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ABSTRACT (250/250 words)  

Background: Gait impairments in Parkinson’s disease (PD) are quantified using inertial sensors 

under standardized test settings in the hospital. Recent studies focused on the assessment of free-

living gait in PD. However, the clinical relevance of standardized gait tests recorded at the patient’s 

home is unclear. 

Objective: To evaluate the reliability of supervised, standardized sensor-based gait outcomes at 

home compared to the hospital. 

Methods: Patients with PD (n=20) were rated by a trained investigator using the Unified Parkinson 

Disease Rating Scale (UPDRS-III). Gait tests included a standardized 4x10 m walk test and the 

Timed Up and Go Test (TUG). Tests were performed in the hospital (HOSPITAL) and at patients’ 

home (HOME), and controlled for investigator, time of the day, and medication. Statistics included 

reliability analysis using Intra-Class correlations and Bland-Altman plots. 

Results: UPDRS-III and TUG were comparable between HOSPITAL and HOME. PD patients’ gait 

at HOME was slower (gait velocity Δ=-0.07±0.11 m/s,-6.1 %), strides were shorter (stride length 

Δ=-9.2±9.4 cm;-7.3 %), and shuffling of gait was more present (maximum toe-clearance  

Δ=-0.7±2.5 cm;-8.8 %). Particularly, narrow walkways (< 85 cm) resulted in a significant reduction 

of gait velocity at home. Reliability analysis (HOSPITAL vs. HOME) revealed excellent ICC 

coefficients for UPDRS-III (0.950, p<0.000) and gait parameters (e.g. stride length: 0.898,p<0.000; 

gait velocity: 0.914,p<0.000; stance time: 0.922,p<0.000; stride time: 0.907,p<0.000).  

Conclusions: This pilot study underlined the clinical relevance of gait parameters by showing 

excellent reliability for supervised, standardized gait tests at HOSPITAL and HOME, even though 

gait parameters were different between test conditions.  
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1. Introduction 

Gait in Parkinson’s disease (PD) is highly affected by prototypical symptoms including 

bradykinesia, and rigidity reflected by reduced amplitude and automaticity of movement [1]. Gait 

impairment plays an important role upon motor functioning as it affects the quality of life, limits the 

independence of PD patients, and reduces activities of daily living [2, 3]. Objective gait parameters 

may provide metric, granular information complementing the Unified Parkinson Disease Rating 

Scale, part III (UPDRS-III) assessed by neurologists [4]. Moreover, inertial sensors have the 

potential to record additional information as comprehensive and long-lasting monitoring tool [5]. 

To reach this goal of implementing technologies into daily care of PD patients, the clinical 

relevance of sensor-based outcomes must be shown at the individual home situation. In this study, a 

first step will be done by comparing standardized gait assessments in the hospital and home 

environment. 

 

Quantification of gait impairment using wearable technologies 

In the emerging field of wearable technologies, inertial sensors (accelerometers and gyroscopes) 

combined with machine learning algorithms have shown to provide objective, metric outcomes that 

support the rather rater- and time-dependent clinical ratings of motor symptoms in chronic 

neurological diseases such as Parkinson’s disease [4, 6-8], Multiple sclerosis [9] or Huntington’s 

disease [10]. Using wearable technologies, clinicians have the opportunity to gain a comprehensive 

picture of motor impairment by determining deficits that cannot be observed by eye. Inertial sensors 

provide the potential advantage to measure clinically relevant data as motor symptoms, fall risk, 

freezing of gait, functional mobility or physical activity [11]. Wearable technologies may provide 

added value as they are able to quantify gait at home or in different community settings [1]. 

However, to date there is no fully validated system for monitoring clinical features in the home 

environment [11]. 
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The long-term goal is to interpret free-living gait in order to improve therapy and quality of life of 

PD patients. However, there are numerous variables and conditions in free-living gait that need to 

be taken into account. Recording free-living gait data over 8 hours without any reference is very 

hard to interpret for a clinical meaningful purpose. Therefore, we intend to perform a step-by-step 

approach including these steps: starting from 1) standardized + supervised conditions in the hospital 

over 2) standardized + supervised assessments at home (presented in this study) to 3) standardized + 

unsupervised gait at home and finally 4) free-living gait. Herewith, we try to overcome the large 

step between assessments in the hospital and free-living gait in order to extract clinically relevant 

information. 

 

Inertial sensor-based gait analysis outside lab 

The assessment of gait in the patient’s home (HOME) is an important, complementing approach in 

comparison to the clinical setting (HOSPITAL). Wearable technologies enable gait analysis not 

only in the hospital but also in variable, real-life environments like at patients’ homes [12]. Inertial 

sensors have the potential to continuously record gait over several hours instead of generating 

snapshots of gait impairments during short-lasting visits in the outpatient unit of hospitals [13, 14]. 

These technical possibilities moved in the focus of recent studies to assess gait outside the clinical 

setting. As a currently published review pointed out, home-based free living gait recordings are of 

huge interest of research projects using inertial sensors [15]. Current studies dealing with gait 

analysis in the home environment evaluate which home-based gait measures provide relevant 

information with regard to disease-specific gait impairment. Morris et al. showed that conceptual 

gait domains (pace, rhythm, variability, asymmetry) defined for the at-lab setting in PD were 

congruent with free-living gait [16] indicating that home-based measures provide meaningful data. 

Del Din et al. observed that longer gait bouts (>10 s) solely derived from free-living gait showed 

differences between 47 PD patients and 50 controls with regard to pace, rhythm, and asymmetry 

indicating that especially longer gait bouts include clinically relevant information about gait 
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characteristics [17]. However, free-living gait largely depends on context information and 

environmental factors which need to be captured in addition to sensor data and put into the complex 

picture of gait in everyday life. Otherwise, it is not possible to interpret free-living gait patterns 

correctly and derive clinically relevant information. Moving one step back, it is necessary to 

understand the impact of environmental factors first, before we interpret real-life gait.  

Recent studies focused on the assessment of free-living gait in PD, however, the evaluation of gait 

parameters derived from identical supervised gait test in the hospital and at home (HOSPITAL vs. 

HOME) is still missing for PD. Moreover, the clinical value of standardized gait outcomes recorded 

at the patient’s home are not clearly understood. Acknowledging that gait patterns are modified 

during gait tests in presence of an observer in comparison to unobserved situations [18], this study 

focused on the evaluation of standardized gait tests in patients' homes in order to understand the 

impact of home conditions on gait performance. 

The aim of this pilot study was to evaluate the reliability of gait parameters gathered by 

standardized, supervised gait tests performed in hospital and home-environment in order to 

understand the clinical relevance of home-based measures. 

We hypothesize that sensor-based gait parameters measured in standardized gait tests at hospital 

will be better and cannot be directly compared to the identical assessment in patients’ homes. 

However, we expect that there is clinical meaningful information in gait data recorded at home. 

 

2. Subjects and Methods 

Study cohort 

Twenty patients diagnosed with PD were enrolled at the movement disorder unit, Department of 

Molecular Neurology, University Hospital Erlangen, Germany. Sporadic PD was defined according 

to the Guidelines of the German Association for Neurology (DGN) similar to the UK PD Society 

Brain Bank criteria [19]. PD patients with an age > 18 years and Hoehn and Yahr disease stage 

(H&Y) between I-III were included. Exclusion criteria consisted of motor fluctuations, dyskinesia, 



7 
 

and comorbidities potentially affecting gait (e.g. polyneuropathy, visual problems orthopedic, 

psychiatric comorbidities, orthostatic hypotensi 

on). Participants received standardized clinical assessments including UPDRS-III, H&Y and 

Montreal Cognitive Assessment (MoCA). Postural Instability and Gait Difficulty subscore (PIGD) 

was calculated as defined [8, 20] as sum of UPDRS-III items ‘gait’, ‘postural stability’, ‘arising 

from chair’, and ‘posture’. Furthermore, the patients filled in questionnaires to evaluate their fear of 

falling (Falls Efficacy Scale-International, FES-I) and their falls history. Characteristics of the study 

population are presented in Table 1. This study was approved by the local ethics committee 

(reference number: 166_18 B, Medical Faculty, FAU Erlangen-Nürnberg, Germany), and 

participants gave written informed consent according to the Declaration of Helsinki. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Characteristics of PD patients. LEDD: Levodopa equivalent daily dose, FES-I: Falls Efficacy Scale, H&Y: 

Hoehn and Yahr disease stage, UPDRS-III: Motor score of the Unified Parkinson’s disease rating scale, PIGD: Postural 

Instability and Gait Difficulty subscore, MoCA: Montreal Cognitive Assessment, Significance level p<0.05. 

 
PD Patients (n = 20) 

mean ± SD 

Range  

(Min – Max) 

Age, years 72.6  ±  7.9  

Gender, male / female  12 / 8   

Height, cm 174.2   ± 8.8  

Weight, kg 80.7  ±  13.7  

BMI, kg/m² 26.6  ±  4.4  

Disease duration, years 7.15  ±  4.3  

LEDD, mg/d 599.5  ± 327.2  

FES-I 22.8  ± 6.1  

Falls within last 12 months Yes / No  4 / 16   

H&Y stage 2.4  ± 0.4  

    H&Y 1.5-2, n  7   

    H&Y 2.5-3, n  13   

UPDRS-III at hospital 21.3  ± 7.6  8 – 37 

PIGD 2.5 ± 1.8 0 – 7  

MoCA 26.9   ± 3.3   19 – 30 (n=4 <26) 
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Study procedures 

PD patients performed a standardized 4x10 m walk test using sensor-based gait analysis [21] and 

the Timed Up and Go Test (TUG) [22] supervised by an investigator. In a time frame of 7 days 

(mean, SD: 7.1 ± 10.0 days) after the assessment in the hospital (HOSPITAL) the clinical scoring 

(UPDRS-III) and sensor-based gait analysis were repeated at the patients’ home environment 

(HOME) by the same trained investigator. The assessments in the HOME condition were performed 

at the same time of the day compared to the HOSPITAL. Participants were asked to take their 

medication on both testing days exactly at the identical time and dosage. In the hospital, participants 

performed a standardized 4x10 m overground gait test on a 10 m long corridor in self-selected 

walking speed and without stops at turning points. In the home environment, PD patients repeated 

the same standardized and supervised test in self-selected speed on a walkway of maximal possible 

walking distance (4x maximum available distance) in the patients’ rooms (mean, SD: 7.8 ± 1.5 m, 

range 6-10 m). Importantly, usually the distance included the transfer from room to room through a 

door. Only straight strides were automatically detected by the stride detection algorithm [21] and 

used for gait parameter calculations as described [23].  

 

Sensor-based gait analysis 

Gait characteristics were evaluated in a standardized 4x10 m gait test using an instrumented, sensor-

based gait analysis system. This system consists of inertial SHIMMER sensors (Shimmer Research 

Ltd., Dublin, Ireland) laterally attached to the posterior portion of both shoes [8]. Gait signals were 

recorded within a (tri-axial) accelerometer range of ±6 g (sensitivity 300mV/g) and a gyroscope 

range of ±500 degree/sec (sensitivity 2 mV/degree/sec) at a sampling rate of 102,4 Hz. Sensor 

signals were transmitted to a tablet computer via Bluetooth® and stored for subsequent data 

analysis [24, 25]. Machine learning algorithms were applied to calculate spatio-temporal gait 

parameters as mean per stride values derived from 4x10m gait tests (e.g. stride length, gait velocity) 

[21, 23]. Gait variability as a measure of stride-to-stride variance is presented as Coefficient of 
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Variance (CV) of each parameter using an average of 49 strides at HOSPITAL and 34 strides at 

HOME. Maximum toe clearance is the maximum distance between toe and ground at the end of the 

swing phase (prior to heel strike) as described in [26]. 

 

Statistical analysis 

Normality of data was tested by Shapiro–Wilk test and variance homogeneity by Levene test. Due 

to the fact that gait variability parameters were not normally distributed, non-parametric analysis 

was performed for all gait parameters in order to detect differences between the repeated measures 

at HOSPITAL and at HOME (Paired Wilcoxon test). Cohen’s d is presented as measure of effect 

size. Correlation analysis was performed using Spearman’s rank correlation (rSp) in order to 

evaluate the associations of gait parameters and clinical scores between both conditions. Statistics 

of reliability were assessed for clinical scores (UPDRS-III, PIGD, TUG), gait parameters 

representing short steps and bradykinesia (Stride length, Gait velocity, Stance time, Swing time, 

Stride time) as well as shuffling of gait (HS angle, TO angle, max TC) using Intra-Class Correlation 

Coefficients (ICC 2, 1) (two-way mixed, absolute, single measures). ICC analysis was not 

performed for gait variability parameters due to the fact that differences in recorded strides 

(HOSPITAL: 49, HOME: 34 strides) and varying standard deviations would provide unbalanced 

datasets that may affect reliability analysis. In order to minimize the effect of multiple comparisons, 

significance level was adapted by Bonferroni correction for multiple testing and p-values < 0.004 

were considered as significantly different (p = 0.05 / 13 gait parameters = 0.004). All statistical 

analyses were performed using SPSS software package version 24 (IBM Corp. Released 2016. 

IBM® SPSS® Statistics for Windows, Version 24.0.0.2, Armonk, NY, USA: IBM Corp.). 

 

3. Results 

For all participants, the standardized gait tests were applicable in the HOME condition. Freezing of 

gait was not present in any of the participants, neither in the hospital nor at home recordings.  In 
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contrast to the flat surface in the hospital, several uneven surfaces may have influenced the 

participants’ gait in the home environment. Carpets, carpeted floors or door-steps may be 

challenges in the daily life of PD patients, as well as narrow areas due to door frames or furniture. 

Furthermore, gait bout length differed between hospital and home (HOSPITAL: 10.0 ± 0.3 m; 

HOME: 7.8 ± 1.5 m [range 6-10 m]; p < 0.000). Figure S1 (Supplement) illustrates the walkway in 

HOSPITAL condition and an example of a walkway at a patient’s home.   

 

Comparison of clinical and functional scores between HOSPITAL and HOME 

Motor impairment of participants was rated by a trained examiner using the UPDRS-III in the 

hospital and at patient’s home. Assessments were performed at the same time of the day and in 

stable ON medication. UPDRS-III was comparable between HOSPITAL (mean ± SD: 21.3 ± 7.6 

points) and HOME condition (22.6 ± 7.2 points; p = 0.071) with a trend towards a more severe 

motor impairment at home. Strong correlations were observed for UPDRS-III ratings in the hospital 

and at patient’s home (rSp = 0.918, p < 0.000) (Figure 1). The TUG test as functional measure did 

not reveal significant differences between both settings (HOSPITAL: 11.1 ± 2.9 s; HOME: 10.9 ± 

3.1 s; p = 0.262). Correlation analysis showed a strong association for TUG in the hospital and at 

home (rSp = 0.906, p < 0.000). From a clinical viewpoint, the motor status and functional 

performance was comparable between both conditions. 

 

Evaluation of gait parameter differences between HOSPITAL and HOME 

Spatiotemporal gait parameters significantly differed between HOSPITAL and HOME condition 

(Table 2). Stride length (delta Δ presented as mean ± SD and Δp as change in percentage: Δ = -9.2 ± 

9.4 cm; Δp = -7.3 %) and gait velocity (Δ = -0.07 ± 0.11 m/s, Δp = -6.1 %) significantly decreased in 

the HOME setting. Toe-off angle (Δ = -3.4 ± 3.1 °; Δp = -5.4 %), heel strike angle (Δ = -1.0 ± 1.7 °; 

Δp = -8.5 %) and maximum toe clearance (Δ = -0.7 ± 2.5 cm; Δp = -8.8 %) significantly reduced 

from hospital to home-environment as well. In contrast, stride time (Δ = -0.02 ± 0.05 s; Δp = -1.8 
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%), swing time (Δ = -0.23 ± 0.89 %; Δp = -0.5 %), and stance time (Δ = +0.23 ± 0.89 %; Δp = +0.5 

%) did not substantially change between HOSPITAL and HOME.  

Parameters representing gait variability mostly increased from HOSPITAL to HOME condition, 

however, solely the rise of stride length CV nearly reached significance level (Δ = +2.5 ± 3.3 %; Δp 

= +35.3 %). Swing time CV (Δ = +0.3 ± 0.9 %; Δp = +7.8 %), stance time CV (Δ = +0.2 ± 0.5 %; 

Δp = +6.6 %), and gait velocity CV (Δ = +1.9 ± 3.8 %; Δp = +21.8 %) increased in standardized gait 

test at HOME, whereas stride time CV slightly decreased (Δ = -0.1 ± 1.5 %; Δp = -3.0 %).  

 

Correlations of gait parameters between standardized gait tests at HOSPITAL and at HOME 

Correlation analysis revealed strong correlations between sensor-based gait parameters recorded in 

the hospital and home environment (stride length rSp = 0.854, p < 0.000; gait velocity rSp = 0.914, 

p < 0.000; stride time rSp = 0.814, p < 0.000; swing time rSp = 0.750, p < 0.000; stance time rSp = 

0.750,  p < 0.000; toe-off angle rSp = 0.908,  p < 0.000; heel-strike angle rSp = 0.875, p < 0.000; max. 

toe clearance rSp = 0.910, p < 0.000. Figure 2 illustrates example scatter plots and Bland-Altman 

plots for stride length and gait velocity. Both parameters show strong correlations between 

individual values of gait measures at HOSPITAL and at HOME. The mean difference of stride 

length was 9.2 cm and of gait velocity 0.08 m/s with substantial inter-individual variability 

(min/max; stride length: +5.5 / -35.1 cm; gait velocity: +0.15 / -0.33 m/s [negative values indicate 

shorter steps and slower at home, respectively]). With regard to intra-individual differences, we 

observed two patients with increased gait velocity at HOME compared to HOSPITAL. All other 

participants walked slower (n=10) or at similar gait velocity (n=8, lower than mean difference). One 

patient decreased gait velocity substantially indicating that massive individual differences in gait 

parameters are possible, even though clinical ratings were stable. This specific case is presented in 

the supplement in detail (Supplement). Intra-individual differences of gait velocity between both 

settings are presented in Figure 3.  
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In contrast to spatiotemporal gait parameters, gait variability parameters did not show strong 

correlations. For swing time CV solely, a moderate correlation was observed between both 

conditions (rSp = 0.514, p = 0.020). All other gait variability parameters showed weak or no 

associations between standardized gait tests at HOSPITAL and at HOME (stride time CV: rSp = 

0.203, p = 0.391; stance time CV: rSp = 0.349, p = 0.132; stride length CV: rSp = -0.051, p = 0.830; 

and gait velocity CV: rSp = -0.230, p = 0.329). 

 

Intra-Class correlation analysis between HOSPITAL and HOME 

Reliability analysis was performed for clinical scores and gait measures except of parameters 

representing gait variability due to large differences of detected strides at HOSPITAL and at HOME 

which may affect the interpretation of the coefficient of variance. Intra-Class correlation 

coefficients were excellent for clinical measures (UPDRS-III, PIGD subscore) and functional scores 

(TUG). Similarly, gait parameters representing short steps and bradykinesia (stride length, gait 

velocity, stance time, swing time, stride time) as well as parameters representing shuffling of gait 

(heel strike angle, toe-off angle, maximum toe clearance) showed excellent ICC’s (Table 3). 

 

Subgroup analysis investigating the impact of walkway length and width 

With respect to the differences in 1) walkway length and 2) width, a subgroup analysis has been 

performed due to evaluate the impact of these differences. 1) Walkway length at home ≤ 7.5 m 

(Group 1, n=10) vs. ≥ 8 m (Group 2, n=10)): Gait parameter differences between hospital and home 

were similar regardless of shorter or longer walkways in the home environment. Comparing these 

results with the hospital condition (Table 2), there is no meaningful difference between subgroups 

and the entire cohort. 2) Walkway width: it appears that PD patients with wider walkways at home 

(≥ 85 cm, Group 1, n=8) show similar gait velocity as in the hospital condition (no significant 

difference, in contrast to the entire cohort). In contrast, narrow walkways (narrowest part of a 
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walkway < 85 cm, Group 2, n=12) resulted in a significant reduction of gait velocity at home 

(Supplementary material).  

 

 

 

Table 2: Spatiotemporal gait parameters in HOSPITAL and HOME condition of PD patients (n=20). Gait parameters 

representing gait variability are presented as coefficient of variance (CV). * Paired Wilcoxon-Test, TO Angle: toe off 

angle, HS Angle: heel strike angle, max TC: maximum toe clearance, Significance level p < 0.004 (adapted), Bold 

numbers indicate significance. Gait parameters are categorized by gait characteristics defined by Gaßner et al. (2019) 

[8]; Schlachetzki et al. (2017) [6] 

 Gait parameters HOSPITAL Gait parameters HOME Group 
comparison * 

Effect 
size 

 
mean ± SD Min Max mean ± SD Min Max p Z 

Cohen’s 
d 

SHORT STEPS AND BRADYKINESIA         

Stride Length (cm) 125.2 ± 19.4 86.6 160.8 116.0 ± 21.3 76.3 157.5 0.000 -3.66 2.85 

Gait Velocity (m/s) 1.14  ± 0.23 0.63 1.52 1.07 ± 0.23 0.64 1.50 0.004 -2.88 1.68 

Stride Time (s) 1.11 ± 0.09 0.98 1.39 1.09 ± 0.08 0.95 1.27 0.232 -1.20 0.56 

Swing Time (%) 35.8 ± 1.68 31.0 38.0 35.6 ± 1.60 31.5 38.7 0.370 -0.90 0.41 

Stance Time (%) 64.2 ± 1.68 62.0 69.0 64.4 ± 1.60 61.3 68.5 0.370 -0.90 0.41 

SHUFFLING OF GAIT         

TO Angle (°) -64.5 ± 7.37 -78.2 -51.0 -61.0 ± 8.60 -76.5 -43.1 0.000 -3.73 3.02 

HS Angle (°) 11.8 ± 4.39 2.8 21.9 10.8 ± 5.26 0.5 22.9 0.000 -3.92 3.64 

max TC (cm) 8.0 ± 3.15 3.5 14.1 7.3 ± 4.42 3.0 21.2 0.000 -2.61 1.44 

REGULARITY OF GAIT           

Stride Length CV (%) 7.08 ± 1.46 4.72 9.74 9.58 ± 2.99 5.02 16.85 0.005 -2.80 1.61 

Stride Time CV (%) 3.68 ± 1.67 2.14 9.90 3.57 ± 0.92 2.20 5.21 0.709 -0.37 0.17 

Swing Time CV (%) 4.36 ± 1.38 2.63 7.92 4.70 ± 1.52 2.64 8.87 0.086 -1.72 0.83 

Stance Time CV (%) 2.42 ± 0.72 1.48 4.61 2.58 ± 0.82 1.54 5.21 0.145 -1.46 0.69 

Gait Velocity CV (%) 8.55 ± 2.10 6.07 14.75 10.41 ± 2.80 5.31 17.16 0.052 -1.94 0.96 
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Table 3: Reliability analyses comparing spatiotemporal gait parameters at HOSPITAL and at HOME using Intra-Class 

Correlation Coefficient analyses (two-way mixed, absolute, single measure). ICC: Intra-Class Correlation Coefficient; 

UPDRS-III: Motor score of the Unified Parkinson’s disease rating scale; PIGD: Postural Instability and Gait Difficulty 

subscore; TUG: Timed Up and Go Test; HS angle: heel strike angle; TO Angle: toe off angle; max TC: maximum toe 

clearance. Significance level p<0.004 (adapted), Bold numbers indicate significance. 

 

 

CLINICAL SCORES ICC2, 1 95% CI p-value Cronbach’s alpha 

UPDRS-III 0.950 0.87-0.98 <0.000 0.955 

PIGD  0.954 0.89-0.98 <0.000 0.953 

TUG 0.968 0.92-0.99 <0.000 0.968 

SHORT STEPS AND BRADYKINESIA    

Stride length 0.898 0.40-0.97 <0.000 0.944 

Gait velocity 0.914 0.67-0.97 <0.000 0.940 

Stance time 0.922 0.81-0-97 <0.000 0.922 

Swing time 0.922 0.81-0.97 <0.000 0.922 

Stride time 0.907 0.77-0.96 <0.000 0.912 

SHUFFLING OF GAIT    

HS angle 0.958 0.86-0.99 <0.000 0.967 

TO angle 0.916 0.32-0.98 <0.000 0.960 

max TC   0.907 0.77-0.96 <0.000 0.911 
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Figure captions 

 

Figure 1: Correlation analysis and Bland-Altman Plots for the clinical rating of motor impairment using UPDRS-III and the functional motor 

performance using Timed Up and Go Test (TUG) between standardized assessments in the hospital (HOSPITAL) and home environment (HOME). 

UPDRS-III: Motor Score of the Unified Parkinson’s Disease Rating Scale. rSp: Spearman’s rank correlation coefficient, Significance level p<0.004 

(adapted). 
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Figure 2: Left: Scatter plots and Bland-Altman Plots illustrating the relationship between sensor-based gait parameters (stride length, gait velocity) 

in the hospital (hospital) and home environment (home). rSp: Spearman’s rank correlation coefficient, Significance level p<0.004 (adapted). 
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Figure 3: Intra-individual differences of gait velocity between standardized and supervised gait tests at HOSPITAL and at HOME  
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4. Discussion  

The aim of this pilot study was to evaluate the reliability of gait parameters derived from gait tests 

performed in hospital and home-environment in order to detect the clinical relevance of home-based 

gait measures. The main finding of this study was that PD patients’ gait at HOME was slower, 

strides were shorter and shuffling was more present compared to the gait tests at HOSPITAL, even 

though clinical ratings were comparable. Interestingly, gait parameters reflecting bradykinesia, 

short steps and shuffling of gait show excellent reliability between both conditions.  

 

Clinical relevance of standardized gait measures at HOME 

This study investigated whether identical standardized, supervised gait tests performed at HOME 

are comparable to the test setting at HOSPITAL in order to evaluate the impact of environmental 

factors and detect the clinical relevance of home-based gait outcomes. The variance of 

spatiotemporal gait parameters were in the same range as the clinically established UPDRS-III as a 

similar pattern in the Bland-Altman plots demonstrated. Both, clinical gold standard (UPDRS-III) 

and sensor-based gait parameters representing short steps, bradykinesia, and shuffling of gait 

showed excellent Intra-Class correlation coefficients indicating that parameters assessed in the 

hospital and in the home-environment are reliable. However, significant differences in the absolute 

values of gait parameters at HOSPITAL and at HOME were observed. This finding indicates that 

gait parameters recorded in the home environment may not be directly compared to gait outcomes 

gained in the hospital. Nevertheless, within the cohort the picture of motor restrictions remained 

stable meaning that gait impairment shifted to lower values in most participants regardless of 

presenting impaired or unimpaired gait in the hospital. Even though gait parameters cannot be 

directly compared, they reflect gait impairment properly within the cohort. With regard to our four-

step-approach described in the introduction, standardized gait tests at HOME provide a reliable 

measure in comparison to gait measures in the hospital and may be used as an ideal bridge to close 

the gap between gait assessments in the HOSPITAL and continuous free-living gait. Herewith, we 
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confirm that mobile health technologies complement rater-dependent clinical scores and may 

provide high quality information for patients’ treatment [27] by their objective, metric, and 

quantitative character as well as by applicability in the home environment. 

 

Sensor-based gait parameters derived from free-living home-monitoring scenarios 

In our study, we observed excellent reliability for sensor-based gait parameters between 

standardized gait tests at HOSPITAL and at HOME condition. This is in contrast to studies which 

evaluated the comparability of in-lab and free-living environment. Ancum et al. compared a 

supervised and standardized gait test with free living gait in 254 older adults. They observed that 

gait speed recorded by the 4-m gait test is only weakly related to daily-life gait speed obtained from 

tri-axial lower-back accelerometer data over seven consecutive days [28]. Hillel et al. investigated a 

cohort of 150 elderly fallers and reported that in-lab values (1 min walk on a 15 m long corridor) for 

stride length, gait speed, step time as well as step and stride regularity do not reliably reflect the 

same parameters derived from 30s walking bouts during daily-walking [29]. In PD patients, 

especially gait parameters derived from longer free-living walking bouts (>30 s) appeared to be 

clinically relevant since they differentiated between PD patients and controls [17]. From a technical 

point of view, it has recently been shown that detection of gait sequences in long-term home-

monitoring of PD patients is possible, reliable, and efficient with an unsupervised algorithm [30]. 

These findings indicate that algorithms are able to automatically detect strides from free-living gait. 

However, gait outcomes derived from HOSPITAL and free-living conditions cannot easily be 

compared without considering context information or environmental factors.  

 

Comparability of gait outcomes at HOSPITAL and at HOME: Effect of Environmental factors 

Despite excellent reliability of gait parameters between both standardized conditions, we observed a 

significant decrease of stride length, gait velocity, heel strike angle, toe-off angle, and maximum 

toe-clearance in the at HOME setting. These differences may reflect the influence of environmental 
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factors as uneven floor at home due to door steps and carpets or narrow areas due to door frames 

and furniture. Obviously, there was a substantial difference of the environments in the present 

study, among others there was a decrease of walkway length and width at HOME. It has been 

previously shown that walking environment has a significant effect on gait patterns. Patterson et al., 

investigated ten young adults over 30 minutes free-living gait in different walking conditions 

(flat/rough surface, on a hill, busy hallway) and reported significant differences in stride time [31]. 

Environmental factors also include the context of use since this information “going for a walk in the 

park” or “rushing to reach the bus” may be substantial for the interpretation of free-living gait 

patterns. In addition, there is a strong need for personalized models in order to cover individual 

confounders which can hugely vary between patients. In multiple sclerosis, a personalized 

algorithm solely predicted the maximum sustained gait speed of continuous walking with a sensor 

at home by the gait speed of the timed 25-foot-walk performed in the hospital with high accuracy 

[32]. This finding confirms the high relevance for personalized disease management which has 

recently been underlined for PD patients [33]. In addition, mobility measures are required to be 

defined for each disease separately [34]. Non-motor symptoms as mood and depression - not 

covered in the present study - should be included in personalized models as well since they may 

substantially affect gait patterns. 

Limitations 

A comparison between data of PD patients and controls was not performed in this pilot study that 

focused on the reliability and clinical relevance of sensor-based gait measures in PD patients at 

home. Future studies should include an age- and gender-matched control group in order to 

understand differences between both conditions (HOSPITAL and HOME) in more depth. A 

convenient sample was selected and no a-priori sample size calculation was conducted. Since it was 

the goal to evaluate the reliability of different test settings, HOME gait test was not matched for 

total walkway distance with the HOSPITAL setting. There may have been an order effect since 
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HOME condition was always after testing in the HOSPITAL making the patients familiar with the 

protocol. 

 

Conclusion 

In conclusion, this pilot study presented that gait parameters reflecting bradykinesia, short steps and 

shuffling of gait show excellent reliability between HOSPITAL and HOME condition. However, 

PD patients’ gait under standardized and supervised test conditions at HOME was slower, strides 

were shorter, and shuffling of gait was more present compared to the gait tests at HOSPITAL. 

Particularly, narrow walkways (< 85 cm) resulted in a significant reduction of gait velocity at home. 

Consistent with our hypothesis, gait outcomes recorded in standardized tests at HOME are closely 

related to those captured at HOSPITAL but cannot be directly compared. They can be set as a 

clinically relevant reference for home-based recordings and may be the link between standardized 

gait tests in the hospital and free-living, continuous gait in everyday life. In future studies, 

standardized, supervised gait outcomes should be compared with non-standardized, non-supervised 

gait recordings. Potential confounders as fear of falling or falls, cognition and depression need to be 

evaluated. Furthermore, intra-individual and environmental factors including context information 

should be part of future studies investigating gait patterns outside the hospital. 
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Supplementary material 

                                              

 

 

Figure S1: Left: Walkway in the hospital (length 10 m, width 220 cm), Right: Example of a 

walkway in one patient’s home with a walkway length of 6 m and width of 80 cm. 
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Case description 

In the following, the change of gait parameters between HOSPITAL and HOME is described for 

one study participant. This male PD patient, 73 years old with a disease duration of 6 years is 

marked in the figures using a red circle. He was tested in both conditions with comparable clinical 

motor symptoms as rated by the UPDRS-III and PIGD subscore. However, functional measures 

(TUG) increased and sensor-based gait parameters (e.g. stride length, gait velocity) substantially 

decreased in the home-environment (see Table S1, Figure S2).  

 

Pat. 6 hospital home 

UPDRS-III  32 33 

PIGD 5 4 

TUG 14,7 16,7 

Stride length [cm] 111,4 76,3 

Gait velocity [m/s] 1,03 0,70 

Walkway length [m] 10 6 (see Figure S1) 

Walkway width (cm) 220 80 (see Figure S1) 

No cognitive impairment (MoCA = 28) 

Low fear of falling (FES-I = 19) 

No fall history 
 Table S1: Patient characteristics of Pat. 6 

 

 

Figure S2: Stride length and gait velocity strongly dropped in Patient 6 (red circle).
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Figure S3: substantial drop of gait velocity between standardised gait tests in the hospital (HOSPITAL) and home environment (HOME). 

 

Conclusion: 

In contrast to the other 19 participants in this study, Pat. 6 showed a massive drop of gait outcomes without differences in clinical motor symptoms. 

Walkway length and width may have substantially influenced his gait measures at home. Motivational aspects as mood and depression could have 

played a major role but were not investigated in this pilot study. These measures should be covered in detail in future studies.
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Table S2: Subgroup analysis – walkway length: Differentiation between patients with walkway 

length at home ≤ 7.5 m (Group 1, n=10) and ≥ 8 m (Group 2, n=10) 

Gait parameters Mean: Home-Gait bout Mean SD Min Max p Z 

Stride Length [cm] @Hospital, Group 1 118.4  18.6 86.6  147.6  
0.009 -2.60 

Stride Length [cm] @Home, Group 1 106.7  20.4  75.5  132.4  

Stride Length [cm] @Hospital, Group 2 131.9  18.7  106.6  160.8  
0.007 -2.70 

Stride Length [cm] @Home, Group 2 124.0  18.0  99.9  152.0  

Gait velocity [m/s] @Hospital, Group 1 1.03  0.19  0.63  1,33  0.059 -1.89 
Gait velocity [m/s] @Home, Group 1 0.95  0.20  0.64  1.22  

Gait velocity [m/s] @Hospital, Group 2 1.26  0.19  0.97  1.52  
0.022 -2.29 

Gait velocity [m/s] @Home, Group 2 1.18  0.19  0.95  1.50  

Stride time [s] @Hospital, Group 1 1.16  0.09 1.07 1.39 
0.059 -1.89 

Stride time [s]  @Home, Group 1 1.13  0.08 1.03 1.27 

Stride time [s] @Hospital, Group 2 1.06  0.05 0.99 1.14 
0.878 -0.15 

Stride time [s] @Home, Group 2 1.05 0.06 0.95 1.14 

Swing Time [%] @ Hospital Group 1 35.3 1.93 31.0  37.3 
0.575 -0.56 

Swing Time [%]@Home Group 1 35.0 1.54 31.5 37.0 

Swing Time [%] @ Hospital Group 2 36.3 1.33 33.7 38.0 
0.575 -0.56 

Swing Time [%] @Home, Group 2 36.1 1.54 33.2 38.7 

Stance Time [%] @Hospital Group 1 64.7 1.93 62.7 69.0 
0.575 -0.56 

Stance Time [%] @Home Group 1 65.0 1.54 63.0 68.6 

Stance Time [%] @ Hospital Group 2 63.7 1.34  62.0 66.3 
0.575 -0.56 

Stance Time [%] @Home Group 2 63.9 1.54 61.3 66.8 

TO angle [°] @Hospital, Group 1 -63,2 7,60 -71,8 -53,1 
0,007 -2,70 

TO angle [°] @Home, Group 1 -59,1 10,31 -69,7 -43,1 

TO angle [°] @Hospital. Group 2 -65,8 7,28 -78,2 -51,0 
0,009 -2,60 

TOangle [°] @Home, Group 2 -62,9 6,43 -76,6 -52,2 

HS angle [°] @Hospital, Group 1 10,3 4,87 2,84 17,7 
0,009 -2,60 

HS angle [°] @Home, Group 1 8,86 5,41 -,46 17,0 

HS angle [°] @Hospital, Group 2 13,2 3,45 9,36 21,9 
0,721 -0,36 

HS angle [°] @Home, Group 2 12,7 4,59 5,92 22,9 

Max TC [cm] @Hospital, Group 1 6,94 2,76 3,47 13,0 
0,047 -1,99 

Max TC [cm] @Home, Group 1 5,98 3,61 2,96 15,2 

Max TC [cm] @Hospital, Group 2 9,11 3,27 4,22 14,1 
0,074 -1,78 

Max TC [cm] @Home, Group 2 8,66 4,92 3,28 21,2 

 

Group 1: @Home walkway length ≤ 7.5 m (n=10) 

Group 2: @Home walkway length ≥ 8 m (n=10) 

 

With regard to walkway length, gait parameter differences between hospital and home were similar 

regardless of shorter or longer walkways in the home environment. Comparing these results with 

the hospital condition (Table 2 in the manuscript), there is no meaningful difference between 

subgroups and the entire cohort.  

A comparison between patients with walkway length = 10m as in the hospital condition and <10m 

did not provide additional information and need to be interpreted cautiously due to the small sample 

size (n=4 in the group with walkway length = 10m). In figure S4, results of a correlation analysis 

suggest very small correlations between gait parameter differences (hospital – home) and gait bout 
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length meaning that e.g. gait velocity changed in the home environment independent of gait bout 

length. 

  

 

Figure S4: Correlation analysis between delta gait velocity / delta stride length and differences of 

walkway length. 
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Table S3: Subgroup analysis – walkway width: Differentiation between wider ≥ 85 cm  

(Group 1, n=8) and narrow < 85 cm (Group 2, n=12) walkways at home. The walkway width 

describes the narrowest part of the walkway, e.g. if participants cross a door. 

Gait parameters Mean: Narrowness Mean SD Min Max p Z 

Stride Length [cm] @Hospital Group 1 125.2  17.9  98.5  146.2  
0.036 -2.10 

Stride Length [cm] @Home Group 1 117.8  18.7  88.6  142.1  

Stride Length [cm] @ Hospital Group 2 125.2 21.1  86.6  160.8  
0.003 -2.98 

Stride Length [cm] @Home, Group 2 113.8  22.6  75.5  152.0  

Gait velocity [m/s] @ Hospital Group 1 1.16 0.21 0.85  1.42 
0.263 -1.12 

Gait velocity [m/s] @Home Group 1 1.12  0.25 0.74  1.50  

Gait velocity [m/s] @ Hospital Group 2 1.13  0.23 0.63 1.52 
0.004 -2.90 

Gait velocity [m/s] @Home, Group 2 1.03  0.22  0.64 1.42 

Stride time [s] @ Hospital Group 1 1.09  0.07 1.00 1.17 
0.327 -0.98 

Stride time [s] @Home, Group 1 1.07 0.08 0.95 1.19 

Stride time [s] @ Hospital Group 2 1.13 0.11 0.99 1.39 
0.530 -0.63 

Stride time [s] @Home, Group 2 1.11 0.08 1.00 1.27 

Swing Time [%] @ Hospital Group 1 35.9  1.26  33.48 37.5 
1.000 0.00 

Swing Time [%]@Home Group 1 35.9  1.41  34.17  38.70  

Swing Time [%] @ Hospital Group 2 35.7  1.96  30.97  38.0  
0.239 -1.177 

Swing Time [%] @Home, Group 2 35.4  1.74  31.45  37.7  

Stance Time [%] @Hospital Group 1 64.1  1.26  62.50  66.5  
1.000 0.00 

Stance Time [%] @Home Group 1 64.1  1.41  61.31  65.8  

Stance Time [%] @ Hospital Group 2 64.3  1.96  62.00  69.0  
0.239 -1.177 

Stance Time [%] @Home Group 2 64.6  1.74  62.35  68.6  

TO angle [°] @Hospital, Group 1 -64,3 9.18 -78.24 -51,0 
0,069 -1,82 

TO angle [°] @Home, Group 1 -62,3 9,22 -76,55 -48,0 

TO angle [°] @Hospital. Group 2 -64,6 6,33 -71,89 -53,1 
0,002 -3,06 

TOangle [°] @Home, Group 2 -60,1 8,46 -69,69 -43,1 

HS angle [°] @Hospital, Group 1 11,1 6,01 2,84 21,9 
0,401 -0,84 

HS angle [°] @Home, Group 1 10,5 7,06 -0,46 22,9 

HS angle [°] @Hospital, Group 2 12,2 3,11 6,36 17,7 
0,005 -1,96 

HS angle [°] @Home, Group 2 11,0 3,99 3,12 17,0 

Max TC [cm] @Hospital, Group 1 8,67 3,49 5,38 14,1 
0,161 -1,40 

Max TC [cm] @Home, Group 1 8,25 5,75 2,96 21,2 

Max TC [cm] @Hospital, Group 2 7,59 2,97 3,47 13,0 
0,023 -2,27 

Max TC [cm] @Home, Group 2 6,69 3,40 3,28 15,2 

 

Group 1: @Home narrow point ≥ 85 cm (N=8) 

Group 2: @Home narrow point < 85 cm (N=12) 

 

With regard to narrowness, it appears that PD patients with wider walkways at home (≥ 85 cm, 

Group 1) show similar gait velocity as in the hospital condition (no significant difference, in 

contrast to the entire cohort, marked in red). Whereas narrow walkways (< 85 cm (Group 2) 

resulted in a significant reduction of gait velocity at home. We chose the cut-off point at 85 cm 

since this is in the range of the standardized width of a German doorframe. 
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Table S4: Subgroup analysis – cognition: Differentiation between patients without (Group 1: 

MoCa ≥26, n=15) and with (Group 2: MoCa<26, n=5) cognitive impairment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group 1: MoCa ≥26 (n=15) 

Group 2: MoCa<26 (n=5) 

 

We figured out, that gait velocity and TO angle in patients without cognitive impairment showed a 

significant difference between hospital and home. In contrast, patients with MoCA <26 (mild 

cognitive impairment) didn’t show these differences. However, as the data samples are rather small 

and not well balanced with respect to group size (n=15 vs. n=5), these results should be interpreted 

very cautiously. 

Gait parameters Mean: Cognition Mean SD p 

Stride Length [cm] @Hospital Group 1 125.2  21.1  
0.002 

Stride Length [cm] @Home Group 1 115.5  22.8  

Stride Length [cm] @ Hospital Group 2 124.0 15.0  
0.043 

Stride Length [cm] @Home, Group 2 117.6  18.5  

Gait velocity [m/s] @ Hospital Group 1 1.15 0.24 
0.008 

Gait velocity [m/s] @Home Group 1 1.05  0.23 

Gait velocity [m/s] @ Hospital Group 2 1.12  0.16 
0.345 

Gait velocity [m/s] @Home, Group 2 1.10  0.24  

Stride time [s] @ Hospital Group 1 1.11  0.10 
0.570 

Stride time [s] @Home, Group 1 1.10 0.08 

Stride time [s] @ Hospital Group 2 1.11 0.07 
0.138 

Stride time [s] @Home, Group 2 1.08 0.08 

Swing Time [%] @ Hospital Group 1 35.9 1.80 
0.460 

Swing Time [%]@Home Group 1 35.6 1.49 

Swing Time [%] @ Hospital Group 2 35.5 1.41 
0.686 

Swing Time [%] @Home, Group 2 35.4 2.09 

Stance Time [%] @Hospital Group 1 64.1 1.80 
0.460 

Stance Time [%] @Home Group 1 64.4 1.49 

Stance Time [%] @ Hospital Group 2 64.5 1.41 
0.686 

Stance Time [%] @Home Group 2 64.6 2.09 

TO angle [°] @Hospital, Group 1 -64,2 7,41 
0,001 

TO angle [°] @Home, Group 1 -61,1 9,55 

TO angle [°] @Hospital. Group 2 -62.3 7.60 
0,138 

TOangle [°] @Home, Group 2 -60,6 5.62 

HS angle [°] @Hospital, Group 1 12.2 4.36 
0,125 

HS angle [°] @Home, Group 1 11.3 5.11 

HS angle [°] @Hospital, Group 2 10.5 4.68 
0,043 

HS angle [°] @Home, Group 2 9.14 6.00 

Max TC [cm] @Hospital, Group 1 8.19 3.49 
0,053 

Max TC [cm] @Home, Group 1 7.76 4.93 

Max TC [cm] @Hospital, Group 2 7,54 1.98 
0,043 

Max TC [cm] @Home, Group 2 5.99 2.17 


