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Abstract

Persons with multiple sclerosis (PwMS) have high fall risk due to altered balance. To measure
dynamic balance during walking, margin of stability (MoS) examines how the extrapolated center
of mass moves relative to the base of support. This study investigates how MoS is affected in
PwMS during walking at preferred, slow, and fast speeds, as well as the relationship between MoS
and the Expanded Disability Severity Score (EDSS), fall history, and self-report balance
confidence questionnaire. MoS was evaluated in PwMS without clinical gait impairment (MS1;
n=20), PwMS with clinical gait impairment (MS2; n=20), and age-matched healthy controls (HC)
(n=20), in the anterior/posterior (AP) and medial/lateral (ML) direction at heel strike and
midstance. In the AP direction, MS2 had a higher MoS than HC (p<0.001) and MS1 (p<0.001) at
heel strike and midstance. In the ML direction, MS2 had a higher MoS than HC (p<0.001) at heel
strike only. At midstance, slow pace had a lower MoS than preferred pace (p<0.001) and fast pace
(p=0.007). Compared to HC, PwMS walk slower which increases their AP MoS. In the ML
direction, slow walking causes lower MoS at midstance, so PWMS increase their MoS by taking
wider steps. AP MoS correlated with EDSS (p=0.008) and number of falls (p=0.001), and ML
MoS correlated with number of falls (p=0.027). Walking slower, with shorter step length, and with
wider step widths increases MoS for PwMS but may be a poor adaptive gait strategy since falls
still occur.
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1. Introduction

Multiple Sclerosis (MS) is an autoimmune disease which results in progressive
demyelination of axons and causes symptoms including limb weakness, gait ataxia,
spasticity, depression, and vertigo (Noseworthy et al., 2000). Approximately 400,000 people
in the United States and 2.1 million worldwide have MS (Campbell et al., 2014). More than
half of adults with MS experience falls, with about half of these falls resulting in injury
requiring medical attention (Peterson et al., 2013). In a study comparing fall occurrences in
over 350 persons with MS (PwMS) balance was one of the most common attributing factors
(41.5%) (Peterson et al., 2013) and these falls lead to high healthcare costs and a low health-
related quality-of-life (Campbell et al., 2014). In order to understand the movement
characteristics which result in PwMS having increased fall risk, it is necessary to
characterize their dynamic stability during walking.

While many studies have evaluated gait patterns in PwMS, most of these studies focus only
on lower extremity motion or only on trunk motion. Compared to healthy controls, PwWMS
have gait alterations characterized by a decreased walking velocity, shorter stride length,
prolonged double support time, and wider step width (Sosnoff et al., 2012). Along with
altered stepping patterns, PwMS have a more regular and repeatable step width and length
compared to controls, reflecting poor adaptability (Kaipust et al., 2012). Compared to
healthy controls, PwMS also have altered trunk kinematics during gait, which is
characterized by an increased range of motion in the lateral and transverse planes (Spain et
al., 2012), and by both less periodic and more divergent variability, particularly in the
medial/lateral direction (Huisinga et al., 2013). Trunk motion is a good approximation of
center of mass (CoM) motion (Moe-Nilssen and Helbostad, 2002), suggesting that PwMS
have poor control of their CoM during walking. Looking at both footfall information and
trunk motion during gait in PwMS may help to identify dynamic stability features that
indicate an individual’s fall risk.

Dynamic stability during gait can be measured by Margin of Stability (MoS) which
evaluates the motion of the CoM relative to the base of support where the base is defined by
foot placement (Hof et al., 2005). Stability is defined as maintaining the whole body’s CoM
within the limits of the base of support. In dynamic situations such as gait, the velocity of
the CoM must be taken into account (Pai and Patton, 1997). MoS is based on a model of a
single degree of freedom inverted pendulum rotating about the ankle joint, with the ground
reaction force acting at the AP or ML edge of the foot, and defining the system as stable
when the CoM is kept within the limits of the base of support. Specifically, MoS is the
distance between the ‘extrapolated center of mass’ and the edge of the base of support (Hof
et al., 2005). The extrapolated CoM incorporates the CoM position and velocity which better
represents the CoM’s kinematic state (Hof et al., 2005). Increasing or decreasing gait speed
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should affect MoS since the CoM velocity would change with altered walking speeds (Hak
etal., 2013a). A positive MoS means that the CoM is stable inside the base of support,
whereas a negative MoS means the CoM has left the base of support. An increased MoS
means that the CoM is further inside the base of support, and a decreased MoS means that
the CoM is closer to the limits of the base of support.

MoS has not been previously evaluated in PWMS but is uniquely suited to evaluate dynamic
stability in this population because MoS combines footfall and CoM motion, which are both
altered in PwMS (Sosnoff et al., 2012; Spain et al., 2012), into one measure. PwMS also
experience falls at a high rate (Campbell et al., 2014), but the disease specific adaptations
which contribute to those falls is unclear. MoS is unique as it can be independently
quantified at any instant in time during the gait cycle and it has been used previously to
evaluate perturbation responses (Hof et al., 2010), adaptations to destabilizing environments
(McAndrew Young et al., 2012), and to understand gait adaptions in populations with
musculoskeletal disorders (Hof et al., 2007). In PwMS, dynamic stability changes at specific
points in the gait cycle can be highlighted by evaluating MoS at heel strike and midstance.
These dynamic stability changes may indicate when PwMS are at higher risk for falls during
gait. Therefore, the purpose of this study is to compare MoS between healthy controls and
PwMS who have or don’t have clinical gait impairments. Because both footfall patterns and
CoM mation are altered in PwMS relative to healthy controls, it was hypothesized that MoS
would also be altered in PwMS. However, based on these previously reported MS-specific
gait alterations including decreased walking speed, increased step width, increased trunk
motion, it was unclear how these combined alterations would affect the direction of
difference for MoS in PwWMS compared to healthy controls. The secondary purpose of this
study is to investigate the clinical relevance of MoS, by evaluating the relationship between
MoS and fall history, Expanded Disability Severity Scale (EDSS), and self-reported balance
confidence. We hypothesized that MoS would correlate with all three of these measures.

2. Methods

2.1 Subjects

Sixty subjects (Table 1) were compared in the present study. The University of Kansas
Medical Center Human Research Committee approved this study and all participants gave
informed written consent. Healthy controls (HC) were free of any known neurological or
musculoskeletal pathology or disorder that would have an adverse effect on the participant’s
balance or gait. All MS subjects were between the ages of 21-60, had relapsing remitting
MS, had an EDSS score less than 5.5, and were able to walk 25 feet without an assistive
mobility aid. To assess general walking disability, three timed 25-foot walk (T25FW) tests
were performed and averaged for each subject. Based on their T25FW, PwMS were divided
into two groups: 20 subjects with MS who performed the T25FW in <5 seconds were
classified as the MS group 1 (MS1) who did not have clinical gait impairments, 20 subjects
with MS with a T25FW >5 seconds were classified as the MS group 2 (MS2) who did have
clinically impaired gait (Table 1). The T25FW was used to separate groups because this
outcome measure is frequently used as a clinical assessment tool of mobility and as an
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outcome measure in clinical trials (Goodman et al., 2009; Huisinga et al., 2014). BMI was
significantly different (p=0.038) between HC and MS2 only (Table 1).

2.2 Data Collection

Kinematic data was collected using retroreflective markers placed bilaterally on the anterior
and posterior superior iliac spine, heel, lateral malleolus, top of the second metatarsal
phalangeal joint (toe), and at the lateral metatarsal phalangeal (lateral MTP). Marker
positions in 3D space were recorded with an 8-camera motion capture system (Motion
Analysis, Santa Rosa, CA, USA) sampling at 60 Hz. Subjects walked across a 25 foot
walkway at their self-selected 1) preferred pace, 2) slow pace, and 3) fast pace with these
instructions: normal pace “walk at a comfortable pace”; slow pace “walk slower than is
preferred”; fast pace “walk as fast as you can safely”. The motion capture collection volume
was set to the middle 15 feet of the walkway so data was collected while subjects were
walking at steady state. A person’s preferred walking speed is effectively their optimum
walking speed since it indicates the lowest metabolic cost (Holt et al., 1991) and optimum
gait variability (Dingwell and Marin, 2006). Walking slower or faster than preferred speed
adds additional constraint to the neuromuscular system which may further reveal dynamic
instability (Dingwell et al., 2007; Kang and Dingwell, 2008). The three different walking
conditions were done in a randomized order. Each subject completed 5 trials for each
condition.

Disease severity was assessed with the Kurke’s expanded disability status scale (EDSS)
administered by a neurologist (author SL). The self-reported number of falls in the six
months prior to data collection was recorded. Patients completed the Activity-specific
Balance Confidence (ABC) questionnaire reporting their self-perceived confidence during
daily life activities.

2.3 Data Analysis

Margin of stability and extrapolated center of mass calculations were adapted from Hof et al
(2005), and shown below (Equation 1, Equation 2, Figure 1).

MoS=U,,,, —xCoM (1)

Mazx

v
2CoM=X .  +-—C
CoM ’LU() (2)

Where w,, is the natural frequency of the pendulum used in the model (w,2=g/}), with g
being the acceleration of gravity (g=9.81 m/s?), and /being the distance of the center of
mass to the axis of rotation, which was defined using the ankle marker (McAndrew Young et
al., 2012). The position of the CoM (Xcom) Was estimated as the geometric center of the
triangle formed by the two anterior superior iliac spine markers, and the midpoint between
the two posterior superior iliac spine markers (Whittle, 1997). Velocity of the CoM (Vcom)
was found using a first order central difference formula of the Xcom time series. Upjax Was
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defined using the toe marker in the anterior/posterior direction, which represents the forward
MoS, and lateral MTP in the medial/lateral direction (McAndrew Young et al., 2012).

MoS was calculated in both the anterior/posterior (AP) and medial/lateral (ML) directions,
at both heel strike and midstance for each stance phase recorded. Previous studies have
examined MoS at each heel strike (McAndrew Young et al., 2012; McCrum et al., 2014);
however, in the gait cycle, midstance may be the point most susceptible to a ML
perturbation, causing a fall or corrective stepping (Hof et al., 2010). Heel strike was defined
as the instant in which the heel marker reached its local stride to stride minimum (Fellin et
al., 2010). Mid stance phase was defined as the instant in time when the CoM passes the
ankle marker (Lee and Farley, 1998). For each trial, heel strike and midstance indices were
plotted and visually inspected to assure proper identification. In the current study, the left
and right stance phases of each subject were treated as independent observations, as we were
not comparing individual differences between right and left steps. Stride length, step width,
and CoM velocity were calculated for each trial to aid the interpretation of results. Step
width was defined as the distance between heel markers at each heel strike (Elble et al.,
1991). Since the right and left leg were treated independently, stride length was the distance
in the AP direction between two consecutive strikes of the same heel (Elble et al., 1991).
CoM velocity was taken as the average AP CoM velocity. All data analysis was performed
using custom software in Matlab R2013a (The Mathworks, Inc). 1-2 full stance phases from
each trial were used for analysis in the present study, totaling 5-10 steps for each condition,
which was averaged for each subject to calculate MaS, stride length, and step width.

Two way repeated measures ANOVA’s were performed to identify the main effect of
walking speed condition (slow, normal, fast) and group (control, MS1, MS2) for each of the
outcome variables. Post hoc tests were done to determine differences between groups and
walking conditions. Pearson’s correlations compared the relationship between preferred
pace AP and ML MoS and EDSS, number of falls, and ABC scores for all PwMS.
Significance was set at a=0.05. All statistics were performed with SPSS software (SPSS
version 22).

3.1 AP Margin of Stability

There was a significant main effect of group at heel strike and midstance (Table 2). At both
heel strike and midstance, the MS2 had a significantly higher MoS than HC (p<0.001) and
the MS1 (p<0.001). There was also a significant main effect of walking speed at heel strike
and midstance. Fast pace had a lower MoS than both preferred pace (p<0.001) and slow pace
(p<0.001), and that preferred pace had a lower MoS than slow pace (p<0.001). There was a
significant interaction between group and walking speed at heel strike and midstance. While
MS2 had a higher MoS than both HC and MS1 at every walking speed, there was no
difference in MoS between HC and MS1 at heel strike or midstance (Figure 2).
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3.2 ML Margin of Stability

There was a significant main effect of group for MoS at heel strike, but not at midstance
(Table 2). At heel strike, MS2 had a higher MoS than HC (p=0.010) only. A significant main
effect of speed was found at heel strike and at midstance. At heel strike, fast pace had a
lower MoS than both preferred pace (p<0.001) and slow pace (0p<0.001), and preferred pace
had a lower MoS than slow pace (p<0.001). At midstance, slow pace had lower MoS than
preferred pace (p<0.001) and lower MoS than fast pace (p=0.007). There was no significant
interaction between group and walking speed in the ML direction (Figure 2).

3.3 Relationship with disability, falls history, and self-report gait & balance confidence

AP MosS at heel strike and midstance was positively correlated with number of falls (heel
strike p=0.001; midstance p=0.030) and EDSS (heel strike p=0.008; midstance p=0.001).
ML MoS at heel strike only was positively correlated with number of falls (p=0.027). No
significant correlations between ABC and MoS were found (Table 3).

3.4 CoM velocity, Stride Length, Step Width

There was a significant main effect of group on CoM velocity, step width, and stride length
(Table 4). MS2 walked significantly slower and with a shorter stride length, compared to
MS1 (p<0.001) and HC (p<0.001). MS1 had a wider step width than HC (0=0.039). There
was also a significant main effect of walking condition on stride length, but not on step
width. Fast pace had a longer stride length than preferred pace and slow pace (0p<0.001) and
preferred pace had a longer stride length than slow pace (p<0.001) (Figure 3).

4. Discussion

PwMS experience increased fall risk, but in order understand what gait and balance features
contribute to increased falls, dynamic stability in PwMS must be better understood. The goal
of this study was to compare MoS between PWMS and healthy control subjects under
preferred, slow, and fast walking speeds, and to investigate the relationship between MoS
and clinically important measures such as disability status and fall history. We hypothesized
that PwMS would have different MoS than healthy controls, and that MoS would correlate
with clinically important measures. The results of the study agree with our hypothesis since
there were significant effect of group and of walking speed condition on MoS in both the AP
and ML directions, and since MoS correlated with fall history and EDSS.

The present study found MS2 had a significantly higher AP MoS at heel strike and
midstance, slower CoM speeds, and a shorter stride lengths, than both the MS1 (p<0.001)
and HC (p<0.001). The MS2 walked slower than the MS1 in the present study, which was
expected as PwMS were grouped based on their walking speed (Huisinga et al., 2014).
EDSS was significantly correlated with AP MoS at heel strike and midstance which also
indicates that disease severity effects MoS during gait. Slower walking leads to increased AP
MoS, which is consistent with previous findings (Hak et al., 2013a). In general, PwWMS
increased their MoS for all walking speeds, not just the slow pace, compared to the control
group. Maintaining a larger MoS may be a compensatory gait strategy to allow PwMS more
response time to various external perturbations. PwMS have longer sensorimotor response
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times to perturbations (Cameron et al., 2008; Huisinga et al., 2014) which would increase
response time needed to recover from a perturbation such as a trip. Walking speed and
response time were the leading factors separating individuals who recovered from a
laboratory induced trip, and those who fell (Pavol et al., 2001). In PWMS, increased AP MoS
may be an adaptation to allow for increased stability since they are not able to sense and
respond quickly to a perturbation during gait. Thus, encouraging PwMS to maintain a
walking speed similar to controls regardless of their preferred pace may actually be a
negative gait performance goal.

In the present study, MS1 had a wider step width and MS2 had a higher ML MoS at heel
strike compared to HC. Slow pace had the highest ML MoS at heel strike (p<0.001), and the
lowest ML MoS at midstance (p<0.001) across all groups. These result agree with previous
work (Hof et al., 2007), which found that slow pace walking leads to a decrease in the
minimum ML MoS (which occurs close to midstance). At heel strike, however, walking with
an increase in step width leads to an increase in ML MoS (McAndrew Young and Dingwell,
2012). MS2 walked with a much slower speed which should decrease ML MaoS at
midstance, but they also walked with wide steps and ML MoS was similar to controls at
midstance. This seems to indicate that walking with wider steps offsets the effect of slow
walking induced changes to ML MoS at midstance. This finding agrees with previous work
which found that like PWMS, post-stroke patients walked slower and with a wider step width
compared to controls, and also did not have altered ML MoS at midstance (Hak et al.,
2013b). The authors concluded that an increased step width is a strategy to deal with
increased ML CoM sway seen during slow walking. Since movement strategies are thought
to be independent between the AP and ML directions (O’Connor and Kuo, 2009), it is likely
that PWMS slow their gait to increase their AP stability, as demonstrated by increased AP
MoS at heel strike and midstance the tradeoff for this adaption is an increased step width to
maintain a ML MosS. To test this idea, we performed post hoc Pearson correlations between
walking speed and MoS and between step width and MoS. Walking speed was significantly
correlated with AP MoS (heel strike r=—0.944, p<0.001; midstance r=—0.938, p<0.001) and
with ML MosS (heel strike r=—0.410, p<0.001; midstance r = 0.069, p=0.451) while step
width was not significantly correlated with AP MoS (heel strike: r=0. —0.025, p=0.787;
midstance: r=—0.159, p=0.0.84) or ML MoS (heel strike: r=0.176, p=0.055; midstance:
r=0.108, p=0.240). These results confirm the impact of walking speed on MoS in both
directions, but they don’t indicate a specific relationship between step width and MoS. It
may be necessary to evaluate this relationship further in a prospectively designed study
which systematically alters step width and evaluates the effects on MoS.

Along with PwMS, other clinical populations, elderly individuals, and amputees all walk
with slower preferred walking speeds, likely as a conservative gait strategy to improve
stability (Boonstra et al., 1993; Chen et al., 2003; Dingwell and Cusumano, 2000; Ferrandez
etal., 1990; Menz et al., 2003; Norlin and Odenrick, 1986). Conservative gait strategies,
such as slower walking, shorter steps, and prolonged double support time, have been found
to be reflective of a fear of falling, rather than fall occurrence (Maki, 1997) and have been
suggested as mechanisms to minimize the forward CoM excursion beyond the stance foot
base of support and to decrease the amount of time balancing on one foot (Maki, 1997). The
ABC questionnaire, which reports confidence during daily activities, was not correlated with
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AP or ML MosS, which suggests that PwMS are not aware of their relative dynamic stability
changes as it related to their perceived balance capabilities. However, both AP and ML MoS
were significantly correlated with actual number of falls in the previous 6 months, indicating
altered dynamic stability is associated with more falls in PWMS.

One limitation of our experimental procedure was the limited capture volume of the motion
capture system since we were only able to capture 1-2 stance phases per trial. While
walking on a treadmill verse over ground does induce known gait changes (Alton et al.,
1998; Dingwell and Cusumano, 2000; Rosenblatt and Grabiner, 2010), repeating this
analysis on a treadmill would allow for a longer trial with more steps and for us to regulate
pace. However, all paces were self-selected so any fluctuation between speeds within each
walking speed condition would be a reflection individual trial-to-trial variation present in
any over-ground gait study.

This study examined MoS in PwMS and HC walking at their self-selected preferred, fast,
and slow pace, to determine the difference in dynamic stability across groups. Study results
indicate that slower walking speeds, shorter stride lengths, and wider step widths are
conservative gait strategies that lead to altered MoS in both the AP and ML directions in
PwMS. MoS was significantly correlated with clinical disability (EDSS) and with fall
history. MoS is an effective measure to evaluate dynamic stability during gait. As this study
only used retrospective fall occurrence in one pathological population, future work should
extend these findings to prospective fall occurrence.
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Figure 1.
Visual representation of the AP MoS calculation.
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Comparison of AP and ML MoS across group and walking speed, at heel strike and mid

stance. t represents significance difference between walking speed (p<0.001). * represents
between group differences (p<0.05).

HC - healthy controls; MS1- MS subjects without clinical gait impairment; MS2— MS
subjects with clinical gait impairment
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Table 1

Demographics mean +/— SD, for heathy controls and subjects with multiple sclerosis with (MS2) and without
(MS1) clinical gait impairments.

Healthy Control MsS1 MS2
(n=20) (n=20) (n=20)
Age (years) 47.55 (7.78) 4582 (8.62)  45.91(8.72)
Gender (F/M) 14/6 14/6 14/6
BMI 25.62 (3.58) 28.99 (6.05)  30.67 (8.11)
25FTW (sec) 4.28 (0.57) 430(0.45)  6.45(1.42)
EDSS - 158 (057)  2.60 (1.26)
Falls in previous 6 months - 0.15 (0.37) 2.30(3.62)
ABC - 83.75 (14.15)  96.16 (20.99)
Years since diagnosis - 10.21 (4.40) 11.15 (7.07)

BMI — Body mass index
25FTW - timed 25 foot walk
EDSS - Kurtzke’s expanded disability status scale

ABC - Activity Specific Balance Confidence questionnaire.
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Table 4

Correlation between AP and ML MoS at heel strike and midstance during preferred pace only and fall history,
EDSS, and ABC scores. Pearson correlation (p-value).

Number of Falls  EDSS ABC

AP MosS heel strike 8)'%1001; ?o‘t)loli; (_009%12(;
AP MoS midstance %?’04340; ?0%8:1; (8%3)
ML MoS heel strike 8)"305207; (83{7331) (_00310%5)
ML MoS midstance (8%)21) (8;1;22) (_003164117)

*
significant correlationns (p < 0.05)
EDSS - Kurtzke’s expanded disability status scale

ABC - Activity Specific Balance Confidence questionnaire.

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

J Biomech. Author manuscript; available in PMC 2017 December 08.



	Abstract
	1. Introduction
	2. Methods
	2.1 Subjects
	2.2 Data Collection
	2.3 Data Analysis

	3. Results
	3.1 AP Margin of Stability
	3.2 ML Margin of Stability
	3.3 Relationship with disability, falls history, and self-report gait & balance confidence
	3.4 CoM velocity, Stride Length, Step Width

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	Table 4

