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Abstract

BACKGROUND: Gait speed is an important measure of health status for older adults and
individuals with neurological conditions. Literature reports that measurements made by people are
not as accurate as automatic timers.

RESEARCH QUESTION: Is the GaitBox (GB), a device to measure walking speed (WS)
automatically and accurately, a valid approach to walking speed measurement in a clinical setting?

METHODS: Two prospective validation studies were completed comparing the GB to human
timers (HT) and the Sprint Timing System (STS). Subjects were recruited from convenience
samples of healthy older adults (S1, N=35, 72.4 + 7.4 years of age) and individuals with Spinal
Cord Injury (SCI), Traumatic Brain Injury (TBI), or unknown / no diagnosis (S2, N=44, 35.3 +
13.5 years of age). Subjects completed 4 timed walks. The GB, HT, and STS simultaneously
measured WS across a 4 m or 10 m course. Protocol followed an adapted version of the NIH Walk
Test. Subjects were instructed to walk at a normal pace. Validity and reliability were determined
using Pearson correlations, absolute mean differences, Intraclass Correlation Coefficients (ICC’s)
and Bland-Altman plots.

RESULTS: WS measured in both studies demonstrated strong correlations between GB and STS
(r=0.98-0.99, p<0.0001), excellent test-retest reliability GB ICC’s (0.93-0.94), no systematic bias,
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and good precision. In S1 and S2, ICC’s between GB and STS were excellent at 0.91 and 0.93,
respectively.

SIGNIFICANCE: Considering the increased use of WS as a clinically relevant measure of
mobility, functional decline, and recovery, accurate measurement of WS are important. These
studies show the GB is a valid and reliable measurement tool within various populations
completing the 4 m and 10 m walk tests at a usual speed. Additional populations and walking
distances should be evaluated further. Due to its accuracy, the GaitBox is a valid alternative to HT
in the clinic setting.
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Walking speed; gait; technology; functional status; older adults

INTRODUCTION

Walking speed is an indicator of functional status in older adults [1] and change in health
status for a variety of clinical populations such as people diagnosed with hip fracture, stroke,
incomplete spinal cord injury (SCI), Parkinson’s disease [2], Multiple Sclerosis (MS) [3]
and others. There is a coordinated effort to include gait speed measurements as a part of
standard clinical care, with an increasing number of researchers and clinicians indicating it
is the 6t vital sign [2, 4].

Various gait speed measurement protocols and methodologies have been used in research
settings, making comparison of research difficult between populations and studies [5]. The
Short Physical Performance Battery (SPPB) [6] and the NIH Toolbox Walk Test (NIH-WT)
[7] guides provide guidelines / protocols for conducting gait speed measurements. Even with
these guides, research supports that there are inconsistencies in measuring gait speed
regarding walking distance, acceleration zone inclusion / distance, and instrumentation [8].

It is especially important to measure walking speed accurately considering that gait speed is
an increasingly used metric in clinics and research studies. Hardy et al. found that an
increase in usual gait speed in older adults over a one-year period, strongly predicted
survival over an eight-year follow-up period. Specifically, these individuals had a 58%
decrease in relative risk and a 17.7% decrease in absolute risk of death [4]. Other studies
have shown that, for older adults, a 0.04 to 0.06 m/s change in walking speed has been found
to show a small meaningful change in survival, while a 0.10 to 0.14 m/s change has been
associated with a moderate change [9]. Additionally, a higher overall gait speed for older
adults has been connected to increased life expectancy [10]. Studenski et al. found that age,
sex, and gait speed taken together was as accurate a predictor of survival compared to other
traditional measures of health (i.e. age, sex, chronic conditions, smoking history, blood
pressure, body mass index, and hospitalization) [10]. Studies of individuals with MS have
linked walking speed with benchmarks associated with functional limitations and
impairments [11]. In individuals with SCI, walking speed is an important factor in regaining
ambulation [12]. While more research is needed to identify mechanistic correlations between
walking speed and disease progression [11], these studies indicate a need to have accurate
gait speed measurements. Currently, the standard clinical measurement technique is made by
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a human timer with a stopwatch over a known distance [13, 14]. While distance, pace, and
static or dynamic start have been shown to potentially influence meaningfulness of results
[15], a study by Maggio et al. indicates that measurements of gait speed using a stopwatch
may lead to misclassification of health status when compared to instrumented techniques
(accelerometers) for older adults, but additional studies are needed to further assess this
claim [13]. Youdas et al. found that gait parameters were more responsive to change when
measured by an instrumented GAITRite system (CIR Systems, Franklin, NJ), a portable
electronic walkway designed to capture gait parameters with pressure sensors, compared to
manual timing for older adults [16]. Additionally, studies have shown variations in walking
speeds depending on the measurement technique (e.g., manual timers versus instrumented
measurement techniques) for individuals with respiratory disease (maximal walking speed)
[17], older adults (higher average speeds) [16], and stroke survivors [18]. Others have
reported strong agreement between manual and instrumented techniques [14]. These
instrumented systems often come at a high cost to clinics based on cost to purchase, time to
setup, training, and space limitations. Research supporting the importance of walking speed
for older adult and clinical populations along with difficulty comparing results of various
research studies and clinical visits, indicates a need for low cost and reliable instrumented
system to measure walking speed.

The GaitBox was developed as a low-cost instrumented gait speed measurement tool. The
purpose of these prospective validation and reliability studies was (1) to show the GaitBox is
an accurate alternative to the typical clinical human timer measurement, (2) to assess if
differences between the GaitBox and Sprint Timing System are small enough to detect
clinically meaningful differences in walking speed (> 0.05 m/s [9]), and, (3) to determine the
test-retest reliability of the GaitBox system in two heterogeneous samples.

METHODS
NIH Toolbox Walk Gait Speed Test

Adapted from the SPPB Guide, the NIH-WT proposes a consistent methodology to measure
walking speed for people of various ages and populations [7]. In the NIH-WT, the walking
path is setup with marks placed at the start and stop timing distances. Subjects are instructed
to walk at a comfortable, usual pace from the start mark past the stop mark when instructed
by the human timer. Trained timers walk to the side of and slightly behind the subject and
start and stop timing when the subject’s foot crosses the timing marks. Human timers (HT)
use stopwatches to record the elapsed time between the marks and walking speed is
calculated by dividing the distance by the elapsed time [6]. While not called for in the SPPB
Guide or NIH Toolbox, many research studies support the need for the inclusion of an
untimed acceleration and deceleration zone at the beginning and end of the path, allowing
for measurements to be taken irrespective of acceleration and deceleration speeds [17]. For
this study, we include these acceleration and deceleration zones because, 1) both
acceleration and deceleration zones are used within the research team’s University Health
System for older adult gait speed monitoring, 2) greater measurement variability has been
seen when excluding an acceleration zone [8], 3) a deceleration zone allowed for consistent
instrumented measurements since we could ensure subjects completely passed the end
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timing mark and ensured subjects did not ‘hard stop’ at the end line, potentially offering
challenging timing to the human timers, and 4) it was decided that the acceleration zone
would allow for the human timers to more accurately start timing as opposed to a quick
reaction on ‘go’ or when a subject took their first step.

The NIH Toolbox 4-meter walk test has been adapted over various distances and
populations. In a systematic review of walking speed tests, Graham et. al found walking tests
at 10, 6, and 4 m were most common [5]. Additionally, there have been population specific
walking tests that have gained traction in specific communities, such as the timed 25 ft (7.62
m) walk test as part of the Multiple Sclerosis Functional Composite [19].

Device Design

We developed the GaitBox (GB) (Figure 1) to be a low cost and accurate alternative to
clinical gait speed measurements made by human timers. In its current iteration, the device
employs an Arduino Uno microcontroller and a Garmin LIDAR-Lite V3 Laser Ranging
Module. Gait speed is automatically measured and displayed on an LCD screen using data
analyzed from the LIDAR sensor. Data is displayed but not stored on the device and the
display is erased after each test for data privacy and ease of use. The device is setup to help
facilitate the NIT-WT procedure and can be setup to measure speed over any distance up to
40 meters. For testing described here, the device was set up to measure a 4 m walk test
(meter walk test: MWT) and 10 MWT track based on the NIH-WT protocol.

To measure walking speed, the device is positioned approximately 1.2 m off the ground and
pointed down the center of the walking path at the subject’s torso. The GB can be set up so
the subject walks towards or away from the device. It can be mounted a variety of ways. For
testing and clinical use, we have attached it to an IV pole, and to a wall or door using Velcro.
The device is powered via wall power or a battery pack. When on, the device indicates it is
ready to collect data with a welcome message displayed on the LCD screen and by blinking
the built in LED. When the walking path is clear the LED will turn on, indicating that the
device is ready to take a measurement. When the device is ready, the clinician instructs the
subject to walk to the end of the walking path. The velocity of the subject is automatically
calculated in m/sec and displayed on the LCD screen. Pressing the reset button clears the
display and readies the device for another measurement.

Previous work done by Clark et al. found that LIDAR is an appropriate sensor to measure
walking speed across short distances (0.5 m and 4 m). The device used for their study was
similar to our GB in hardware design and is available open source online. While our devices
are similar, we did not use Clark et al.’s designs, but instead created our own device around
the same time. At the time of completing this study, their website with open source code was
not available, therefore we could not compare our software design to their design.
Regardless, Clark et al. showed that LIDAR is accurate for short distances in healthy
populations [20]. This study aims to show that our LIDAR based device and our custom
software is an accurate way to measure walking speed across 4 m in older adults and 10 m in
diverse clinical and healthy populations.
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Study Design

We completed two separate prospective validation studies comparing the GB to a
commercially available automatic timing system (Sprint Timing System, Brower Timing
Systems, LLC Draper, UT [21]) and human timers (HT) following the adapted NIH-WT
procedure. In both studies, subjects completed four (4) timed walking tests: one practice and
three official measurements. The researcher instructed the subjects to begin walking after a
countdown from three (e.g. 3, 2, 1, go) at a comfortable, normal pace, from a start mark at
the beginning of the acceleration zone to another mark indicating the end of the deceleration
zone. The studies were conducted under the supervision of the appropriate institutions IRB
(Study 1: reference ID 344453, Protocol ID Pro00089655, Study 2: reference ID 1319802,
Protocol 1D Pro00089655). Both studies received a waiver of documentation of consent.
This was approved due to not collecting personal health information, minimal risk, and
subjects not members of a culturally distinct group.

Inclusion criteria was met if subjects could: (1) complete the four walks at the respective
study distances (4 m or 10 m) with or without assistive devices (e.g. canes, walkers, braces)
and (2) had no physical, cognitive, or behavioral impairment that would prevent safe
completion of the trials. Both male and female subjects were recruited. Convenience
samples of 35 community dwelling older adults 55 years or older (mean 72.4 + 7.4 years of
age) in Durham, NC, completed Study 1, while 44 subjects over the age of 18 representing
subjects with diagnoses of SCI, TBI, and unknown populations (mean 35.3 + 13.5 years of
age) completed the Study 2 at the ProMotion Fitness Center and the MS Institute at the
Shepherd Center in Atlanta, GA.

Technology and Walking Path Layout

The Sprint Timing System (STS) uses two pairs of break beam sensors. Timing starts when
the user interrupts the light beams from the first pair of sensors and stops when the user
interrupts the second beam. The STS displays the elapsed time which the investigator uses to
manually calculate velocity based on the distance traveled between the break beam sensor
pairs. The GB was mounted on an inexpensive, adjustable height camera tripod. Both the
STS and GB automatically captured data over these distances.

We set up the testing course per the NIH-WT guidelines with the addition of untimed
acceleration and deceleration zones. The course included an unmarked measurement zone (4
m for Study 1, 10 m for Study 2) and acceleration and deceleration zones with start and end
lines marked with tape. These zones were added to the walking path as is common in
research protocols. The NIH-Toolbox protocol provides no guidance on the use of
acceleration / deceleration zones. The first STS module pair was placed across the walking
path at the start of the measurement zone 0.7 m from start. The second STS module pair was
placed at the end of the measurement zone (either 4 m or 10 m). A 2 m deceleration zone
was used for both studies, indicated by a stop tape mark (Figure 2). The 0.7 m acceleration
zone was shorter than the deceleration zone due to due to space limitations. A one (1) inch
piece of tape was used by the human timers to start and end their timing. The STS timing
gates were 2 feet on either side of the walking path. The beginning of the acceleration and
end of the deceleration zones were clearly marked with a strip of tape to give the subjects
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start and end targets. The locations of the module and a small piece of tape indicated to the
human timer when to start and stop timing.

The GB was pointed at the center of the torso, 1.2 m from the ground. The Sprint System
was positioned at this height, in line with the GB sensor location. Both the Toolbox and
SPPB Guide indicate to start and stop measurement when the subject’s foot is completely
past the timing line [6, 7]. For consistency in measurement between the STS and GB, the HT
were instructed to take measurements when the subject’s waist crossed the start / stop timing
indicators.

Statistical Analysis

Univariate and descriptive statistics included mean (xstandard deviation) for normally
distributed data, or proportions for count data. The test for normality for continuous
variables was performed using the Shapiro-Wilk test. We conducted all validity tests using
STS as the standard, reference measure. The mean of the three official timed walks was
calculated and used as subjects’ data points for the majority of analyses. Associations
between measures was determined using Pearson correlation coefficients. Precision was
assessed using a paired t-test of absolute mean differences, and associated p-values, between
GB and STS. Bias in the GB measures was assessed using Bland-Altman plots (difference
between GB and STS plotted against the mean of GB and STS) [22]. All three walking trials
were used to determine test-reliability by calculating the intraclass correlation coefficient
(ICC), and to determine validity by calculating the ICC between devices using a mixed
effects model (PROC MIXED), accounting for the correlated repeated measures. In one
Study 2 participant, a HT data point was not plausible (gait speed of 7.36 m/s) and was
removed from the dataset. All analyses were conducted using SAS v9.4 (SAS Institute,
Cary, NC).

RESULTS
Study 1, 4 MWT

The study sample was predominately male (74%) and mobility intact with a mean gait speed
of 1.18 m/s (Table 1). Results showed strong associations between the GB and HT (r=0.99)
and the GB and STS (r=0.98, p<0.0001; Figure 3a). Validity was further tested with the ICC
among all three walking trials between GB and STS, which demonstrated excellent validity
(ICC =0.91). Test-retest reliability of GB was excellent with an ICC of 0.94. Absolute mean
gait speed differences between the GB and HT (0.02 = 0.03 m/s; P = 0.01) and GB and STS
(0.00007 + 0.03 m/s; P = 0.98) were clinically negligible. The Bland Altman plot between
GB and STS (Figure 4a) demonstrated no systematic bias across all gait speeds, with a plot
correlation coefficient of 0.07 (P = 0.71).

Study 2, 10 MWT

In contrast to Study 1, this sample was predominantly female (57%) with a mean usual gait
speed of 1.39 m/s, in-line with the younger mean age of 35.3 years. Many individuals in this
group (41%) also used an assistive device (6 forearm crutches, 2 underarm crutches, 3 canes,
5 walkers, 1 prosthetic leg, and 1 walking stick), which reflects the population from which
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they were drawn (Table 1). Results from this group also demonstrated a strong correlation
between the GB and HT (r=0.99) and between GB and STS (r=0.99, p<0.0001; Figure 3b).
The validity of GB compared to STS among all three walking trials in this sample was also
excellent (ICC = 0.93). Test-retest reliability of the GB was also excellent in Study 2, with
an ICC of 0.93. The absolute mean difference between GB and STS demonstrated very good
precision, with a difference in mean gait speeds of 0.008+0.041 m/s (P = 0.22). The absolute
mean difference between GB and HT was similar, at 0.006+0.040 m/s (P = 0.28). Bland
Altman plot (Figure 4b) analysis demonstrated no systematic bias across all gait speeds
when comparing the GB to STS, with a plot correlation coefficient of 0.26 (P = 0.09).

DISCUSSION

The findings from this study demonstrate excellent validity and reliability of the GB.
Correlations among GB, HT, and STS were very strong in both study groups (r = 0.98-0.99).
ICC’s (0.91-0.93) between GB and STS among all three walking trials were excellent in
both study groups. The test-retest reliability ICC’s of GB (0.93-0.94) were also excellent in
both study groups. The precision of the GB, as compared to STS, was within acceptable
clinically detectable absolute mean differences (>0.02 m/s), indicating that the GB is precise
enough to detect variability in gait speeds that would likely trigger an intervention. Our last
method of validation included examination of bias. Bland-Altman plots indicated no
systematic bias in the GB compared to STS in both study groups across their respective
ranges of gait speeds.

The reported and observed differences in measurement techniques and distances have shown
a need for a consistent methodology and an instrumented device. This is especially
important when considering a 0.11 - 0.14 m/s change in older adults, 0.17 m/s change in
incomplete SCI, and a 0.26 m/s change in MS are considered meaningful changes in
walking speed [8]. While these values are the minimum detectable change (MDC) [8] and
therefore considered corrected for variation in measurements due to random error and
protocol changes [23], the differences in measurement protocols can be quite vast and it is
not clear what amount of variation is accounted for in these measurements. Other studies
indicate, on average, as low as a 0.05 m/s change in older adults is meaningful [9]. These
changes are associated with adverse outcomes [24] and falls risk, in older adults [25] as well
as used to predict recovery in other populations [11, 12]. The GB provides a consistent
methodology tool for providers and clinics. Additionally, research supports that while a4 m
walk test may be an accurate measure for older adults, it cannot be compared to a 10 m walk
test [26]. Therefore, between clinic visits or clinical locations, if providers are not using a
consistent measurement path distance there may be issues with validity of speed changes
over time. While within a clinic the protocol is similar, we have observed provider
differences in timing distances within the same healthcare organization. Clinics conduct a 4
m, 6 m, or 10 m walk test, making comparison to past values difficult between locations.
The GB allows for a consistent measurement between providers and clinics. Due to the
device accuracy across both 4 m, 10 m, and different population groups, it is accurate to say
the GB shows it is a valid measure of gait speed.
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Some limitations of this study include the small sample size within Study 2 for each
demographic area of SCI and TBI. Additionally, we only collected subject speed at a single,
usual walking speed with an acceleration / deceleration zone. Additional studies observing
each of these populations individually, walking speed without acceleration and deceleration
zones, or at maximum speed would offer a more complete representation of the GB accuracy
within these populations and measurement protocols.

There are several advantages of this device and approach to measuring walking speed over
measurement by human timers; (1) the device is accurate and reliable, (2) the device requires
minimal training to use and no changes to the walking path, and (3) the use of a hands-free
measurement tool allows the human timer to act as a spotter for subjects who are unstable or
need extra support. The spot is also able to walk next to the subject rather than having to
walk slightly behind, as called for in the NIH-WT [7], increasing subject safety without
affecting the measurement.

In addition to validation and reliability studies, the GB has been placed in a variety of clinics
throughout the University Health system as part of standard of care. Most notably, the device
has been placed in a geriatric clinic, retirement community, and cardiac rehabilitation clinic.
These locations have helped in the design process by providing valuable feedback on device
ease of use as well as data reporting. The authors are working with a product development
company to produce a commercially available version of the device for sale to clinics and
researchers.

As described earlier, we have observed and research supports, that inconsistencies with
measurement techniques between the SPPB Guide and the NIH_WT and people
administering the procedures can contribute to measurement errors in walking speed.
Existing technology solutions are expensive and can be difficult to use and may not be able
to be fit to the available space in the clinic. These factors support and the results of this
validation study demonstrate that the GaitBox can serve as a low cost, easy to use device to
measure walking speed.

CONCLUSION

These results indicate the GB is a reliable and valid measure of clinical gait speed as
compared to the research grade measurement system (STS) for clinical populations and
healthy older adults. This device can be used as an alternate to high cost instrumented
devices or the human timer, with the goal of creating a consistent, accurate, and fast
measurement methodology for use in clinical and research environments.

This device also has the potential to have an impact as a passive gait speed monitor
observing changes in walking speed in a home setting. We are in the process of adapting the
system to act as a passive monitor at home which will allow for additional data points for at
risk and recovering populations. As gait speed measurements continue to become a vital part
of the standard of care, an accurate, simple, consistent, low cost alternative to gait speed
measurements by HT or research grade devices becomes increasingly important.
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Highlights
. GaitBox is a clinically accurate measurement tool for walking speed over 4
and 10 m
. GaitBox reduces potential human error associated with measurement
. GaitBox can be produced at a much lower price than other instrumented
techniques
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Figure 1.
GaitBox device showing components. Figure 1 shows an image of the GaitBox device

attached to a door.
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Figure 2.
Gait speed measurement setup, 4AMWT and 10MWT.
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Scatterplot of Gaitbox and Speedtrap
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Figure 3.
Scatterplot of GB and STS (Speedtrap) in Study 1 (Figure 3a) and Study 2 (Figure 3b).
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Bland-Altman Plot
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Figure 4.

Bland-Altman plot of GB and STS in Study 1 (Figure 4a) and Study 2 (Figure 4b).
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Table 1.
Characteristics of Study 1 and Study 2 subjects.
Study N Diagnosis Age (Mean + Male N (%) | Usual Gait Speed (GB) | Walked with Assistive
Group SD) (Mean + SD) Device N (%) [walker,
cane/crutch, other] *

Study 1 35 | NA 72472 26 (74%) 1.18+£0.19 m/s 4 (11%) [1,1,2]

Study 2 44 | SCI - 20, TBI - 15, 35.3+135 19 (43%) 1.39 +0.25 m/s 18 (41%) [5, 11, 2]

Unknown - 9

m/s = meters per second

SCI = spinal cord injury

TBI = traumatic brain injury

GB = GaitBox measurement data

*
some participants used multiple assistive devices
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