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Background: Facioscapulohumeral dystrophy (FSHD) is the third most common muscular dystrophy,
with para-spinal, trunk, and thigh muscles being affected earlier in the disease progression than
previously believed. Gait declines are a possible marker of disease progression of FSHD; however, gait
assessment typically requires patients to travel directly to a specific collection site. The introduction of
smart-phone applications to measure gait may be a viable way of tracking longitudinal gait decline in
FSHD. Yet, it is not established which gait tasks are appropriate for this unique and varying population.
Aim: This paper investigates if three commonly used gait tasks in FSHD are appropriate for use in an
at-home setting when collected using a smart-phone gait analyzer application.

Methods: Eight genetically confirmed FSHD individuals completed three gait tasks at-home using
a custom made smart-phone gait analyzer application. These included the most common gait tasks
reported in the FSHD literature (1) 12 consecutive walking trials over a ten-meter level surface, (2) six
consecutive walking trials across a ten-meter level surface in the morning and afternoon (a minimum
of 4 h between testing), and (3) ambulating for as long as they can for 6-minutes. Two repeated
measures ANCOVAs were used to examine velocity and cadence changes across the gait tasks while
controlling for shoe type, surface, and the use of an assistive device. Three Wilcoxon Signed Ranks
tests analyzed the delta self-reported fatigue score by each gait task.

Results: No significant difference was noted between the three gait tasks for gait velocity and cadence.
FSHD patients self-reported that the 6-min walk test was the most difficult, however, the delta fatigue
score was not different between the gait tasks but had a moderate effect size compared to the 12-m
conservative walking. This is most likely due to the small and heterogeneous sample size but indicates
the 6-min walk test may be more physically demanding.

Conclusion: Patients with FHSD can successfully complete varying at-home walking protocols
without eliciting a great deal of fatigue or significant change in spatiotemporal gait.

Relevance to Patients: These three gait protocols could be used interchangeably for the evaluation
of gait in FSHD at-home using the valid and reliable Gait Analyzer application. This will decrease the
travel requirements for patients to attend in-person gait evaluations for research and clinical studies.

1. Introduction

Facioscapulohumeral dystrophy (FSHD) is the third most common muscular dystrophy
affecting around 1:8300 — 15,000 people in the world [1]. Although their lifespan is
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generally not impacted by the disease, FSHD patients suffer
from slow progressive muscle weakness and loss of physical
abilities [1]. Per clinical reports, the initial onset of disease often
includes the facial, upper back, upper arms, and lower abdominal
muscles [1]. Lower extremities of FSHD patients are also now
a recognized aspect of disease pathogenesis, with muscle loss
commonly observed in the tibialis anterior, hamstring, calf, and
quadriceps muscle groups [1]. FSHD expressivity and penetrance
is highly variable and asymmetric, with the earliest symptoms
often going unnoticed and beginning in their early teens, followed
by recognition and diagnosis in the second decade of life for males
and the third decade for females [1]. Depending on age and disease
progression, FSHD patients may suffer from scapular winging, loss
of reachable space, abdominal protuberance, inability to perform
a sit-up, foot drop, tripping, frequent falls, lumbar lordosis, and
general muscle loss as well as other non-muscular symptoms [1].
The personal, social, and economic burden of this rare disease is
immense and there is currently no cure or treatment available for
FSHD patients [2]. However, clinical trials are underway and non-
invasive metrics to track disease decline and therapeutic efficacy
are sorely needed. One candidate marker is gait decline.

To successfully navigate their environment, individuals use a
locomotion strategy to ensure appropriate balance, weight-bearing,
and forward propulsion. Symmetry, timing, and mechanics
observed in individual gait patterns can be used to assess fitness,
strength, states of injury or repair, and even neurologic and muscle
dysfunction [3]. Recent MRI findings from FSHD patients suggest
that para-spinal, trunk, and thigh muscles are affected earlier in
the disease process than previously believed [4-7]. Weakness of
the trunk and lower extremity muscles, present in more than half
of FSHD patient participants [7,8], can influence the ability to
maintain an upright stance and perform locomotion [9,10]. This
muscular weakness is correlated to an increased risk (=5x) of
falling [11], leading to an elevated risk of injury and/or a fear of
falling [12]. Fear of falling results in decreased physical activity
and increased muscular disuse, subsequently reducing general
health and overall quality of life [3,12]. With additional information
regarding their gait pattern, FSHD patients may avoid or identify
strategies to overcome these impairments. This may reduce the
overall fear of falling and increase overall activity levels.

Many FSHD affected muscle groups are involved in gait
and several studies have reported a decrease in walking speed,
step length, step time, and step frequency in FSHD patients as
measured using motion capture systems [13-15]. These deficits
are characteristic of a more conservative gait strategy in an
attempt to reduce the risk of falling [16]. Unfortunately, clinical
spatiotemporal gait alterations appear to be dependent on disease
severity and may mask mild FSHD cases [15]. For example, those
that are categorized as having mild muscular weakness in the
pelvis or proximal legs based on the clinical severity scores (CSS)
23 of 30 were not different than healthy controls when assessed
using common baseline spatiotemporal gait characteristics [13].
Conversely, among those within the moderate (3.5 < CSS < 5)
muscular weakness classification, patients demonstrated an
approximate 60% reduction in walking speed and significantly

greater step time and reduced step length when compared to
healthy controls [15].

Recent developments using more functional assessments of
mobility, specifically the instrumented timed up and go (iTUG),
suggests that certain gait characteristics can distinguish between
mild and moderate classifications of FSHD compared to normative
data [17,18]. Unfortunately, patients can obtain acceptable results
during the iTUG even though their true functional capacity is
poor [19]. Other research has attempted to overcome this issue by
increasing the difficulty of over ground walking such as stepping
over an obstacle [8,15] or using more advanced technology like
force platforms to ascertain the lower-limb kinetics during gait
propulsion [3]. Stepping over an obstacle is not always safe for
participants and is at times nearly impossible for more advanced
cases of FSHD. Our recent study into FSHD gait metrics [20]
using Tekscan force pressure mats observed decreased cadence
and gait velocity in FSHD patients relative to age, sex, height,
and weight matched participants from the unaffected population.
Our study confirmed the findings from other research groups,
who used high-cost accelerometers and/or motion capture
technology [3,15,17,18], which indicates that certain gait metrics
are now measurable indicators of FSHD disease progression [18].
However, the cost of motion capture and force platform technology
is often high, it requires patients to travel directly to a specific
collection site, and it relies on highly trained personnel to run the
equipment and interpret the results. These barriers have led to
relatively low numbers of patients included in these studies and
a general lack of statistically significant data sets, particularly in
the younger and milder FSHD populations. Therefore, finding
a sensitive, portable, low cost, and reproducible method of
performing FSHD gait assessments, which can be performed
daily by individual FSHD patients without specialist supervision,
will greatly reduce the cost of performing this important clinical
outcome measure.

Modern smartphones are used by approximately 45% of the
world’s population [21] and are fairly accurate, depending on the
internal accelerometers, in tracking gait features [22,23]. The Gait
Analyzer [24] created by Control One LLC, has gained popularity
as published research indicates it can accurately track gait of
pathological and older adult populations [24-26]. This application
was recently validated against a gold standard gait mat [26],
acceptable levels of intrarater and interrater reliability [22], and
sufficient validity when compared to motion capture [22]. To
overcome the barrier of patient travel and to reduce the overall cost
of potential clinical trials, it is important to use technology such
as the Gait Analyzer to track gait performance at-home. However,
this application has yet to be explored in this population alongside
the lack of which gait task is the safest and most effective to
monitor gait performance.

The purpose of this study was to analyze three commonly
used gait tasks reported in the FSHD literature for use in an at-
home setting for FSHD patients using a custom gait analyzer
application, Gait Analyzer. It was hypothesized that the gait tasks
would not change the spatiotemporal characteristics, specifically
gait velocity and cadence. It was further hypothesized that fatigue
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would vary by gait task and the 6-min walk test would elicit the
greatest overall fatigue.

2. Methods
2.1. Participants

Eight (three female; total sample average age = 57 + 16 years)
genetically confirmed FSHD individuals participated in this study.
Participants were included based on a familial FSHD1 or FSHD2
genetic diagnosis with confirmed 4qAD4Z4 contractions of nine
repeat units and below (FSHD1) or SMCHD1 mutation (FSHD?2)
along with patient reported clinical symptoms. In addition,
participants self-reported the diagnosis of FSHD through a trained
clinician alongside the genetic testing. All participants self-
reported that they were mostly active, could easily navigate their
home environment, and were able to walk 6-mins continuously.
All participants had to be free of lower extremity injury during
the past 6-months, existing neurological disorder, and were able
to complete the 3-week walking protocol. Participants were
allowed to use assistive devices during the walking tasks such as
ankle-foot-orthotics, single-arm crutch, cane walker, or similar
devices. Participants were excluded if they used a walker, bilateral
crutches, or did not have any self-reported clinical symptoms.
All participants provided written informed consent to the study
procedures, which was approved by the University’s Institutional
Review Board, before enrollment in the study.

2.2. Procedures

2.2.1. Gait tasks

Participants were mailed an Android LGK20 smartphone that
was pre-loaded with a custom Gait Analyzer application and an
adjustable activity belt (Rino Valley Running Belt Waist Pack).
This application is commercially available for other populations,
but with the unique needs of FSHD patients, the application
was custom built for this study. Once the phone was received,
participants were instructed to securely fashion the phone within
the activity belt snugly across their waist at L3 or L4 while they
performed the three walking tasks at random for 5 of the 7 days
during the next 3-weeks. These included:

(1) Task 1 — 12 consecutive trials over a 10-m level surface
(T1) [3,19]

(i) Task 2 — six consecutive trials of ten meters level surface
in the morning and afternoon (a minimum of 4 h between
testing) (T2) [17,18]

(iii) Task 3 —ambulating for as long as they can for 6-min (T3) [19]

Participants were instructed to rest between trials if needed;
however, they were asked to consistently walk for 6-mins if able.
For T1 and T2, participants started and stopped from a resting
state between each trials. The resting state between trials allowed
for the application to manually determine the end of a trial after
a 3-s pause. Participants were asked (1) how they felt (Fatigue
Scale [27]) before and after the protocol on a scale of 0 to 10, (2)
the surface that they walked on, (3) shoe type, (4) what type of
assistive device (if any) they used, (5) did they stop during the

trials, if so how long and how many times, (6) did any adverse
events occur during the trials such as cramps or loss of breath,
and if so the precise nature and description of the adverse event,
and (7) the last time they ate a meal. For the walking surface, shoe
type, and assistive device, the application allowed them to take a
picture of each to be stored which was analyzed by the research
team along with recorded answers to the questions. Before any
testing, the participants met with one of the researchers through
video conferencing software to discuss the procedures, and fit
of the device, perform a series of practice gait tasks, and answer
any/all questions. Each participant verbally stated that they
felt comfortable with the procedures and application after the
researchers carefully watched/evaluated their practice gait trials
through video conference. Furthermore, the leg length, which
was measured from the medial malleolus to the anterior superior
iliac spine, was acquired for each participant during this meeting.
Each week, a phone call and email reminder were sent to each
participant to check on their progress along with answering any
questions. After the testing protocol, the research team met with
the participants again to discuss the testing protocol and receive
any/all feedback.

2.3. Epigenetics

Saliva samples were collected by mail, returned, and
deidentified. Genomic DNA was prepared, bisulfite converted,
and assayed using our FSHD epigenetic analysis to determine the
DNA methylation of the shortest 4q35 D4Z4 array (DRA: D4Z4
reduced allele), as described [28]. Everyone has two chromosome
4s,and in FSHD1 only one is contracted. We assayed the epigenetic
status for both the contracted and non-contracted chromosome 4s.
With our assay, producing two distinct epigenetic pools, one the
contracted array and one from the non-contracted array. Using the
first quartile (Q1) methylation percentage, we are assessing the
methylation level at 50% of the contracted chromosome 4q D474
arrays [28,29].

2.4. Data analysis

The “Gait Analyzer” application provided real-time gait
spatiotemporal computations, with results saved to a tab-
delimited file on the phone following the completion of each
walking trial. Online calculations of step time, step length, gait
velocity, and cadence were computed as previously described
using each step [22]. This application has high intrarater and
interrater reliability [22], sufficient validity when compared to
motion capture [22], and high validity and good to high test-
retest reliability [26]. Specifically, tri-axial accelerations, which
were collected at the smartphone’s maximum sampling frequency
(Android: SENSOR DELAY FASTEST; 95-105 Hz range),
were resampled to 100 Hz, to ensure a constant sampling rate.
The tri-axial acceleration data were filtered using a 4" order
low-pass Butterworth filter with a 20Hz cutoff frequency, and
AP accelerations further filtered using a fourth order low-pass
Butterworth filter with a 20Hz cutoff frequency. Heel strikes were
identified based on positive peaks in the AP direction, with step
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time (S7) calculated as the time difference between these steps.
The step length (SL) was computed as

L=2%%2%h*1—h?) (Eq. 1)

Where £ is the change in vertical position and /is the participant’s
leg length. The change in vertical position was calculated by
double integrating the vertical acceleration, and subsequently
filtering the result using a fourth order high-pass Butterworth
filter with a 0.1 Hz cutoff frequency to remove integration drift
across each step cycle. Step velocity (SV) across each step / was
computed as

SL,
SV, ==

Eq.2
ST (Eq.2)

With gait velocity reported as the average step velocity across
all steps. Cadence was computed as the quotient of the number of
steps and the total trial time, in units of steps/min.

For the recorded images, all participants’ footwear was coded
as tennis shoes, boots, sandal, or misc. (i.e., loafers or boat
shoes) [30-32]. Walking surfaces were coded as concrete or wood
surface [30]. Each participant was instructed to walk using the
same footwear and surface across each trial if possible. During
the task, we could not remove gait initiation and termination from
the data due to ecological validity concerns. Prior research has not
removed these gait characteristics and the research team felt it was
important to keep them within the dataset [24-26].

2.5. Statistical Analysis

Each gait task trials across the 5 days were ensemble averaged
by each week (T1 = 60 trials, T2 = 60 trials, and T3 = 5 trials that
were ensemble averaged) for an overall velocity, cadence, and delta
fatigue score (post-pre). Descriptive statistics were calculated for
all three variables (velocity, cadence, and delta fatigue score) to
create a direct comparison of mean and standard deviation along
with the assessment of the normality of the data using skewness
and kurtosis. If any variable was £2.0 for skewness or kurtosis,
it was considered abnormally distributed. From the descriptives,
the data velocity and cadence data were considered parametric
and without influential skewness while the delta fatigue score
was skewed. Two repeated measures ANCOVAs were run to
examine velocity and cadence changes across the gait tasks while
controlling for shoe type, surface, and the use of assistive device.
Three Wilcoxon Signed Ranks tests analyzed the delta self-
reported fatigue score by ecach gait task. All statistical analysis
was performed by creating a model in Statistical Package for the
Social Sciences (SPSS IBM, Armonk, NY 2019) with an a priori
alpha of 0.05.

3. Results

Across all the walking conditions, 12.5% of participants used
tennis shoes, 50.0% used boots, and 37.5% wore miscellaneous
shoe types. About 62.5% of the participants performed the gait
tasks on concrete while 37.5% walked on a solid wood surface.
Finally, 62.5% did not use an assistive device while 37.5% used

both an ankle foot orthotic and/or a walking cane. No participants
used any type of crutches and no participants reported needing to
rest between trials. All participants had eaten before the walking
tasks, reported no adverse events, and successfully completed all
gait tasks (5 consecutive days for 3 weeks). All eight participants
had genetically confirmed FHSD 1 and levels of DNA methylation
consistent with FSHD (Q1 methylation ranges: 3.6 to 11.7; 4A or
4A/B).

3.1. Gait velocity

For gait velocity, there was no significant effect of time
(F(,5) = 1.038,p=0.454,m>=0.409), no significant interaction for
time*shoe type (F(,5) =1.508, P=0.352,11>=0.501), no significant
interaction for time*walking surface (F(,;) = 0.021, P = 0.980,
1n?=0.412) and no significant interaction for time*assistive device
(F(,5) = 0.052, P = 0.950, n* = 0.034) (Figure 1). Overall, these
results suggest that gait velocity did not change by the varying gait
tasks when controlling for shoe type, walking surface, or assistive
device.

3.2. Cadence

For cadence, there was no significant effect of time
(F(,5) =0.213, P=0.819, n* = 0.124), no significant interaction for
time*shoe type (F(,;) = 0.050, P=0.952,* = 0.032), no significant
interaction for time*walking surface (F(,;) = 0.213, P = 0.820,
1? = 0.124), and no significant interaction for time*assistive device
(F(,3) = 0.239, P = 0.801, n* = 0.138) (Figure 2). These results
suggest that gait cadence did not change by the varying gait tasks
when controlling for shoe type, walking surface or assistive device.

3.3. Fatigue Score

For the fatigue score, there was no significant difference when
comparing T1 to T2 (P = 0.109, Cohen’s d = 0.71), T2 to T3
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Figure 1. Gait Analyzer App average FSHD patient gait velocity by
gait task. No statistical difference between the FSHD gait tasks was
observed. These data are approximately a 33% reduction in gait velocity
compared to normative data. T1 = 12 trials of 10 m, T2 = six trials of

10 m in the morning and afternoon, T3 = 6-min walk test.
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(P=0.144, Cohen’s d = 0.62), and T1 to T3 (P = 0.500, Cohen’s
d = 0.17) (Figure 3). These results suggest that fatigue score
did not change across the gait tasks, however, participants who
reported fatigue indicated on an individual level that T2 elicited
the least amount of fatigue followed by T1 and then T3.

4. Discussion

The purpose of this study was to analyze three different at-
home gait tasks for use within FSHD patients using a custom gait
analyzer application with the long-term goal of assessing gait as
an outcome measure for FSHD clinical trials. The results suggest
that gait velocity, cadence, and fatigue score do not change by
the type of gait task. The most important findings of this article
indicate that the Gait Analyzer application can measure FSHD
gait at-home and the three most common gait tasks used in FSHD

ns
110
:'a_;‘ I I e T1
E - m T2
‘e 100 B
@ L T3
&
1;;’ 90 i
(]
2 80-
[}]
T
8 - .
70 T
Trial Type

Figure 2. Gait Analyzer App average FSHD patient cadence by

gait task. No statistical difference between the FSHD gait tasks was
observed. T1 = 12 trials of 10 m, T2 = six trials of 10 m in the morning
and afternoon, T3 = 6-min walk test.
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Figure 3. Average delta fatigue score by gait task. No statistical
difference was noted between the gait tasks; however, T1 compared
to T3 demonstrate a moderate effect size (Cohen’s d = 0.41). T1 =12
trials of 10 m, T2 = six trials of 10 m in the morning and afternoon,
T3 = 6-min walk test.

research can be used interchangeably. Finally, it is not necessary
to have those with FSHD perform taxing gait tasks, like the 6-min
walk test, when they can perform more simple and less difficult
gait tasks. This is important as at-home gait tasks should be some-
what challenging, flexible, safe, and require as little effort from
FSHD patients as possible to complete and reduce fall risk. Finally,

The gait velocity in the present study was slower than normative
data for usual gait speed [33] across all the varying gait tasks. This
is not surprising given the self-reported clinical presentation of
symptoms reported by the patients and the diagnosis of FSHD.
These data are similar to other findings in FSHD [3,15,17,18]
that demonstrate slower gait velocity and increased cadence
associated with FSHD. The declines in gait can be mainly
attributed to dystrophy of the para-spinal, trunk, and thigh muscles
which are affected earlier in the disease process than previously
believed [4-7]. This influences the ability to maintain an upright
stance, perform locomotion and is related to increased risk (5x)
of falling. Our research suggests that FSHD can perform either of
the gait protocols without inducing significant fatigue while the
gait outcomes are relatively stable. These data provide a model
for expansion research in a wider age range, onset of the disease,
and clinical severity.

For T1, the data were similar to prior research with a slightly
slower velocity (=0.98 m/s compared to 0.92 m/s) but a similar
cadence [3,19]. The slower velocity could be attributed to some
participants using assistive devices along with not cropping
the data during gait initiation and termination. For T2, the data
followed a similar trend for T1 but mimicked data observed using
a shorter (7-meter) timed-up-and-go task [17,18]. T2 did elicit
the least amount of fatigue score and could be a viable measure
for those with higher clinical severity or older FSHD patients.
Finally, during T3 slower gait velocity and reduced cadence were
observed when compared to T1 and T2, however, this change
was not significant. Clinically, T1 to T3 had a moderate effect
size (Cohen’s d = 0.42) while multiple patients self-reported
T3 as being the most challenging and difficult of the protocols
to complete. The 6-min walk test may be more appropriate for
less affected FSHD patients but should elicit similar results to T1
and T2. It is the author’s expectation that with a larger sample
size and less heterogeneous population, the 6-min walk test self-
reported delta fatigue score effect size would reduce. However,
the moderate effect size should not be ignored, as it is a warning
to clinicians that the 6-min walk test is physically demanding
and could be unsafe for more affected FSHD patients. This study
included individuals who could complete the 6-min walk test
safely unsupervised by the study team. Future research should
carefully consider if this test is necessary and appropriate due to
the potential fall risk when not conducted in a highly controlled
environment.

4.1. Limitations

Limitations to the present study included a small sample size
and the inclusion of a wider range of patients (18 to 64 years of
age). This can influence the spatiotemporal gait characteristics as
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it changes over time and within age groups. However, each patient
was symptomatic and self-reported notable declines in overall gait
function due to the disease. In general, adherence to longitudinal
protocols like this study are extremely challenging within disease
populations. These data may demonstrate how through the use of
a smartphone device, it might be possible to reach larger groups of
at-risk and vulnerable patients, who would otherwise not be tested.
We had no ability to control the patient’s current athletic ability
including weekly exercise programs and it is possible that some
individuals lead healthier lifestyles. In addition, if the participants
were not actively exercising this at-home walking protocol may
have promoted physical activity and increased their gait capacity
over time. The use of numerous trials for each protocol may have
washed out any increase in gait capacity. Our future research will
pursue a standard exercise protocol and/or an exercise log to track
exercise capacity to control for exercise and reduce it as potential
confounder in statistical analysis. Finally, the inclusion of gait
initiation and cessation data will decrease the overall gait velocity
and increase the cadence but the data in this present study were
very similar to existing research in FSHD populations.

5. Conclusions

Patients with FHSD can successfully complete varying
walking protocols at-home without eliciting a great deal of fatigue
or significant change in spatiotemporal gait. These three varying
gait protocols could be used interchangeably for differing FSHD
clinical severity. It is important to consider what is ideal for each
FSHD patient given the progression of their disease; however,
this study provides a preliminary survey of numerous commonly
used gait tasks for this particular population with the inclusion of
their particular walking aids. The future research will assess if gait
mechanics change over time relative to disease progression and if
gait can be used as a relevant outcome measure for drug efficacy
in clinical trials.
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