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Abstract

Gait provides a sensitive measurement for signs of aging and neurodegenerative conditions.
Measurement of gait is transitioning from the laboratory environment to the clinic with the use of
inertial measurement units, providing a simple and cost-effective assessment tool. However, such
assessments first needs validation against reference systems. The aim of this study was to validate
the APDM Mobility Lab (ML) system (version 2) against a pressure sensor walkway in younger
adults (n=18), older adults (n=18) and people with mild Parkinson’s disease (n=21) in the
laboratory. Participants completed a two-minute walk over a pressure sensor walkway whilst
wearing three sensors (strapped to the lumbar spine and both feet). Comparison of output from the
systems was then performed. Overall, we identified that ML provided good to excellent agreement
(ICC >0.75) for gait velocity, stride length, stride length SD, cadence, stride time and stride time
SD. Measures of double support time, single support time and swing time had moderate to poor
agreement (ICC 0.213-0.725), particularly for younger adults and PD. Overall, Mobility Lab
provides a valid system for gait data collection for clinical and research application.
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Introduction

Poor walking ability is considered a clinical marker of increased risk of falls, decline in
cognitive ability and disease progression for neurodegenerative conditions such as
Parkinson’s disease (PD) (Verghese et al., 2007, Morris et al., 2017, Mc Ardle et al., 2018,
Pang et al., 2018, Chen et al., 2005). Traditionally, assessments of comprehensive measures
of gait have been conducted in laboratory environments that require expensive equipment
(e.g., 3D mation capture systems, force-plates etc.), trained staff, and large allocated space

"Corresponding Author: Rosie Morris, Department of Neurology, Oregon Health and Science University, 3181 SW Sam Jackson Road,
Portland, OR 97239, USA, morriros@ohsu.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morris et al.

Methods

Page 2

(Del Din et al., 2016a). In addition, participant performance, particularly in the case of PD,
is often optimized in these laboratory settings and can affect one-off performance (Robles-
Garcia et al., 2015). To overcome these challenges, and with the latest miniaturization and
accessibility of technology, objective gait assessment is transitioning into clinics as well as
patient homes and community settings. These ecological settings provide more natural gait
assessment over longer durations, providing a more complete overview of daily-life walking
and enabling other relevant clinical factors to be explored (e.g. medication related
fluctuations in mobility).

Inertial measurement units (IMUSs), incorporating tri-axial accelerometers, gyroscopes and
magnetometers have been successfully used to measure mobility, and provide a cost-
effective and lightweight solution for comprehensive gait assessment in laboratory, clinical,
and community environments. Mobility Lab™ (ML, APDM, Inc., Portland, OR, USA), is a
commercially available system that allows for six IMU’s to be wirelessly synchronized
(Opal V1, APDM Inc., Portland, OR, USA) and software that allows for easy data collection
and automatic analysis, without gait research knowledge or expert data processing (Mancini
et al., 2011, Mancini and Horak, 2016). The ML commercial software package allows the
user a choice of instrumented tests of balance and gait and automatically generates a report
for each participant. This simplicity and automatic output allows for simple data collection
for clinical settings and/or large clinical trials. However, evaluations of the validity,
reliability and sensitivity of gait measures through commercial systems are often sparse. ML
(version 1) has previously been validated against a pressure sensor walkway in both healthy
controls and clinical populations (Schmitz-Hibsch et al., 2016). Progression in commercial
system development (ML version 2) has led to novel algorithm development applying
sensors to the feet rather than shanks, thus allowing for more accurate and additional gait
measures. However, system developments require further validation and assessment to other
specific populations of interest. Such systems need validation against robust previously
validated reference systems, such as instrumented walkways (Webster et al., 2005,
McDonough et al., 2001) in controlled environments (i.e. laboratory) before being validated
and implemented in clinical settings or randomized controlled trials (Din et al., 20186,
Washabaugh et al., 2017, Schmitz-Hiibsch et al., 2016).

Therefore, this study aimed to validate comprehensive gait output in the laboratory from ML
system (version 2), compared to a validated reference system for gait assessment,
specifically the GAITRite™ (GR) instrumented walkway in healthy young adults (YA) and
older adults (OA), as well as people with PD.

Study design

This study was a cross-sectional design for which participants consented to a one-time visit
to complete a two-minute gait assessment using GR and ML simultaneously, synchronized
using external synchronization.
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Participants

To cover a spectrum of normal and pathological gait patterns, we recorded comprehensive
gait measurements from YA (aged 20-40 years), OA (aged over 50 years) and people with a
diagnosis of idiopathic PD. YA and OA were recruited if they were able to; i) walk
independently without an ambulatory aid and ii) had no diagnosis of a neurological disorder
and iii) without a musculoskeletal, peripheral or central nervous system disorder that would
significantly affect balance or gait. Idiopathic PD participants were recruited if they were; i)
aged over 50 years old, ii) diagnosed with idiopathic PD by a Movement Disorder Specialist,
iii) without a musculoskeletal, peripheral or central nervous system disorder (other than PD)
that would significantly affect balance or gait, and iv) cognitive impairment causing an
inability to consent and participate to testing procedures. All participants with PD were
tested in their practical ‘Off’ medication state, defined as withholding their levodopa
medication for at least 12 hours (Langston et al., 1992). All participants gave their informed
consent. Recruitment procedures and experimental protocols were approved by the Oregon
Health & Science University (OHSU) institutional review board.

Demographic and Clinical Assessments

Age, height and body mass were collected for all participants. For those with idiopathic PD,
disease duration was recorded, as well as motor severity using the Movement Disorders
Society Unified Parkinson’s disease Rating Scale part 111 (MDS-UPDRS I11) and Hoehn and
Yahr (H & Y).

Gait Assessment

Participants were asked to walk barefoot for two minutes at their preferred walking speed
back and forth over an instrumented walkway (GR; 6m x 0.6m, v3.8, sampling frequency of
60Hz) completing 180° degree turns at either end (stepping off the mat to turn). Participants
walked 0.5m (approximately one step) at each end of the walkway before turning.
Simultaneously, participants wore three IMUs (Opals V1; APDM Inc, sampling frequency
128Hz) attached with straps bilaterally on both feet as well as the fifth lumbar vertebrae. The
IMU’s combined accelerometer, gyroscope and magnetometer technology within each
sensor, and were wirelessly synchronized with a separate laptop through the ML (version 2)
software, which was used to initialize and collect the data (alternatively, data can be
collected offline and later processed if necessary). Turning steps are not included within the
gait measurement of the ML system, therefore only straight ahead gait between the two
systems was used for comparison.

Data Processing

For the GR, there was visual inspection of raw footfall data and manual removal of partial
footfalls, once processing was completed, data was exported in a CSV-file. In addition, ML
provided gait outcomes that could be exported into an additional CSV-file. For both GR and
ML, a range of spatio-temporal gait characteristics were calculated that i) assessed a
comprehensive range of characteristics measuring different aspects of gait, and ii) were
available as automatic output from both systems. Gait measures were derived from GR and
ML and processed using manufacturer provided software, and finally averaged values were
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exported for further analysis. The following characteristics were exported: measures of
spatial, mean gait velocity (m/s), mean stride length (m), measures of femporal, cadence
(steps per minute), mean stride time (s), mean swing time (% gait cycle time [GCT]), single
support time (% GCT) and double support time (%GCT) and measures of variability, stride
length SD (m) and stride time SD (s).

Statistical Analysis

Results

All data analysis was completed using SPSS® (version 24, IBM). Initially, data was
inspected using boxplots and histograms to check for normality of data, meeting criteria for
parametric analysis. Demographic characteristics and descriptive characteristics for all gait
characteristics were calculated as means and standard deviations (SD).

Absolute agreement between the two systems was assessed by: intra-class correlation
coefficients (ICC; 1), Pearson correlations were used to assess the strength of the
relationship between the two measures and Bland-Altman plots were used to visualize bias
with limits of agreement (LoA) expressed as a percentage and 95% prediction value (Martin
Bland and Altman, 1986). The ICC findings were interpreted as follows; excellent (>0.90),
good (0.75-0.89), moderate (0.50-0.74) and poor (<0.50) (Field, 2013). For LoA, <5% are
considered very good, between 5 and 10% good, between 10% and 20% moderate, between
20 and 50% poor, and >50% very poor (Godfrey et al., 2015). Statistical significance was set
at p<0.05.

Participant Characteristics

In total, 21 participants with idiopathic PD, 18 OA and 18 YA were recruited to the study.
Demographic and clinical characteristics are shown for all participants in Table 1. The OA
and PD cohort were similar in age. Those with PD had mild to moderate disease with an
average (SD) disease duration of 4.7 (3.2) years, an average (SD) MDS-UPDRS I11 of 36.8
(10.6) with the majority of participants categorized as HY stage Il (Table 1).

Gait Validation

Table 2 contains descriptive gait data from GR and the ML, as well as agreement between
the two systems. The agreement between GR and ML is additionally visualized using Bland-
Altman plots in Figures 1 and 2.

Spatial—Overall gait velocity and stride length showed excellent agreement (ICC5 1 .908
t0 .928, LoA%); 5.5 to 8.6%) between GR and ML. At the group level, agreement was
slightly lower in the YA for gait velocity and stride length (ICC, 1 .741 to .861, LoA%; 4.2
to 5.7%) compared to OA (ICC; 1 .934 to .939, LoA%; 5.9 to 11.9%) and PD (ICC; ; .880
t0 .920, LoA%; 5.2 to 6.3%).

Temporal—For cadence and stride time, agreement was excellent both overall and at group
level (ICC; 1 .992 to .998, LoA%; 1.3 to 2.8%). Overall, the measures expressed in % of
GCT, such as double support, single support and swing time, showed poor to moderate
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agreement (ICC; 1 .213 10.725, LoA% 4.6 to 20%). For measures of double support, single
support and swing time, agreement was poor in YA and PD (ICCj 1 .213 to .290, LoA%; 4.6
to 20.0%), and moderate in OA (ICC; 1 .712 t0 .725, LoA%; 4.9 to 14.6%).

Variability—Measures of gait variability (stride length SD and stride time SD) showed
good agreement overall (ICC5 1 .773 to .835, LoA% 41.3 to 74.8). At the group level,
agreement was more varied, for stride length SD, YA demonstrated good agreement
(ICC,,1 .836 L0oA%,; 44.2), OA demonstrated moderate agreement (ICC; ; .658, LoA%;
50.1%), and PD excellent agreement (ICC; ; .905, LoA%; 29.5%). For stride time SD, YA
demonstrated moderate agreement ICCy 1 .701 LoA%; 39.6), OA demonstrated good
agreement (ICC; 1 .804, LoA%; 82.7%), and PD moderate agreement (ICCy 1 .690, LoA%;
72.2%). For gait variability measures, LoA% were poorer than for measures of pace and
rhythm.

Discussion

The aim of this study was to validate the ML (version 2) system against a pressure sensor
walkway laboratory reference system in populations with different walking abilities in
controlled laboratory conditions. We identified that ML provided good to excellent
agreement for the majority of gait characteristics in three different groups: YA, OA and
people with PD but there was poorer agreement for measures expressed as percentage of the
gait cycle.

Excellent agreement was evident between GR and ML for all three groups overall for mean
characteristics of gait velocity, cadence, stride time and stride length, which is similar to
previous studies using diverse IMUs or a single accelerometer configuration (Greene et al.,
2012, Din et al., 2016, Godfrey et al., 2015, Schmitz-Hiibsch et al., 2016, Washabaugh et al.,
2017). In contrast, other mean characteristics of swing time, double-support time and single-
support time had poor agreement between GR and ML. When separating groups, agreement
was good to excellent for characteristics of gait velocity, cadence, stride time and stride
length. In comparison, for characteristics of mean swing time, double and single-support
times the agreement was better in older adults compared to both YA and PD younger groups,
which has been shown before in previous IMU validation studies (Din et al., 2016, Godfrey
etal., 2015, Schmitz-Hubsch et al., 2016). Although speculative, these differences may be
dependent on differences in gait speed and pathology between groups, but this needs further
investigation.

Our findings for measures of gait variability are partly in contrast with previous studies
showing poor agreement for measures of gait variability between GR and IMUs that were
possibly attributed to inherent differences between the two systems (Din et al., 2016). The
moderate to good agreement for variability metrics found in the current study may be due to
a similarity among the algorithm (ML and GR), or sensor placement (i.e. on the foot in the
current study vs ankle/lumbar spine in previous studies), as this has been found to affect
agreement between IMUs and laboratory reference systems (Washabaugh et al., 2017). It has
to be addressed that for measures of variability, the LoA were poorer. Overall there was a
trend for ML to consistently overestimate compared to GR which increased as gait
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variability increased (Figure 1), as seen in previous studies validating IMU’s (Godfrey et al.,
2015, Din et al., 2016). Future studies should compare gait measurement between various
IMUs placed in different locations as well as different algorithms to derive gait measures, as
previous studies have identified sensor placement impacts measures of gait variability and
asymmetry (Del Din et al., 2016b).

For gait measures other than variability, ML tended to underestimate gait characteristics
compared to GR in this study. Data trends were seen for a number of characteristics (gait
velocity, stride length, stride time SD and swing time) in which the larger the measurement,
the greater the difference between devices was demonstrated. Previous studies of gait
measurement with IMUs and comparisons to GR have shown a mixture of under- and over-
estimation by IMUs (Schmitz-Hubsch et al., 2016, Din et al., 2016). Therefore the intrinsic
nature of our findings is unclear as it could be due to a range of technological or device
application factors, e.g. device sampling frequency, placement, algorithm features, gait
measurement protocols etc. Future studies are required to investigate these factors.

Limitations

This study had a number of limitations that need to be considered. First, both systems used
in this study do not automatically provide the same gait characteristic output, and therefore
characteristics from some gait domains (e.g. asymmetry and some variability measures)
were not compared. Second, we compared the gait data automatically generated by ML and
GR, rather than step-by-step comparison between the systems. Step-by-step comparison,
although possible after extracting the stride-by-stride detailed output of ML, was not
performed because the focus here was to take the direct output of the software, as would be
commonly done for large trials. Future studies should perform step-by-step extrapolation
from the detailed ML output if interested in step-by-step based parameters. Third, we only
assessed the use of the ML system within YA, OA and PD, and findings may not be
applicable to other populations. Finally, we only validated the IMU measurement of gait in
controlled laboratory settings, gait assessment using ML (version 2) now needs to be
validated in the home and community environment to provide habitual outcome measures.

Conclusions

This study identified that gait characteristics measured by ML (version 2) software is able to
replicate measurements from an instrumented walkway in healthy young and older adults, as
well as people with PD in the laboratory. Absolute agreement between the systems for gait
characteristics ranged from excellent (gait velocity, stride length, cadence and stride time) to
poor (double support time, single support time and swing time) and gait variability
demonstrating poor limits of agreement. Validation of gait measurements using ML (version
2) is now required in the home and community environment to provide habitual outcome
measures.
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Figure 1.

Bland Altman plots demonstrating agreement between GaitRite and MobilityLab version 2
for A) Gait velocity, B) Stride length, C) Stride length SD, D) Stride time and E) Stride time
SD. Dashed lines represent LoA. Solid line represents mean difference.
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Figure 2.

Bland Altman plots demonstrating agreement between GaitRite and MobilityLab version 2
for A) Cadence, B) Swing Time, C) Single support time and D) double support time. Dashed
lines represent LoA. Solid line represents mean difference.
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Demographic and clinical details of all participants. Mean (SD).

Table 1.

Age (years)

Gender (M/F)

Height (m)

Mass (kg)

Disease Duration (years)
MDS-UPDRS I1I
H&Y

Young Adults (n=18)

Older Adults (n=18)

Parkinson’s Disease

(n=21
27.0 (4.4) 63.4 (9.5) 67.5 (8.8)
8/10 8/10 12/9
1.7 (0.1) 1.7 (0.1) 1.7 (0.1)
68.0 (12.1) 78.1 (12.9) 79.9 (15.5)
N/A N/A 47(3.2)
N/A N/A 36.8 (10.6)
N/A N/A H&Y I: 1 (4.8%)

H&Y I1: 17 (81.0%)
H&Y 111: 2 (9.5%)
H&Y IV: 1 (4.8%)

[MDS-UPDRS= Movement Disorders Society- Unified Parkinson’s disease Rating Scale, H & Y= Hoehn and Yahr]
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