DOCX)

Acknowledgments
We would like to thank all participants for actively contributing to this study.

Author Contributions
Conceptualization: WM FB KB.

Data curation: KB FB JS.

Formal analysis: KB ILS JMTvU.
Funding acquisition: WM.

Investigation: KB FB JS.

Methodology: KB MAH JMTvU ILS WM.
Project administration: KB FB MAH WM.
Resources: WM MH TG.

Software: WM MH TG.

Supervision: WM.

Validation: WM JMTvU MAH ILS.
Visualization: KB J]MTvU WM.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176816 May 22,2017 8/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176816.s001
https://doi.org/10.1371/journal.pone.0176816

@° PLOS | ONE

Kinematic gait parameters and Health-Related Quality of Life in Parkinson’s disease

Writing - original draft: KB JMTvU WM.

Writing - review & editing: KB MAH JMTvU WM.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Deuschl G, Schade-Brittinger C, Krack P, Volkmann J, Schéfer H, Bétzel K, et al. A randomized trial of
deep-brain stimulation for Parkinson’s disease. NEngl J Med. 2006; 355: 896—-908

Schuepbach WMM, Rau J, Knudsen K, Volkmann J, Krack P, Timmermann L, et al. Neurostimulation
for Parkinson’s disease with early motor complications. N Engl J Med. 2013; 368: 610-22. https://doi.
org/10.1056/NEJMoa1205158 PMID: 23406026

Clarke CE, Patel S, Ives N, Rick CE, Dowling F, Woolley R, et al. Physiotherapy and Occupational Ther-
apy vs No Therapy in Mild to Moderate Parkinson Disease: A Randomized Clinical Trial. JAMA Neurol.
2016; 73: 1-10.

Drapier S, Eusebio A, Degos B, Vérin M, Durif F, Azulay JP, et al. Quality of life in Parkinson’s disease
improved by apomorphine pump: the OPTIPUMP cohort study. J Neurol. 2016;

Richard IH, La Donna KA, Hartman R, Podgorski C, Kurlan R, McDonald W, et al. The patients’ per-
spective: Results of a survey assessing knowledge about and attitudes toward depression in PD. Neu-
ropsychiatr Dis Treat. 2007; 3: 903—906. PMID: 19300626

Wood-Dauphinee. Assessing Quality of Life in Clinical Research: From Where We Come and Where
Are We Going? Jounal Clin Epimemiology. 1999; 52: 355—-363.

van Uem J, Isaacs T, Lewin A, Bresolin E, Salkovic D, Espay AJ, et al. A Viewpoint on Wearable Tech-
nology-Enabled Measurement of Wellbeing and Health-Related Quality of Life in Parkinson’s Disease.
J Parkinsons Dis. 2016.

Kostanjsek N. Use of The International Classification of Functioning, Disability and Health (ICF) as a
conceptual framework and common language for disability statistics and health information systems.
BMC Public Health. 2011; 11 Suppl 4: S3.

Espay AJ, Bonato P, Nahab FB, Maetzler W, Dean JM, Klucken J, et al. Technology in Parkinson’s dis-
ease: Challenges and opportunities. Mov Disord. 2016.

Maetzler W, Klucken J, Horne MK. A clinical view on the development of technology-based tools in
managing Parkinson’s disease. Mov Disord. 2016.

Lord S, Galna B, Verghese J, Coleman S, Burn D, Rochester L. Independent domains of gait in older
adults and associated motor and nonmotor attributes: Validation of a factor analysis approach. Journals
Gerontol—Ser A Biol Sci Med Sci. 2013; 68: 820-827.

Van Uem JMT, Walgaard S, Ainsworth E, Hasmann SE, Heger T, Nussbaum S, et al. Quantitative
timed-up-and-go parameters in relation to cognitive parameters and health- related quality of life in mild-
to-moderate Parkinson’s disease. PLoS One. 2016.

Kalia L V, Lang AE. Parkinson’s disease. Lancet. 2015; 386: 896—912. https://doi.org/10.1016/S0140-
6736(14)61393-3 PMID: 25904081

Martinez-Martin P, Rodriguez-Blazquez C, Kurtis MM, Chaudhuri KR, Group NV. The impact of non-
motor symptoms on health-related quality of life of patients with Parkinson’s disease. Mov Disord. 2011;
26: 399-406. hitps://doi.org/10.1002/mds.23462 PMID: 21264941

Martinez-Martin P, Rodriguez-Blazquez C, Forjaz MJ, Alvarez-Sanchez M, Arakaki T, Bergareche-
Yarza a., et al. Relationship between the MDS-UPDRS domains and the health-related quality of life of
Parkinson’s disease patients. Eur J Neurol. 2014; 21: 519-524. https://doi.org/10.1111/ene.12349
PMID: 24447695

van Uem J, Marinus J, Canning C, van Lummel R, Dodel R, Liepelt-Scarfone |, et al. Health-related
quality of life in patients with Parkinson’s disease—a systematic review based on the ICF model. Neu-
rosci Biobehav Rev. 2016; 61: 26—-34. https://doi.org/10.1016/j.neubiorev.2015.11.014 PMID:
26645499

Ellis T, Cavanaugh JT, Earhart GM, Ford MP, Foreman KB, Dibble LE. Which measures of physical
function and motor impairment best predict quality of life in Parkinson’s disease? Park Relat Disord.
2011;17: 693-697.

Mayer L, Warring T, Agrella S, Rogers HL, Fox EJ. Effects of functional electrical stimulation on gait
function and quality of life for people with multiple sclerosis taking dalfampridine. Int J MS Care. 17: 35—
41. https://doi.org/10.7224/1537-2073.2013-033 PMID: 25741225

Schmid A, Duncan PW, Studenski S, Lai SM, Richards L, Perera S, et al. Improvements in speed-
based gait classifications are meaningful. Stroke. 2007; 38: 2096—-2100. https://doi.org/10.1161/
STROKEAHA.106.475921 PMID: 17510461

PLOS ONE | https://doi.org/10.1371/journal.pone.0176816 May 22,2017 9/11


https://doi.org/10.1056/NEJMoa1205158
https://doi.org/10.1056/NEJMoa1205158
http://www.ncbi.nlm.nih.gov/pubmed/23406026
http://www.ncbi.nlm.nih.gov/pubmed/19300626
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1016/S0140-6736(14)61393-3
http://www.ncbi.nlm.nih.gov/pubmed/25904081
https://doi.org/10.1002/mds.23462
http://www.ncbi.nlm.nih.gov/pubmed/21264941
https://doi.org/10.1111/ene.12349
http://www.ncbi.nlm.nih.gov/pubmed/24447695
https://doi.org/10.1016/j.neubiorev.2015.11.014
http://www.ncbi.nlm.nih.gov/pubmed/26645499
https://doi.org/10.7224/1537-2073.2013-033
http://www.ncbi.nlm.nih.gov/pubmed/25741225
https://doi.org/10.1161/STROKEAHA.106.475921
https://doi.org/10.1161/STROKEAHA.106.475921
http://www.ncbi.nlm.nih.gov/pubmed/17510461
https://doi.org/10.1371/journal.pone.0176816

@° PLOS | ONE

Kinematic gait parameters and Health-Related Quality of Life in Parkinson’s disease

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Debi R, Mor A, Segal O, Segal G, Debbi E, Agar G, et al. Differences in gait patterns, pain, function and
quality of life between males and females with knee osteoarthritis: a clinical trial. BMC Musculoskelet
Disord. BioMed Central; 2009; 10: 127. https://doi.org/10.1186/1471-2474-10-127 PMID: 19825163

Maetzler W, Hausdorff JM. Motor signs in the prodromal phase of Parkinson’s disease. Mov Disord.
2012; 27: 627-633. https://doi.org/10.1002/mds.24973 PMID: 22437964

Park K, Roemmich R, Elrod J, Hass CJ, Hsiao-Wecksler ET. Effects of aging and Parkinson’s disease
on joint coupling, symmetry, complexity and variability of lower limb movements during gait. Clin Bio-
mech. Elsevier Ltd; 2016; 33: 92-97.

Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical diagnosis of idiopathic Parkinson’s dis-
ease: a clinico-pathological study of 100 cases. J Neurol Neurosurg Psychiatry. 1992; 55: 181-184.
PMID: 1564476

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: 189-98. PMID: 1202204

Schrag A, Selai C, Jahanshahi M, Quinn NP. The EQ-5D—a generic quality of life measure-is a useful
instrument to measure quality of life in patients with Parkinson’s disease. J Neurol Neurosurg Psychia-
try. 2000; 69: 67—-73. https://doi.org/10.1136/jnnp.69.1.67 PMID: 10864606

Martinez-Martin P, Benito-Leon J, Fernando Alonso M, Maria Jose Catalan M, Pondal M, and Zamar-
bide MI. Health-Related Quality of Life Evaluation by Proxy in Parkinson’s Disease: Approach Using
PDQ-8 and EuroQol-5D. Mov Disord. 2004; 19: 312-318.

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 pre-
sentation and clinimetric testing results. Mov Disord. 2008; 23: 2129-2170. https://doi.org/10.1002/
mds.22340 PMID: 19025984

Jetté M, Sidney K, Blimchen G. Metabolic equivalents (METS) in exercise testing, exercise prescrip-
tion, and evaluation of functional capacity. Clin Cardiol. 1990; 13: 555-565. PMID: 2204507

Gobbens RJJ, van Assen M a. LM, Luijkx KG, Schols JMG a. The Predictive Validity of the Tilburg
Frailty Indicator: Disability, Health Care Utilization, and Quality of Life in a Population at Risk. Gerontolo-
gist. 2012; 52: 619-631. https://doi.org/10.1093/geront/gnr135 PMID: 22217462

Beck AT, Steer RA, Ball R, Ranieri W. Comparison of Beck Depression Inventories -IA and -l in psychi-
atric outpatients. J Pers Assess. 1996; 67: 588-97. https://doi.org/10.1207/s15327752jpa6703_13
PMID: 8991972

Lachs MS, Feinstein AR, Cooney LM, Drickamer MA, Marottoli RA, Pannill FC, et al. A simple proce-
dure for general screening for functional disability in elderly patients. Ann Intern Med. 1990; 112: 699—
706. PMID: 2334082

Derlien S, Bohme B, Leistritz L, Smolenski UC. Validitatsuntersuchung zum neuen, innovativen Ganga-
nalysesystem RehaWatch von Hasomed. Man Medizin. 2010; 48: 254—259.

Donath L, Faude O, Lichtenstein E, Niiesch C, Mindermann A. Validity and reliability of a portable gait
analysis system for measuring spatiotemporal gait characteristics: comparison to an instrumented
treadmill. J Neuroeng Rehabil. Journal of NeuroEngineering and Rehabilitation; 2016; 13: 6. hitps://doi.
org/10.1186/s12984-016-0115-z PMID: 26790409

Buck PO, Wilson RE, Seeberger LC, Conner JB, Castelli-Haley J. Examination of the UPDRS bradyki-
nesia subscale: equivalence, reliability and validity. J Parkinsons Dis. 2011; 1: 253-8. https://doi.org/10.
3233/JPD-2011-11035 PMID: 23939305

Levy G, Tang MX, Cote LJ, Louis ED, Alfaro B, Mejia H, et al. Motor impairment in PD: relationship to
incident dementia and age. Neurology. 2000; 55: 539—44. PMID: 10953188

Cubo E, Benito-Ledn J, Coronell C, Armesto D. Clinical correlates of apathy in patients recently diag-
nosed with parkinson’s disease: The ANIMO Study. Neuroepidemiology. 2012; 38: 48-55. https://doi.
org/10.1159/000334314 PMID: 22236943

Kotagal V, Albin RL, Muller MLTM. Modifiable cardiovascular risk factors and axial motor Modifiable car-
diovascular risk factors and axial motor impairments in Parkinson disease. 2014.

Plotnik M, Giladi N, Hausdorff JM. A new measure for quantifying the bilateral coordination of human
gait: Effects of aging and Parkinson’s disease. Exp Brain Res. 2007; 181: 561-570. https://doi.org/10.
1007/s00221-007-0955-7 PMID: 17503027

Yoo W, Mayberry R, Bae S, Singh K, Peter He Q, Lillard JW. A Study of Effects of MultiCollinearity in
the Multivariable Analysis. Int J Appl Sci Technol. 2014; 4: 9-19. PMID: 25664257

Soh S-E, McGinley JL, Watts JJ, lansek R, Murphy AT, Menz HB, et al. Determinants of health-related
quality of life in people with Parkinson’s disease: a path analysis. Qual Life Res. 2013; 22: 1543-53.
https://doi.org/10.1007/s11136-012-0289-1 PMID: 23070750

PLOS ONE | https://doi.org/10.1371/journal.pone.0176816 May 22,2017 10/11


https://doi.org/10.1186/1471-2474-10-127
http://www.ncbi.nlm.nih.gov/pubmed/19825163
https://doi.org/10.1002/mds.24973
http://www.ncbi.nlm.nih.gov/pubmed/22437964
http://www.ncbi.nlm.nih.gov/pubmed/1564476
http://www.ncbi.nlm.nih.gov/pubmed/1202204
https://doi.org/10.1136/jnnp.69.1.67
http://www.ncbi.nlm.nih.gov/pubmed/10864606
https://doi.org/10.1002/mds.22340
https://doi.org/10.1002/mds.22340
http://www.ncbi.nlm.nih.gov/pubmed/19025984
http://www.ncbi.nlm.nih.gov/pubmed/2204507
https://doi.org/10.1093/geront/gnr135
http://www.ncbi.nlm.nih.gov/pubmed/22217462
https://doi.org/10.1207/s15327752jpa6703_13
http://www.ncbi.nlm.nih.gov/pubmed/8991972
http://www.ncbi.nlm.nih.gov/pubmed/2334082
https://doi.org/10.1186/s12984-016-0115-z
https://doi.org/10.1186/s12984-016-0115-z
http://www.ncbi.nlm.nih.gov/pubmed/26790409
https://doi.org/10.3233/JPD-2011-11035
https://doi.org/10.3233/JPD-2011-11035
http://www.ncbi.nlm.nih.gov/pubmed/23939305
http://www.ncbi.nlm.nih.gov/pubmed/10953188
https://doi.org/10.1159/000334314
https://doi.org/10.1159/000334314
http://www.ncbi.nlm.nih.gov/pubmed/22236943
https://doi.org/10.1007/s00221-007-0955-7
https://doi.org/10.1007/s00221-007-0955-7
http://www.ncbi.nlm.nih.gov/pubmed/17503027
http://www.ncbi.nlm.nih.gov/pubmed/25664257
https://doi.org/10.1007/s11136-012-0289-1
http://www.ncbi.nlm.nih.gov/pubmed/23070750
https://doi.org/10.1371/journal.pone.0176816

@° PLOS | ONE

Kinematic gait parameters and Health-Related Quality of Life in Parkinson’s disease

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Shearer J, Green C, Counsell CE, Zajicek JP. The impact of motor and non motor symptoms on health
state values in newly diagnosed idiopathic Parkinson’s disease. J Neurol. 2012; 259: 462—468. https:/
doi.org/10.1007/s00415-011-6202-y PMID: 21818689

Carod-Artal FJ, Ziomkowski S, Mourao Mesquita H, Martinez-Martin P. Anxiety and depression: main
determinants of health-related quality of life in Brazilian patients with Parkinson’s disease. Park Relat
Disord. 2008; 14: 102—108.

Hammerla N, Fisher J, Andras P, Rochester L, Walker R, Ploetz T. PD Disease State Assessment in
Naturalistic Environments using Deep Learning. Austin, Texas; 2015. p. AAAI-2015.

Cubo E, Moore CG, Leurgans S, Goetz CG. Wheeled and standard walkers in Parkinson’s disease
patients with gait freezing. Parkinsonism Relat Disord. 2003; 10: 9—14. PMID: 14499200

Bryant MS, Pourmoghaddam A, Thrasher A. Gait changes with walking devices in persons with Parkin-
son’s disease. Disabil Rehabil Assist Technol. 2012; 7: 149-52. hitps://doi.org/10.3109/17483107.
2011.602461 PMID: 21954911

Toosizadeh N, Mohler J, Lei H, Parvaneh S, Sherman S, Najafi B. Motor Performance Assessment in
Parkinson’s Disease: Association between Objective In-Clinic, Objective In-Home, and Subjective/
Semi-Objective Measures. PLoS One. 2015; 10: e0124763. https://doi.org/10.1371/journal.pone.
0124763 PMID: 25909898

LiH, Zhang M, Chen L, Zhang J, Pei Z, Hu A, et al. Nonmotor symptoms are independently associated
with impaired health-related quality of life in Chinese patients with Parkinson’s disease. Mov Disord.
2010; 25: 2740-2746. https://doi.org/10.1002/mds.23368 PMID: 20945434

Greene T, Camicioli R. Depressive symptoms and cognitive status affect health-related quality of life in
older patients with Parkinson’s disease. J Am Geriatr Soc. 2007; 55: 1888—1890. https://doi.org/10.
1111/1.1532-5415.2007.01384.x PMID: 17979909

Winter Y, von Campenhausen S, Arend M, Longo K, Boetzel K, Eggert K, et al. Health-related quality of
life and its determinants in Parkinson’s disease: results of an Italian cohort study. Park Relat Disord.
2011; 17: 265-269.

Slawek J, Derejko M, Lass P. Factors affecting the quality of life of patients with idiopathic Parkinson’s
disease—a cross-sectional study in an outpatient clinic attendees. Park Relat Disord. 2005; 11: 465—
468.

Maetzler W, Domingos J, Srulijes K, Ferreira JJ, Bloem BR. Quantitative wearable sensors for objective
assessment of Parkinson’s disease. Mov Disord. 2013; 28: 1628—1637. https://doi.org/10.1002/mds.
25628 PMID: 24030855

Schrag A, Jahanshahi M, Quinn N. What contributes to quality of life in patients with Parkinson’s dis-
ease? J Neurol Neurosurg Psychiatry. 2000; 69: 289—290.

Ellis T, Cavanaugh JT, Earhart GM, Ford MP, Foreman KB, Dibble LE. Which measures of physical
function and motor impairment best predict quality of life in Parkinson’s disease? Parkinsonism Relat
Disord. 2011; 17: 693—7. https://doi.org/10.1016/j.parkreldis.2011.07.004 PMID: 21820940

Muslimovic D, Post B, Speelman JD, Schmand B, De Haan RJ. Determinants of disability and quality of
life in mild to moderate Parkinson disease. Neurology. 2008; 70: 2241-2247. https://doi.org/10.1212/
01.wnl.0000313835.33830.80 PMID: 18519873

Marras C, McDermott MP, Rochon P a., Tanner CM, Naglie G, Lang AE. Predictors of deterioration in
health-related quality of life in Parkinson’s disease: Results from the DATATOP trial. Mov Disord. 2008;
23: 653-659. https://doi.org/10.1002/mds.21853 PMID: 18076084

Delbaere K, Close JCT, Brodaty H, Sachdev P, Lord SR. Determinants of disparities between perceived
and physiological risk of falling among elderly people: cohort study. BMJ. 2010; 341: c4165. https://doi.
org/10.1136/bmj. PMID: 20724399

PLOS ONE | https://doi.org/10.1371/journal.pone.0176816 May 22,2017 11/11


https://doi.org/10.1007/s00415-011-6202-y
https://doi.org/10.1007/s00415-011-6202-y
http://www.ncbi.nlm.nih.gov/pubmed/21818689
http://www.ncbi.nlm.nih.gov/pubmed/14499200
https://doi.org/10.3109/17483107.2011.602461
https://doi.org/10.3109/17483107.2011.602461
http://www.ncbi.nlm.nih.gov/pubmed/21954911
https://doi.org/10.1371/journal.pone.0124763
https://doi.org/10.1371/journal.pone.0124763
http://www.ncbi.nlm.nih.gov/pubmed/25909898
https://doi.org/10.1002/mds.23368
http://www.ncbi.nlm.nih.gov/pubmed/20945434
https://doi.org/10.1111/j.1532-5415.2007.01384.x
https://doi.org/10.1111/j.1532-5415.2007.01384.x
http://www.ncbi.nlm.nih.gov/pubmed/17979909
https://doi.org/10.1002/mds.25628
https://doi.org/10.1002/mds.25628
http://www.ncbi.nlm.nih.gov/pubmed/24030855
https://doi.org/10.1016/j.parkreldis.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/21820940
https://doi.org/10.1212/01.wnl.0000313835.33830.80
https://doi.org/10.1212/01.wnl.0000313835.33830.80
http://www.ncbi.nlm.nih.gov/pubmed/18519873
https://doi.org/10.1002/mds.21853
http://www.ncbi.nlm.nih.gov/pubmed/18076084
https://doi.org/10.1136/bmj.
https://doi.org/10.1136/bmj.
http://www.ncbi.nlm.nih.gov/pubmed/20724399
https://doi.org/10.1371/journal.pone.0176816

