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Abstract

Background—Habitual physical activity (HPA) measurement addresses the impact of MS on
real-world walking, yet its interpretation is confounded by the competing influences of MS-
associated walking capacity and physical activity behaviors.

Objective—To develop specific measures of MS-associated walking capacity through
statistically sophisticated HPA analysis, thereby more precisely defining the real-world impact of
disease.

Methods—Eighty-eight MS and 38 control subjects completed timed walks and patient-reported
outcomes in clinic, then wore an accelerometer for 7 days. HPA was analyzed with several new
statistics, including the maximum step rate (MSR) and habitual walking step rate (HWSR), along
with conventional methods, including average daily steps. HPA statistics were validated using
clinical walking outcomes.

Results—The six-minute walk (6MW) step rate correlated most strongly with MSR (/=0.863,
p<1072%) and HWSR (r=0.815, p<10~11) rather than average daily steps (/=0.676, p<10711). The
combination of MSR and HWSR correlated more strongly with the 6MW step rate than either
measure alone (/=0.884, p<10~14). The MSR overestimated the 6MW step rate (4=10.4, p<10~7),
whereas the HWSR underestimated it (4=-18.2, p<10719).

Conclusions—Conventional HPA statistics are poor measures of capacity due to variability in
activity behaviors. The MSR and HWSR are valid, specific measures of real-world capacity which
capture subjects’ highest step rate and preferred step rate, respectively.

Corresponding Author: Myla D. Goldman, MD, MSc, University of Virginia Department of Neurology, PO Box 800394,
Charlottesville, Virginia 22908, P: 434-982-3936, F: 434-243-5420, mdg3n@Uvirginia.edu.
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INTRODUCTION

Habitual physical activity (HPA) measurement has emerged as a walking outcome in MS[1]
and Parkinson’s disease[2], with broad applications in health care[3],[4]. HPA improves
upon available mobility measurements by quantifying the impact of disease on real-world
functioning. Currently, HPA is commonly reported as (1) daily step counts or movement
counts; or (2) amount of moderate physical activity (MPA) and vigorous physical activity
(VPA). However, physical activity in a// people, including those with chronic disease, is
affected by a multitude of personal, environmental, and social factors[5],[6]. As a result,
these statistics fail to distinguish subjects’ real-world walking capacity — which quantifies
their ability to walk under real-world conditions, and is directly affected by MS — from
physical activity behaviors not immediately attributable to disease. This dilemma that has
been recognized[7], but not yet solved. Total daily activity is easy to calculate, but difficult
to interpret when both disability and activity behaviors are variable.

Studies evaluating HPA in MS have borne out this concern. Although MS subjects are active
less often then controls[8],[9], physical activity statistics (MPA and VVPA) are correctly
viewed as measures of activity behaviors, not precise measures of the impact of disease on
subjects’ ability to be active. Daily step counts are the best known measure of real-world
walking capacity, as shown by statistically significant correlations to the six-minute walk
(6MW), timed 25-foot walk (T25FW), and MS Walking Scale (MSWS-12)[10],[11].
However, daily counts explain less than half of the variance in these outcomes[10],[11], and
they do not reliably change when patient-reported walking ability changes[12]. Although
daily counts have been established as valid walking outcomes, they are most accurately
viewed as imprecise measures of both walking capacity and activity behaviors.

To address these limitations, we set out to establish new HPA statistics that isolate the direct
impact of disease from activity behaviors. We hypothesize that the maximum step rate
(MSR) along with the habitual walking step rate (HWSR), a statistic derived through
personalized activity modeling (PAM), can meet this objective, providing clinicians with
real-world capacity outcomes in MS and potentially other chronic diseases. This hypothesis
is validated in MS through correlational analysis to the aforementioned walking outcomes,
which in turn sheds new light on the real-world meaning of existing measures.

METHODS

Recruitment and Study Procedures

Study procedures were approved by the University of Virginia (UVa) Institutional Review
Board, and written consent was obtained. Subjects with clinically definite MS[13] were
recruited from the UVa Neurology Department outpatient clinic population along with
healthy controls. All subjects were age 18-64 years and able to ambulate for six minutes,
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possibly with an assistive device. Those with neurological impairment from other diagnoses,
orthopedic limitations, morbid obesity, or known cardiac or respiratory disease were
excluded. All fatiguerelated medications were withheld 48 hours prior to their appointment.

Baseline demographics, medical history, and medications were documented. An Expanded
Disability Status Scale (EDSS)[14] assessment was performed by Neurostatus-certified staff.
MS-associated walking impairment was classified by EDSS as mild (0-2.5), moderate (3.0—
4.0), or severe (=4.5). The timed 25-foot walk (T25FW) was assessed prior to 6MW testing.
Additionally, the MS Walking Scale (MSWS-12)[15] (MS only) and Modified Fatigue
Impact Scale (MFIS)[16] were collected. The MFIS was analyzed as a single scale, but also
broken down into its physical, cognitive, and psychosocial subscales, which measure these
respective components of fatigue.

Subjects completed a six-minute walk (6MW) in a 75-foot hospital corridor using the script

developed by Goldman et al.[17] while wearing an ActiGraph GT3X accelerometer on their

nondominant hip and a Polar S610i heart rate monitor. Distance was manually recorded in 1-
minute epochs, and step rates were recorded by ActiGraph (total steps + six minutes).

Following the study visit, subjects wore the same ActiGraph device during waking hours for
7 days. Steps were aggregated into minute-wise step rates using ActiLife software, then
exported to Matlab R2015b for subsequent processing. Wear days were declared valid only
if steps were detected for at least 10 hours[11], and subjects with fewer than 6 valid days
were excluded from the analysis. Other analyses in MS have required as few as 3 valid
days[18] and as many as 7[11] for inclusion; we chose a conservative cutoff to ensure there
was a consistent and sufficient quantity of data to fit the models described in the next
section. For the conventional statistical analysis, step rates were classified as MPA, VPA, or
neither using disability-specific cut-points that vary by MSWS-12 Score[19]. Time spent in
moderate-to-vigorous physical activity (MVPA) was defined as the sum of time spent in
MPA and VPA.

Personalized Activity Modeling

Step rates from valid days were used to fit a personalized activity model (PAM) for each
subject. In essence, the PAM uses unsupervised statistical learning to identify subject-
specific activity states, which are then used to classify the step rate. The following two
assumptions underlie the process: (1) changes between activities can be modeled as a
Markov chain; and (2) step rates in each activity follow a negative binomial distribution[20].

Step rates were fitted to hidden Markov models with a “not-worn” state (step rate = 0) and
2-6 additional states with negative binomial output using the Baum-Welch algorithm[21].
States were initialized with means evenly spaced between 0 and the subject’s maximum step
rate (MSR), with variance set to MSR + A, the number of states. The model with lowest
Bayesian Information Criterion (BIC) was selected as the final model. Step rates were then
fitted to this model using the Viterbi algorithm[22].

Active states (e.g. walking, running) were identified by their expected value (>MSR/2) and
coefficient of variance (<8). If only one active state was present, it was identified as walking
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unless the expected step rate exceeded 130. If two active states were present, the state with
higher expected step rate was identified as running, and the other state was identified as
walking. No subjects had more than two active states, thus further identification procedures
were not needed and additional activities (e.g. stair climbing) were not specifically
identified. The habitual walking step rate (HWSR) and habitual running step rate (HRSR)
were defined as the expectations of the distributions identified as walking and running,
respectively.

Statistical Analysis

RESULTS

Demographics, outcomes, and activity statistics were compared between disability groups by
ANOVA and chi-square test as appropriate for numeric and categorical variables,
respectively. Pearson correlations have been used to quantify relationships between activity
statistics and clinical outcomes, which are continuous or approximately continuous (MFIS
and MSWS-12). T25FW measurements have been converted from time to speed (feet/sec) to
avoid non-linear relationships to other walking outcomes.

Correlation coefficients were interpreted as strong (>0.6), moderate (0.3-0.6), or weak
(<0.3). Significance levels have been adjusted based on the number of comparisons per
analysis. A significance level of a = 0.004 was used for demographics and outcomes
(m=12); a =0.001 and a = 0.0001 were used when comparing activity statistics and
identifying significant correlations, respectively (/=28 and /77=128). Correlations with
<1078 are also reported.

Subject Demographics and Outcome Measures

In total, 88 subjects with MS[13] and 38 control subjects were recruited (Table 1). Among
MS subjects, 52.3% had mild disability (EDSS 0-2.5), 35.2% moderate (EDSS 3.0-4.0),
and 12.5% severe (EDSS = 4.5). A higher proportion were female among MS subjects
(83.0%) compared to controls (71.1%), though this difference was not statistically
significant. Education was similar between groups, but age, employment status, years since
symptom onset and diagnosis, and clinical outcomes showed statistically significant
differences. In particular, control subjects were younger than MS subjects (p<0.0001).
Disease subtype was also significantly different between groups, with 95.7% of mild MS
subjects having relapsing-remitting disease compared to 77.4% of moderate MS and 45.5%
of severe MS. MSWS-12 responses spanned the full range of possible scores (0-100).

Conventional Habitual Physical Activity Analysis

Average daily steps, MPA, and MVPA were significantly different between controls, mild
MS, moderate MS, and severe MS (p<0.0001). Controls had approximately twice as much
MVPA as mild MS subjects (196.8%) and over four times that of moderate MS subjects
(464.5%). MPA, VPA, and MVPA were zero for all severe MS subjects (Table 2).

In MS subjects, average daily steps were strongly and significantly correlated with the 6MW
step rate (/=0.676, p<10~11) and 6MW distance (/=0.676, p<10712) (Fig 1, bottom panels).
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Average daily steps were also significantly correlated with T25FW speed (r=0.675,
p<10712), MSWS-12 (r=-0.627, p<10719), and MFIS (r=-0.490, p<1075). Total MV/PA was
moderately and significantly correlated with 6MW distance (/=0.415, p<10~4), T25FW
speed (/=0.436, p<10~%), MFIS (/=-0.413, p<10~%), MFISyyy(/=-0.453, p<10~4), and
MFI1Spsych(/=—0.406, p<10~%). Among the demographic characteristics, total MVPA was
significantly associated only with age (/=-0.437, p<107%). Additional correlations may be
found in Table 3. None of these correlations were statistically significant in control subjects.

New Habitual Physical Activity Analysis

The maximum step rate (MSR) was most strongly correlated with clinical walking outcomes
among all of the HPA statistics. Specifically, the MSR was strongly correlated with 6MW
step rate (/=0.863, p<10725), 6BMW distance (/=0.801, p<10~20), T25FW speed (r=0.755,
p<10716), MSWS-12 (/=-0.756, p<10716), and MFIS (/=0.504, p<10725) in MS subjects
(Table 3). Figure 1 shows its superior performance over average daily steps when estimating
6MW step rate and distance. The MSR was faster than the 6MW step rate in 68.3% of
subjects, resulting in a statistically significant difference between the two measures (¢=10.4,
p<1077) (Fig 1, top left panel).

Fewer total model states were identified in MS subjects (median 4, range 3-6) compared to
controls (median 5, range 2-6) (p<0.001). Walking was identified in 76.3% of controls,
60.1% of mild MS, 41.9% of moderate MS, and 18.2% of severe MS (/1/2:15.7, p=0.001).
Running was identified in 31.6% of controls, 19.6% of mild MS, and no subjects with
moderate or severe MS (/1/2=14.7, p=0.002). In all subjects, the number of active states was
significantly associated with younger age (0<0.001), but not sex (p=0.095), level of
education (p=0.333), or employment status (p=0.586). MS subjects with more education had
more active states (p=0.026).

The habitual walking step rate (HWSR) was similar between controls, mild MS, and
moderate MS: the decreases between groups was not statistically significant (0=0.196).
However, severe subjects had much lower HWSR (p<0.001). The habitual running step rate
(HRSR) was similar in controls and MS subjects (£=0.615). HWSR was strongly correlated
with 6MW step rate (/=0.815, p<10~11) and 6MW distance (/=0.701, p<10~7) in MS, but not
in controls (p> 0.4) (Fig 2). The sum of the MSR and HWSR was a better predictor of
6MW step rate than any individual measure (/=0.884, p<10~14).

In contrast to the MSR, the HWSR was slower than the 6MW step rate in 94.4% of subjects.
This difference was statistically significant (4=-18.2, p<10719). Moreover, the difference
between 6MW step rate and HWSR was moderately correlated with heart rate elevation
during the 6BMW in all subjects (/=0.529, p<10~4). Step rates during running were
significantly higher than the 6MW step rate (4=21.7, p <107°).

Differential Correlation by Disability Level

In mild MS, the MSR and average daily steps are moderately to strongly correlated with
6MW step rate (/=0.657, p<1075; and /=0.601, p<1074, respectively) and 6MW distance
(r=0.467, p=0.001; and /=0.548, p<10~4, respectively). Similarly, T25FW speed is
moderately correlated with MSR (r=0.398, p=0.006) and average daily steps (r=0.536,
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£<0.001) in mild MS. The MFIS, on the other hand, is moderately correlated with the MSR
and average daily steps in mild subjects (/=—0.412, p=0.004; and /=-0.358, p=0.014,
respectively) and moderate subjects (=—0.424, p=0.018; and r=-0.443, p=0.013,
respectively).

As disability progresses, correlations to walking outcomes increase while correlations to the
MFIS decrease. In severe MS, the MSR and average daily steps are almost perfectly
correlated with 6MW step rate (/=0.982, p<10~7; and /=0.976, p<1075, respectively) and
6MW distance (/=0.979, p<107%; and /=0.962, p<107°, respectively). T25FW speed also
correlates very strongly with MSR (7=0.919, p<10~°) and average daily steps (/=0.944,
p<107°), whereas the MFIS is not significantly correlated with either activity statistic
(0>0.8) in severe MS.

DISCUSSION

Our population spanned the full range of ambulatory MS-related disability by EDSS (range
1-6.5) and MSWS-12 (range 0-100), with approximately equal numbers of control subjects,
mild MS subjects, and moderate to severe MS subjects. Beyond this range (EDSS>6.5),
HPA measurement is not appropriate.

The striking correlations between the MSR and all four walking outcomes support it as a
valid measure of walking capacity. Correlation was strongest for 6MW step rate and
distance, respectively, followed by MSWS-12 and T25FW, which were similar. This shows
that the MSR is a more reliable capacity measure than conventional statistics, and verifies
the central hypothesis of this work, namely that average daily steps are a suboptimal
measure of capacity. The correlation observed between 6MW distance and average daily
steps (/=0.676) is consistent with correlations reported by other studies (+=0.519 and
r=0.630)[10],[11]. It is not surprising that the MSR correlates more strongly with 6MW step
rate than 6MW distance; this can be explained by variability in stride length, which
determines the ratio of step rate to distance traveled.

Fundamentally, one might argue that the MSR is just as valid as the 6MW or T25FW as a
direct measure of capacity. The MSR is the highest step rate achieved over a week-long
period, whereas the 6MW and T25FW measure speed during in-clinic testing. Each has
limitations as a measure of capacity, which might be defined as the highest speed or step rate
the subject is ableto achieve. All three depend on subject effort in some way, but the 6MW
and T25FW are also affected by circumstances and symptoms at the time of testing. More
practically, these measures differ in the duration of effort: the MSR approximates the
maximum rate subjects can sustain for a minute, compared to the longer 6MW or shorter
T25FW. We believe the 6MW is the optimal measure of capacity due to its longer duration
and the wealth of supporting results, while the MSR is its real-world compliment.

Interestingly, correlations between HPA and clinical outcomes varied substantially across the
MS-disability spectrum. For example, the correlation between 6MW step rate and average
daily steps ranged from r=0.976 in severe MS to r=0.601 in mild MS. Results suggest that
average daily steps are an excellent measure of capacity in severe subjects, but they are
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significantly influenced by fatigue and behavioral factors in moderate and mild MS. Indeed,
the correlation between average daily steps and MFISphy is significant in mild and moderate
MS, but not severe MS.

There were no significant relationships between HPA and clinical walking outcomes in
control subjects, suggesting that in the absence of disability, HPA is purely behavioral. From
a statistical standpoint, the low variability in capacity among controls makes it difficult to
identify a correlation.

The PAM s identified walking or running in a majority of subjects (59.5%). The remaining
40% almost certainly walked at some point, but not enough to justify adding a “walking”
state to the model. In statistical terms, the improvement to model-likelihood was not
significant. This result underscores the profound difference between capacity and behavior:
a full 40% of subjects were not active often enough for the model to detect it. This rate
differed between controls (23.7%) and mild to moderate MS (45.5%), supporting the finding
that MS subjects are less active than controls[8],[9].

While the MSR is the best single measure of walking capacity, the MSR and HWSR can be
used together even more effectively. Indeed, their sum has higher correlation to the 6MW
step rate than either factor alone. The MSR tends to over-estimate 6MW step rates, whereas
the HWSR tends to under-estimate them. In other words, 6MW step rates are faster than
subjects walk on a regular basis, but slower than their maximum rate. This result confirms
that subjects walk quickly during the 6MW, as instructed, exceeding their habitual pace. In
fact, the MSR was lower than the 6MW step rate in almost a third of subjects (31.7%),
underscoring the genuine effort they made during testing.

Using a new, statistically sophisticated approach to HPA, we have more accurately defined
the impact of disease on real-world walking ability by mitigating the influence of behavioral
variability. Conventional HPA statistics are affected by both capacity and activity behaviors,
limiting their usefulness as outcome measures. The MSR and HWSR measure capacity by
detecting subjects’ highest achieved step rate and habitual step rate, respectively, and their
validity is supported by strong, statistically significant correlations to clinical walking
outcomes. By this metric, the new statistics markedly outperform conventional HPA
statistics. Further, the MSR is calculated as a simple max over the observed counts, making
it easy to incorporate in clinical practice.

While the current results hold only in MS, we anticipate similar results in other forms of
disability and aim to promote these methods more broadly. In future work, we intend to
provide precise, personalized measures of real-world walking behaviorsto compliment these
new measures of capacity.

A first limitation is the younger age of controls compared to MS subjects. This very likely
affected group-wise outcomes, such as differences in 6MW distance, and may have partly
driven the differential correlations observed between controls and MS. Additionally, further
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study may be necessary in severe disability (EDSS=>4.5), which comprised only 8.7% of our
study population.

The current cross-sectional study could not establish the clinical importance of the new
measures proposed. We anticipate that changes in the MSR and HWSR are more closely
associated with clinical measures of walking ability compared to existing measures, but this
remains to be proven.

While the MSR could be integrated into clinical practice without difficulty, the HWSR
requires analysis techniques not commonly available to practitioners.

Most importantly, the influence of specific behavioral factors on physical activity remains
uncertain. By showing that the MSR and HWSR are better measures of capacity than daily
counts, our results suggest that the latter are affected by factors 70t related to capacity.
However, follow-up work is needed to quantify the influence of specific personal,
environmental, and social factors on activity behaviors in MS; and to explore the differential
impact of these factors on the new measures we have proposed as compared to older
measures of HPA.
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Highlights
. Habitual physical activity measures the real-world impact of walking
disability.
. However, it’s difficult to distinguish the ability to walk from activity
behaviors.
. New activity statistics are proposed as specific measures of walking capacity.
. Their benefit is validated in multiple sclerosis via correlation to timed walks.
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Figure 1.
6MW step rate and distance correlate more strongly with maximum step rate than average
daily steps.

Gait Posture. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Engelhard et al.

18

b
(*)]
o

R
H
o

-t
N
o

wi
o
o

(o]
o

(*)]
o

B
o

N

Habitual Walking Step Rate (steps/min)
o

0 !

o
= EEN

X MS

O control
best fit
- -y =x

50

,
7
e
X

/

x

100

7
/7
7/

s
x*0 X

%<

MS: r=0.815"

CTL:r=0.140 |

All: r=0.733*

150

6MW Step Rate (steps/min)

Figure 2.

d

6MW Heart Rate Elevation (beats/min)
(4]
o

©
o

(0]
o

~
o

(o2}
o

n
o

w
o

N
o

10
A

Page 12

x MS o
O control o0
best fit ®

X MS:r=0.347 |
CTL:r=0.711*
All: r=0.529*

0 0 10 20 30 40 50
6MW Step Rate Elevation (steps/min)
[6MW Step Rate - HWSR]

Walking step rates are lower than 6MW step rates (p<10~°), though the two are strongly
correlated (left). HR elevation during the 6BMW correlates (p<10~4) with the increase in step
rate above their habitual walking step rate (right).
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