Experimental
Translational
Clinical

Original Research Article

Multiple Sclerosis Journal—
Experimental, Translational
and Clinical

April-June 2025, 1-10

Assessing fall risk in multiple sclerosis using
patient-reported outcomes and wearable
gait metrics

DOI: 10.1177/
20552173251329825

© The Author(s), 2025.
Article reuse guidelines:
sagepub.com/journals-
permissions

Samantha A Banks {2/, Charles L. Howe, Jay Mandrekar, Omid Jahanian (l2/, Sean J Pittock .2/,
Farwa Ali, Jessica A Sagen, Robert Spence III, Kellie A Gossman, Matthew R Baker,
Eoin P Flanagan (2, Orhun H Kantarci, B Mark Keegan and W Oliver Tobin

Abstract

Background: Falls in people with multiple sclerosis (pwMS) lead to morbidity and expense.
Objective: Identify clinical metrics associated with falls.

Methods: Eighty-six pwMS completed fall surveys, timed 25-foot walk (T25FW), and motion analysis
with Clario Opal devices. Logistic regression models were created.

Results: Median age was 54.5 years (range 21-73), 62% (53) were female. The cohort included 58% with
relapsing (50) and 42% with progressive MS (36). Those who reported falling in the last year were older
(median age 58 vs 52.5, p =.03) and had a higher Patient Determined Disease Step (PDDS) score (median
3 vs 1, p<.0001). Falls were associated with worse balance metrics including sway area (median 2.3
degrees” vs 1.2, p=.01), jerk (median 3.3 m?/s> vs 1.6, p=.005), and slower T25FW (median 11.5s
vs 8; p<.0001). A multivariable regression model based on gait aid use and T25FW time >10.8 s (c=
0.80) was derived. Having both features portended a probability of falling of 0.97, while having
neither, a probability of 0.26.

Conclusions: Falls in pwMS are more frequent in patients who are older, have higher PDDS, slower
walking, and worse balance. Gait aid use and T25FW >10.8 s were strongly associated with falls in the
past year.
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Introduction

People with multiple sclerosis (pwMS) are at high risk
of falls, with estimates between 50% and 75% of
pwMS falling annually." Falls lead to injury, decreased
mobility and reduced quality of life." Identifying
patients at greatest risk of falls represents an important
area for intervention.” Prior studies have shown that fre-
quency of falls in clinical documentation is underesti-
mated by about half,>* demonstrating the importance
of developing predictive clinical tools. Currently, the
optimal method for predicting and risk-stratifying
patients who may have falls is not yet determined. Fall
surveys,” disability scores,’ and detailed gait and
balance testing” have all shown promise but each has

a differential potential benefit in terms of time, cost,
and accuracy. Wearable devices are of interest as they
offer objective, quantitative, and replicable data that
have extensive potential for the study of MS.5'?
Wearable devices may be a useful tool in fall risk strati-
fication and developing specific interventions based on
detailed gait metrics.>'® The Clario Opal device, previ-
ously called APDM (Clario wearable technologies,
Philadelphia, USA), is an inertial measurement unit
device that uses a triaxial accelerometer, gyroscope,
and magnetometer that can be customized with different
setups depending on measurement needs. The Opal
device has been demonstrated to reliably measure gait
and balance,14 and has been useful in fall risk
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Figure 1. Methodology of survey and gait assessments. At the time of the assessment patients (1) completed surveys of fall
history and patient determined disease steps (PDDS), (2) completed two trials of the timed 25 foot walk test, and (3)
wearable gait assessment while wearing Opal device over the wrists (2), ankles (2), chest (1), and lumbar back (1).

assessment in Parkinson’s disease,'” and progressive
MS gait metrics.'® A recent study has used this device
to evaluate fall risk longitudinally in patients with MS,
finding ankle plantar flexion to be an important
metric,'” however this design had limited ability to
measure balance using only ankle sensors. Measures
of balance, including postural sway and jerk, may be
more useful for assessment of fall risk. Jerk, a measure-
ment of postural stability measured as the rate of change
in acceleration over time (m?/s°), and sway have been
shown to account for much of the measurable differ-
ences in balance in pwMS,'® and may be improved
with rehabilitation programs.'® In this study, we used
a multimodal approach with surveys, traditional mea-
sures of walking speed, and in clinic gait analysis
using a six sensor Opal system to characterize a
cohort of pwMS and identify clinical metrics associated
with falls.

Methods

Patient identification

This study was approved by the Institutional Review
Board of Mayo Clinic, Rochester, Minnesota
(Institutional Review Board 08-007846), and all
patients gave written consent for the use of their
medical records and gait analysis for research pur-
poses. Patients seen in the MS clinic at Mayo Clinic
in Rochester, MN with a diagnosis of MS were
offered enrollment into the Center for MS and
Autoimmune (CMSAN) biorepository with wearable
gait assessment (Figure 1). A total of 86 pwMS
were enrolled that had survey and gait assessment
completed, all patients were included.

Survey evaluation
Patients filled out surveys using tablet devices at the
time of gait assessment. Surveys included Patient

Determined Disease Steps (PDDS)**%* (https:/www.
narcoms.org/_files/ugd/826c66_b39d4958805541efbd
f3dd2b81ec80d5.pdf) and quantification of falls in the
last year. Patients were asked if they had fallen in the
last year, and falls were reported as: none in the last
year, less than once per month, 1 per month to 1 per
week, or more than 1 per week.

Gait assessment

Participants completed two trials of a timed 25-foot
walk (T25FW) assessment with patients instructed
to walk at their natural pace in comfortable shoes.
The fastest of the two trials was analyzed. Patients
then completed one trial of gait and balance tasks
on a firm surface while wearing Opal V2R Devices
(Clario, Philadelphia, USA), including: (1) standing
with feet apart eyes open, (2) standing with feet
apart eyes closed, and (3) stand up and walk
(SAW). Patients were monitored for 30 s while stand-
ing quietly with feet 15 cm apart and their hands on
their hips with eyes open and closed on a firm
surface. During the SAW trial, the patients started
standing, upon hearing a tone they were directed to
walk at their natural pace and walked 10 feet until
reaching a marker on the floor, turned 180 degrees,
returned and walked 10 feet back, and repeated this
cycle.

Opal devices were placed over the sternum (one
sensor), lumbar back (one sensor), bilateral wrists
(two sensors), and feet (two sensors) (Figure 1). The
Opal device includes an accelerometer with a
dynamic range of +200 g, gyroscope with range of
+2000°/s, magnetometer with range of +8 Gauss,
and barometer with range of 300-1100 hPa. Gait
metrics were recorded at a sampling rate of 128 Hz
in Mobility Lab software version 2 (Clario,
Philadelphia, USA) and processed according to

www.sagepub.com/msjetc
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provided program specifications which uses data from
all sensors to create a three-dimensional motion matrix
to calculate gait parameters. During the quiet standing
tasks, sway area (degrees2) and jerk (m?/s”) were eval-
uated. SAW metrics evaluated included lower limb gait
speed (m/s), and lower limb double support time (as a
percentage of gait cycle time). The faster leg was used
for analysis of speed. Gait testing was performed with a
gait aid in those who required it to safely complete
these tests (unilateral, n=6; bilateral, n=3; all who
had fallen in the last year). Devices are calibrated
monthly and additionally as needed if device error
occurs according to device specifications.

Statistical analysis

Continuous variables were analyzed with Wilcoxon
rank sum and categorical variables with chi square
tests. All tests were two-sided and p-values less than
.05 were considered statistically significant. We
used univariable and multivariable logistic regression
analyses with falls in the last year as a binary outcome
to assess the associations with predictor variables.
The area under the receiver operating characteristic
(ROC) curve was estimated as the ability of the
model to discriminate between individuals who fell
in the last year and those who did not. An area
under the ROC estimate of 0.7-0.8 was regarded as
acceptable, 0.8-0.9 as excellent, and more than 0.9
as outstanding.”* We used ROC curve analysis to
identify the cutoff to dichotomize T25FW time. A
PDDS cutoff of 3 or less (no gait aid) and 4 or
more (gait aid) was used for binomial review.
Analysis was performed with SAS software version
9.4 (SAS Inc., Cary, NC).

Data availability
Anonymized data used for this study are available from
the corresponding authors on reasonable request.

Results

Patient characteristics

The cohort included 86 pwMS, including 42 (49%)
who reported falling in the last year (Table 1). The
median age at time of assessment was 54.5 years.
The cohort mostly included white non-Hispanic
patients (95%). Those who had fallen were more
likely to be older (58 vs 52.5 years, p =.03), have pro-
gressive MS (62% vs 23%, p=.0002) and have
higher PDDS (median 3, (range 0-7) vs 1, (range
0-4), p<.0001). Among this cohort of pwMS, 43%
of those who had fallen used a gait aid (18/42), com-
pared to only 2% who had not fallen (1/44, p <.0001).

Gait metrics

Gait metrics are summarized in Table 2. T25FW was
slower in those who had fallen in the last year than
those who had not (median 11.5 s, IQR 8.9-19.3 vs
median 8, IQR 6.8-9.3, p<.0001) (Figure 2).
Measures of balance were worse in those who fell
including sway area with eyes open (2.6 degrees” vs
1.1, p=.02) (Figure 3), sway area with eyes closed
(2.3 degrees” vs 1.2, p=.01), and jerk (3.3 m%/s’ vs
1.6, p=.005). Gait speed was slower in patients
who fell (0.9 m/s vs 1, p=.001), and double
support time was greater (27% vs 23%, p =.0006).

Clinical and gait factors associated with falls
Regression models were created to assess strength of
association with falls (Table 3). A univariable model
based on numerical PDDS score was strongly asso-
ciated with falls (c=0.86), and when combined
with numerical T25FW time it improved the model
(¢=0.90). When all Opal metrics were combined
into the model, the strength of the model only
improved slightly (c=0.92), but overfit the model
for the sample size available. ROC curve was used
to determine an optimal binary cutoff of T25FW for
association with falls (Figure 4), with a cutoff of
10.8 s chosen which optimized sensitivity and specifi-
city. A final binary model using the presence of gait
aid (PDDS <3 vs >4), and T25FW time of 10.8 s
(<10.8 s vs >10.8) was strongly associated with
falls (¢ =0.8, Figure 5). Among 15 patients who had
both features, 14 (93%) fell in the last year. In con-
trast, of 55 patients with neither of these features,
14 reported falls in the year prior (25%).

Discussion

This study demonstrates that older age, a progressive
disease course, slower walking speed, poor balance,
and the use of a gait aid are strongly associated with
recent falls in pwMS. Advanced gait analysis demon-
strated differences in balance metrics and speed, but
did not add to the predictive value of these key clin-
ical features, as the association was so strong. A stat-
istically strong binary model for fall risk was chosen,
as it balanced both statistical significance, and simpli-
city to integrate into a clinical setting (use of gait aid,
T25FW time). When more advanced tools with wear-
able gait metrics were added into the model, this min-
imally improved the strength of the model but
increased the time and cost of the assessment.
Further studies are needed to understand the added
value of wearable analysis in other important clinical
questions, including documenting progression and
recovery in MS.
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Table 1. Demographic and clinical features.

Wearable gait metrics provide insight into the
underlying mechanisms of falls in pwMS, particu-
larly deficits in balance and speed. Gait testing
was consistent with prior studies which reveal that
pwMS who fall typically have a slower walking
speed,”?>2° and worse measures of balance with
elevated double support time and sway
meaures.”®?” Prior studies have also found associ-
ation with cognitive impairment, spasticity,
urinary incontinence, and fatigue that likely con-
tribute to falls in pwMS.'

This predictive model of falls supports prior research
that demonstrate the utility of gait and balance metrics

and disability status in predicting falls'”'*>** and pro-
vides novelty in directly comparing these different
modalities. A prior study found sway measurements
to be associated with fall risk, but did not compare
to survey or measurements such as T25FW.%® Our
study did not find the wearable measures of balance
and gait were more associated with falls than the
gross measures of function (presence of gait aid,
T25FW time). This is similar to prior meta-analysis
that showed fallers have worse measures of balance,
but did not reliably predict falls.>” We hypothesize
this is because falls occur due to the interaction and
dysfunction of multiple factors, that are most accur-
ately assessed in tests of overall motor function. It

www.sagepub.com/msjetc



Table 2. Gait metrics.
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Figure 2. Gait and sway measurements compared in patients who fell in the last year and those who did not. (A). Timed
25-foot walk time (s) of the fastest of two trials compared in those who did not fall in the last year (median 8, IQR 6.8-9.3)
was faster compared to those who did (median 11.5 s, IQR 8.9-19.3, p<.0001). (B). Double support time was greater in
those who had fallen (median 27%, IQR 24-33) compared to those who had not (median 23%, IQR 21-27; p =.0006). (C).
Sway area with eyes open was greater in those who had fallen (median 2.6 degrees?, IQR 1.1-6.6) than those who had not
(median 1.1 degreesz, IQR 0.7-2.3, p=.02). (D). Sway area with eyes closed was greater in those who had fallen (median
2.3 degrees®, IQR 1.4-9.6) than those who had not (median 1.2 degrees?, IQR 0.7-2.6, p=.01).

would be worthwhile to compare the sensitivity of
these tasks with wearable monitors to more challen-
ging balance tasks,® but the more challenging tasks
may not be feasible to integrate into clinical practice.

Other methodology of measuring postural sway and
gait metrics should be explored in future work.?’
Prospective validation of this model is important as
patients may under or over recall falls

www.sagepub.com/msjetc
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Figure 3. Lumbar sway tracings with feet apart eyes and open. Sway tracings from individuals measured on Opal device
placed over lumbar region as measured in the transverse plane in patients standing on a firm surface with feet apart and eyes
open shown in black, with the patient’s average shown in blue. Green oval shows healthy control average data provided by
Clario. Selected patients represent the median and interquartile range of those who did not fall (A—C, median 1.1 degrees?,
IQR 0.7-2.3) and those who did fall (D-E, median 2.6 degrees?, IQR 1.1-6.6, p=.02).

retrospectively,®' and to evaluate the strength of these
factors compared to the history of falling itself.’
Further work to understand falls in pwMS who use
gait aids, specifically exploring if patients have falls
while using the gait aid or under other conditions
may help to direct rehabilitation strategies.*

This fall prediction model has the potential to be inte-
grated in clinical practice. The United States
Preventative Task Forse, a panel of experts that
gives recommendations for preventive medicine,
recently published updated recommendations for
interventions for community dwelling individuals
over the age of 65, recommending exercise interven-
tions in those at risk, and to consider multifactorial
intervention.> However, consensus guidelines for
fall prevention in MS do not yet exist as the optimal

interventions for pwMS are yet to be determined.**
Interventional studies for fall prevention in MS to
date have had variable results,***> possibly related
to inconsistent outcome measures. In our practice,
we favor a multifactorial intervention approach.**
We refer most patients to our rehabilitation team to
ensure optimization of gait aids, spasticity manage-
ment, and create an individualized exercise plan.
We work to minimize polypharmacy and educate
patients and families on fall prevention. We also rec-
ommend working with primary care to ensure other
comorbidities such osteoporosis and need for blood
thinners is assessed to reduce associated morbidity.
In the future, remote monitoring of falls in
pwMS™'? may improve clinical care and serve as a
reliable outcome metric in fall-prevention trials in
pwMS.
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Table 3. Univariable and multivariable regression models.
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Figure 4. Timed 25-foot walk receiver operating characteristic curve. A time of 10.8 s was optimal cutoff for optimizing
both sensitivity (52.8) and specificity (97.7).
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Use of Gait Aid
[ ) °
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Timed 25 ft Walk Timed 25 ft Walk
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0.81 0.97
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Figure 5. Fall risk decision tree. Clinical tool for assessment of probability of fall based on binary use of gait aid (yes, no)
and timed 25-foot walk test (<10.8 s, >10.8 s). Clinicians may interpret that patients with both characteristics had 97%
probability of falls in the last year, while those with neither had a 26% probability. Area under curve of the model was 0.8,
considered an excellent model. Clinicians may integrate this model into clinical practice to identify patients who should

receive fall-prevention strategies.

This study is limited as all patients were evaluated at
one site, but this allowed for consistency of gait meth-
odology between examiners. The cohort included
mostly white non-Hispanic patients, validation to a
cohort with other ethnicities will be important. Some
patients required a gait aid to complete the testing
safely, this allowed for measurement of the patient’s
optimal gait performance. This may have caused
underestimation of the differences in balance and
speed and contributed to the decreased predictive
value of the wearable assessment for falls. The sway
area with eyes open was greater than with eyes
closed in those who had fallen, we suspect this may
have been impacted by the order of the testing that
patients performed or the need for a gait aid.

This study showed that older age, progressive disease,
greater disability, slower walking speed, and worse
balance metrics are all associated with falls in pwMS.
A clinically applicable model using binary presence
of gait aid and T25FW time >10.8 s was strongly
associated with falls. Validating this model with pro-
spective fall monitoring and quantification, obtaining

information regarding conditions around falls, and
including diverse populations, will improve the clinical
utility. Further studies are warranted to determine the
optimal interventions in patients at risk.

Data availability

Anonymized data used for this study are available from the
corresponding authors on reasonable request.
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