-MNOAA+OLAZOED9002IAXBIAI/AINABNERABLIbZbUAKAIRYZAGBXINAE QHIDIGDAUMY LXOMADUOINX OHISABZIUTP+EYNIOI L WNOTZ| ABSHJRGHNQUE Ad 1duljuioo mm'seuinol//:dny woy papeojumoq

0202/91/01 uo

RESEARCH ARTICLES

Day-to-Day Variability of Walking Performance
Measures in Individuals Poststroke and
Individuals With Parkinson Disease

Carey L. Holleran, MPT, DHS, NCS, Marghuretta D. Bland, DPT, MSCI, NCS,
Darcy S. Reisman, PT, PhD, FAPTA, Terry D. Ellis, PT, PhD, NCS, FAPTA,
Gammon M. Earhart, PT, PhD, FAPTA, and Catherine E. Lang, PT, PhD, FAPTA

Background and Purpose: Improvement of walking performance is
a primary goal for individuals poststroke or with Parkinson disease
(PD) who receive physical therapy. More data about day-to-day vari-
ability of walking performance are critical for determining if changes
in performance have occurred.

Methods: Baseline assessments were utilized from an ongoing, ob-
servational, prospective cohort study including 84 individuals post-
stroke (n = 37) or with PD (n = 47) receiving outpatient physical
therapy services to improve mobility. Participants wore step activity
monitors for up to 7 days to measure walking performance (steps
per day, walking duration, maximum 30-minute output, and peak
activity index) in daily life. Correlation analyses evaluated relation-
ships between both capacity and performance measures as well as
the relationships between mean performance variables and day-to-
day variability. Regression analyses explored factors that contribute
to variability in day-to-day performance variables.

Results: Mean steps per day for participants poststroke (5376 £
2804) and with PD (8149 + 4490) were consistent with previously
reported cohorts. Greater amounts of walking were related to more
day-to-day variability, with moderate correlations found between the
mean and day-to-day variability of each performance measure, re-
gardless of medical diagnosis or walking speed. Day-to-day vari-
ability is large (upwards of 50% of the mean), with the amount of
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walking performance serving as the primary predictor of day-to-day
variability in walking performance.

Discussion and Conclusions: The results of this study elucidate the
factors that are related to and predict day-to-day variability of perfor-
mance. Walking performance metrics should be evaluated over mul-
tiple days and greater variability should be anticipated with greater
amounts of performance.

Video Abstract available for more insights from the authors (see
the Video, Supplemental Digital Content 1, available at: http:/
links.lww.com/JNPT/A319).

Key words: capacity, human movement system, mobility, variability,
walking performance

(JNPT 2020;44: 241-247)

INTRODUCTION
P eople poststroke or with Parkinson disease (PD) are 2
of the largest populations seeking neurorehabilitation
services,"”? and improvement in walking is the most com-
mon rehabilitation goal.>** The capacity for walking can
be readily assessed in the clinic following best practice
recommendations.’ Patients engage in rehabilitation care,
however, to improve their walking performance (ie, walking
activity in daily life), not just their capacity to walk as measured
in the clinic. There is strong support to capture walking perfor-
mance as a measure of patient mobility outside the clinic.®’
Multiple devices with embedded sensors are now on the
market to assist patients, clinicians, and researcher consumers
in capturing walking performance. Most devices have an ac-
celerometer that quantifies steps per day and other performance
variables. These variables can then be used to establish a start-
ing point from which to set goals and track progress.” Efforts
have begun to standardize days of wear and classifications of
levels of activity.®-? Little is known, however, about day-to-day
variability in walking performance or factors that may affect
the variability in walking for people poststroke or with PD.
Clinicians need this information to anticipate expected varia-
tion and to differentiate that from improvement or regression.
Until more is understood about variability, it will be challeng-
ing to set realistic goals and determine whether changes in
walking performance have occurred.
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The purposes of this article are to: (1) describe day-
to-day variability in walking performance, (2) examine rela-
tionships between variability and mean performance over the
recording period, and (3) evaluate the influence of other factors
(eg, walking capacity, medical diagnosis, and socioeconomic
disadvantage) on variability. Data are examined at the individ-
ual level to characterize more precisely how amount of daily
activity is related to variability of walking performance. As
clinicians begin to capture walking performance in their daily
practice, an understanding of amount versus variability and the
factors that influence variability will enable accurate and indi-
vidualized goals and interventions for people poststroke or PD.

METHODS

This article reports on data from an ongoing longitu-
dinal, prospective cohort of persons with stroke or PD. The
larger study evaluates changes in capacity and performance in
upper limb function and mobility over the course of physical
and occupational therapy services. Following the World Health
Organization International Classification of Functioning, Dis-
ability, and Health (ICF) model, capacity and performance are
both activity-level measures, with the former capturing ac-
tivity in a structured setting, and the latter capturing activity
in the unstructured, free-living environment.'? Data analyzed
here are from the initial assessment, within 10 days of starting
outpatient services, in a subset of 84 participants who were
receiving physical therapy and had goals to improve mobility
(ie, walking).

Participants

Individuals with a diagnosis of stroke or idiopathic PD
(Hoehn & Yahr stage 2 or 3) were recruited into this cohort
study. Recruitment occurred across 5 outpatient therapy clinics
in the United States (3 clinics in St Louis, Missouri, 1 clinic in
Boston, Massachusetts; and 1 clinic in Chicago, Illinois) via
treating therapist referral or by participant contact of the study
team in response to approved recruitment materials. Inclusion
criteria were: (1) within 10 days of initial evaluation for physi-
cal therapy; (2) documented therapy goals to improve mobility;
(3) anticipated duration of therapy services of at least 1 month;
and (4) ability to follow 2-step commands. Exclusion criteria
were: (1) other neurologic or psychiatric conditions, including
deep brain stimulation implants; (2) other orthopedic condi-
tions that limited mobility or potential progress in mobility; (3)
other comorbid conditions such that the physician or therapy
documentation indicates minimal chance for improvement in
function; and (4) self-selected gait speed of 1.2 m/s or more.
All procedures were approved by each site’s local institutional
review board, with written informed consent provided by each
participant, and data were stored in Research Electronic Data
Capture (REDCap).!!

Study Assessments

Descriptive characteristics of the sample including age,
sex, days since stroke, and years since PD diagnosis were
collected. In addition, socioeconomic disadvantage was cap-
tured by the Area of Deprivation Index (ADI).'>!> The ADI
is derived from analysis of census data on education, income,
employment, housing, and household characteristics and is
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scored on a scale of 0% to 100%. Individuals who reside in
areas with a higher ADI tend to be more economically dis-
advantaged. Living in areas that are more economically dis-
advantaged has been associated with a variety of detrimental
health effects including higher incidence and poorer manage-
ment of chronic disease (often due to lack of access to services,
healthy food sources, etc),'* earlier mortality,'> and higher
hospital readmission rates.!® We chose the ADI because of its
comprehensive quantification of socioeconomic disadvantage
and because it is possible that socioeconomic disadvantage
could influence walking performance (eg, lack of safe walk-
ing spaces and crumbled sidewalks). The ADI was accessed
through the University of Wisconsin School of Medicine and
Public Health’s Neighborhood Atlas!” by entering participants’
9-digit zip codes.

Study assessments were typically collected around the
time of the participants’ therapy appointments, and partici-
pants with PD were assessed while on their usual medication
regimen. The primary measure of walking capacity was as-
fast-as-possible walking speed during the 10-m walk test.
Self-selected walking speed was also assessed. Participants
walked over a 14- m course with their customary assistive de-
vice and any required bracing, where the middle 10 m was
timed. The 3 trials were averaged and are reported in me-
ters/second. Participants requiring physical assistance were
given a walking speed score of 0 m/s. Individuals who were un-
able to walk as defined by a gait speed of 0.0 m/s were excluded
from this analysis.

Walking performance (ie, mobility in daily life) was
recorded via a validated accelerometer (StepWatch Activity
Monitor, Modus Inc, Washington, District of Columbia) worn
on the least affected limb.!3-2! The step activity monitor (SAM)
was calibrated to participant height and walking characteristics
in accordance with manufacturer instructions. Calibration was
verified by having the participant walk 40 strides at their self-
selected pace. Recalibration was performed when the step ac-
tivity count was off by 2 strides or more. Number of strides was
captured over 60-second intervals and converted to steps. Data
were captured over the course of 7 consecutive days during
all waking hours, except while participants were bathing.?0-23
Each participant was provided instructions for wearing the de-
vice and a log for documenting time when they did not wear
the device. Data from the first and last days of the recording
period were excluded from the analysis, as the devices were
only worn for part of those days (eg, started wearing at 1 pPM
and removed at 1 p™m).

Here, we report on 4 variables derived from the SAM
recordings that reflect walking performance in daily life. We
report on 4 instead of only 1 (eg, steps per day) because it
is unlikely that a single variable can completely capture the
whole construct of performance in daily life.>* Variables were
chosen based on how commonly they are seen in the literature,
their use in both stroke and PD populations, and objectivity in
calculations (eg, bout of walking was not calculated because
that is dependent on the definition of a bout). Each variable
was calculated per day as well as an average over the record-
ing period. The primary variable was total steps per day, as is
most commonly seen in rehabilitation literature.”-20-2%-26 The
3 other variables were walking duration, maximum 30-minute
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output, and peak activity index. Walking duration is the sum
of the minutes of walking and includes every minute where
the step count was more than 1.7-22:2%:27 Note that walking
duration determined from 1-minute periods potentially over-
estimates walking duration over the course of a day. This is
because any minute where walking is recorded is counted as a
minute of walking (eg, 5 steps at the beginning of 1 minute =
1 minute of walking). The maximum 30-minute output is the
average number of steps per minute during the 30 consecutive
most active minutes over a day.?® The peak activity index is
the average number of steps per minute over the 30 most ac-
tive minutes of the day, regardless of when they occurred.?
Both maximum 30-minute output and peak activity index were
included because participants may have spread their more in-
tense activities throughout the day versus within a single time
period during the day.

Analyses

All statistical analyses were completed in R (version
3.3.2), an open-source statistical computing program, and an
a level of significance was set at 0.05. Histograms were gen-
erated for each variable to examine the distributions, and tests
confirmed normality of these distributions. Descriptive statis-
tics were then calculated for each variable. To quantify day-to-
day variability in walking performance, the standard deviation
and coefficient of variation (ie, standard deviation/mean) of
each variable were computed for each person from their val-
ues for each day during the recording period. Relationships
between the standard deviation and mean values were evalu-
ated using Pearson correlation coefficients. Regression mod-
eling was used to determine the influence of multiple variables
on the variability in walking performance. For the regression
modeling, linear models were generated with the “Im” func-
tion in R separately, with each of the walking performance
variables serving as the dependent variable in their own model.
The modeling was structured such that the first model tested
predicted the standard deviation from the mean. For each walk-
ing performance variable, additional models were constructed
adding potential modifiers (diagnosis [stroke or PD], fast walk
speed, and ADI). Models containing each additional modify-
ing variable were compared with the previous model using x>
analyses, and the added modifying variable was retained only
when the more complex model was significantly different from
the simpler model.

RESULTS

One hundred three participants enrolled in the mobility
portion of the study. Of these, 5 individuals were excluded
on initial evaluation (self-selected walking speed >1.2 m/s), 7
individuals had no stepping data available for analysis (eg, lost
the SAM and noncompliance), 4 individuals were excluded
for having only 1 day of stepping data, and 3 individuals who
could not walk without physical assistance and had inaccurate
SAM data due to wheelchair use. This resulted in 84 individu-
als with usable data. Table 1 provides descriptive information
about the sample. As expected in a sample of participants un-
dergoing outpatient therapy services, there was a wide range
of time since stroke or PD diagnosis, economic disadvantage,
and capacity for walking. Table 2 provides the group statistics

© 2020 Academy of Neurologic Physical Therapy, APTA

Table 1. Descriptive Characteristics of the Sample?®
Parkinson Disease
Stroke (n = 37) (n=47)
Age,y 63 £ 13 (29-85) 71 +7(55-87)
Sex 13 female (35%) 21 female (45%)
Time since stroke, mo 6.8 £ 0.4 (0.5-65) e
Side affected by stroke

21 left, 16 right e
Time since Parkinson disease s 5.4 +5(0-22)
diagnosis, y
Area of Deprivation Index
Fast-as-possible velocity, m/s
Self-selected velocity, m/s
Utilized assistive device and/or
orthotic

49 + 33 (4-100)

0.8 4 0.3 (0.2-1.3)

0.6+0.2(0.1-1.1)
25 (68%)

20 4 20 (1-82)

1.3 £ 0.3 (0.5-1.8)

0.9+ 0.2 (0.4-1.2)
8 (17%)

2Values are mean £ SD (range), or n (%).

for the number of recording days and the walking performance
variables. The majority of individuals had 5 days of recording.
Because we found no relationship between number of days of
recording and individual variability (» = —0.15, P = 0.18),
data from all participants were pooled together. Group means
for steps per day are consistent with previously reported values
in other cohorts of individuals with chronic stroke?® and simi-
lar to other cohorts with PD.2!-2% Walking duration, maximum
30-minute output, and peak activity index group means are
less widely reported, but appear consistent or slightly lower in
value compared with other published reports.??-3°

At the individual level, greater amounts of walking were
related to more day-to-day variability in walking performance.
Figure 1 shows scatterplots of individual means versus in-
dividual standard deviations for the 4 walking performance
variables, with participants with stroke marked by gray circles
and those with PD marked by black circles. Moderate associ-
ations were found between how much walking occurred and
how variable the day-to-day amounts were for steps per day
(1A; r = 0.64, P < 0.0001), walking duration (1B; r = 0.44,
P < 0.0001), and maximum 30-minute output (1C; » = 0.52,
P < 0.0001). A weaker relationship was evident for peak ac-
tivity index (1D; » = 0.23, P = 0.019). An important point
seen within the graphs is that an individual’s average amount
informs day-to-day variability but medical diagnosis does not,

Table 2. Group Statistics for Walking Performance
Variables Collected by the Step Activity Monitor?

Parkinson
Stroke Disease
(n=37) (n =47)
Step activity monitoring days recorded
2 1 3
3 3 3
4 3 3
5 30 38
Steps/d 5464 £ 2714 8149 £ 4490
Walking duration, min 192 £ 83 247 £ 108
Max 30-min output, steps/min 27+ 11 42 +£24
Peak activity index, steps/min 55+ 16 70 £22
4Values are mean + SD, unless otherwise indicated.
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Figure 1.

Relationships between individual means and standard deviations (over days) of gait performance variables for all

participants. (A) Steps per day. (B) Walk duration. (C) Maximum 30-minute output. (D) Peak activity index. Participants with
Parkinson disease (black circles) and participants with stroke (gray circles). Walking duration is in minutes, while maximum
30-minute output and peak activity index are in steps/min. For correlations coefficients, P < 0.0001 for Ato C and P = 0.015

for D.

as depicted by the intermingling of the gray (stroke) and black
(PD) circles.

Given that activity measures of walking capacity are
readily accessible in the clinic, we also looked to see whether
there was a relationship between walking capacity, as indexed
by gait speed, and individual mean and day-to-day variability
of walking performance. Individual gait speed was moder-
ately correlated to individual steps per day (fast, » = 0.42, P <
0.0001; self-selected, » = 0.40, P < 0.0001), as has been shown
by others.3! Of more interest, Figure 2 shows scatterplots of
fastest (2A) and self-selected walking speed (2B) for each in-
dividual versus their individual standard deviations of steps per
day. Both pictures reveal moderate relationships, with correla-
tion coefficients of 0.42 and 0.40 (both P < 0.0001) for fastest
and self-selected walking speed, respectively. Thus, individ-
uals who have a greater capacity to walk, measured via fast
or self-selected walking speed, tend to have more day-to-day
variability in their walking performance.

Coefficients of variation provide a standardized unit of
variability that can be compared across variables that use dif-
ferent scales. To illustrate the range of day-to-day variability
across the sample, Figure 3 shows histograms of the individual
coefficients of variation for the 4 walking performance vari-
ables. Coefficients of variation averaged 0.30 & 0.15, 0.25 +
0.13,0.34£0.18,and 0.18 &= 0.11 for steps/day, walk duration,
maximum 30-minute output, and peak activity index, respec-
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tively. The figure and these mean values demonstrate that, for
many participants, day-to-day variability was more than 25%
of their mean value, suggesting substantial variability over the
course of the recording period.

A series of regression models were used to determine
the influence of multiple variables on the variability in walk-
ing performance. The primary variable predicting day-to-day
variability in walking performance was the mean of that per-
formance variable (steps per day, adjusted R’= 0.40; walk
duration, adjusted R?> = 0.18; maximum 30-minute output,
adjusted R?> = 0.26; peak activity index, adjusted R> = 0.04;
all P < 0.001). Adding diagnosis (stroke or PD) and walking
speed did not alter the model, signifying that neither medi-
cal diagnoses nor walking capacity provided additional pre-
dictive information about day-to-day variability in walking
performance. The only other significant predictive variable
was the ADI in the model predicting day-to-day variability
of steps per day (adjusted R*> = 0.44, P < 0.001). ADI was
not significant for the other 3 walking performance variables.
Interestingly, no relationships were found between ADI and
steps per day alone (zero-order » = —0.18, P = 0.11 for
means; » = 0.08, P = 0.47 for standard deviations). This
means that, after controlling for the average amount of walk-
ing, participants who lived in areas that were more socioeco-
nomically deprived had more day-to-day variability in steps
per day.

© 2020 Academy of Neurologic Physical Therapy, APTA
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Figure 2.

Relationships between walking speed and standard deviation of steps per day. (A) Fastest walking speed. (B)

Self-selected walking speed. Participants with Parkinson disease (black circles) and participants with stroke (gray circles). Note
that an inclusion criterion of the study was self-selected walking speed of 1.2 m/s or less, so no one has a value above that in

panel B. For correlation coefficients, P < 0.0001.

DISCUSSION

This study examined the day-to-day variability in walk-
ing performance for people poststroke or with PD who were
receiving outpatient physical therapy to improve mobility.
Greater amounts of walking were related to greater variability
in walking performance as measured across steps per day,
walking duration, maximum 30-minute output, and peak ac-
tivity index, regardless of medical diagnosis. Individual means
of each performance variable were the primary predictors of
variability of each measure, with socioeconomic disadvantage

A Steps/day

Frequency
3

an additional influential factor on day-to-day variability of
steps per day. Socioeconomic disadvantage may play a role in
the amount of options a particular individual has to perform
mobility, with a reduction of options for those who live in more
deprived areas. Knowledge of the extent of variability and the
factors that influence variability will facilitate research and
clinical care alike. Results presented here inform how to cap-
ture walking performance across an episode of clinical care.
Results can also be utilized when designing interven-
tion studies to estimate the minimum size of anticipated
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Figure 3.

Histograms showing the individual standardized variability (coefficient of variation) of each gait performance

measure. (A) Steps per day. (B) Walk duration. (C) Maximum 30-minute output. (D) Peak activity index. For most participants,
the day-to-day variability of the measure is 25% or more of their mean value.
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changes and evaluating whether or not change has occurred
postintervention.

Variability in steps per day and other walking perfor-
mance measures is large, as can be seen by the spread of data
points in Figure 1 and the coefficients of variation in Figure 2.
The large day-to-day variability seen here strongly supports
previous recommendations of measuring walking performance
in individuals over at least 3 days.!®-20-22 Recording for only 1
day is unlikely to provide an accurate quantification of an in-
dividual’s walking performance. While collecting a minimum
of 3 days of walking performance data is well-established in
research studies,”-??'>> the data presented here highlight the
critical need to also collect at least 3 days of walking perfor-
mance data in clinical practice. Further, steps per day may be
the most tangible and salient measure to capture and address
over the course of clinical care.

These data were collected as participants engaged in
routine outpatient services at several clinics across the United
States, making them highly generalizable. Without multiple
measurement days, individuals undergoing rehabilitation ser-
vices and their treating clinicians will not know whether
changes from one time point to the next are true changes, ver-
sus just part of that individual’s day-to-day variability. For ex-
ample, Figure 1 A shows multiple individuals who walk around
5000 steps per day on average. The range of day-to-day vari-
ability in those individuals extends from about 750 steps per
day to over 2300 steps per day. Thus, the size of a true change
from one time point to the next will vary per individual and
could exceed 2300 steps per day or nearly 50% of the mean
value. These numbers suggest that any minimal detectable
change and minimal clinically important difference values for
steps per day or other walking performance variables would
likely be quite large and would need to be tailored to the
individual.

Individuals seek out rehabilitation services to improve
walking performance in their daily lives. The role of the ther-
apist is to assist the patient in achieving these goals. Unfor-
tunately, at the present time, measurement of walking perfor-
mance is not regularly assessed clinically. The most obvious
barrier to routine assessment is the lack of accurate, low-cost
devices and quick access to the data. Given the rapid advance
of technology, this barrier should fade with time. Other bar-
riers lie in common misperceptions that (1) walking capacity
(eg, gait speed) accurately reflects walking performance (eg,
steps per day); and (2) a change in walking capacity indicates
a change in walking performance. Indeed, walking capacity
and walking performance are moderately related, as shown in
previous reports’! and in the data set here. For an individual
patient however, it may be unwise to assume that a particular
walking speed matches a particular number of steps per day.
Multiple reports indicate that walking capacity accounts for
30% to 45% of the variance in daily walking performance after
stroke, leaving up to 70% of the variance unexplained.?>:** To
the second point earlier, there is emerging data showing a
discrepancy in amount of change in capacity measured in the
clinic compared with change in performance for both the upper
and lower limbs.3*-3¢ Both capacity and performance measures
are informative activity-level measures that, while related, pro-
vide unique information from which therapists need to make
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clinical decisions. Capturing both capacity and performance
measures provides a more comprehensive picture of walking
for each patient independent of medical diagnosis.

Limitations

There are 3 main limitations that could influence the in-
terpretation of these data. First, 3 of the walking performance
variables (duration of walking activity, maximum 30-minute
output, and peak activity index) were calculated in 1- minute
epochs. As indicated in the Methods section, there is the po-
tential that the presented data from these variables are overesti-
mates of the true values. However, it is unlikely that a general
overestimate would change the relationships found here be-
tween amount and variability. Second, gait speed was selected
as the measure of walking capacity because it is the most com-
mon and easiest to administer in clinical care.’> An alternative
walking capacity measure would have been the 6-minute walk
test. Walking speed and the 6-minute walk test are highly cor-
related to each other,’”-3® and the 6-minute walk test has a
moderate to strong relationship with walking performance, as
measured with steps per day.>” Despite its relationship being
somewhat stronger than gait speed, the 6-minute walk test is es-
timated to explain 38% to 54% of the variance in daily walking
performance.® Thus, relationships between walking capacity
and performance might have been stronger if we had used the
6-minute walk test, but it still would not be an adequate sub-
stitute for directly measuring walking performance. Third and
finally, some unknown portion of the relationships shown here
are likely due to mathematical relationships between amount
and variability. Since neither amount nor variability can be a
negative number, only a small range of variability is possi-
ble for a small average amount. Likewise, with large average
amounts, a larger range of variability is possible. The mathe-
matical relationship cannot account for the majority of the re-
lationships found however, because the data in Figure 1 show
many examples of persons with the same average amounts but
with different variabilities and vice versa.

CONCLUSIONS

There is large variability in day-to-day walking perfor-
mance, as seen across the 4 variables quantified. The amount
of daily walking consistently influenced day-to-day variabil-
ity of walking performance. For steps per day, socioeconomic
disadvantage additively influenced variability. Knowledge of
day-to-day variability will inform clinicians and researchers,
as they try to evaluate change in walking performance across
clinical settings and research studies. Future work could ex-
plore day-to-day variability in larger samples that include other
neurologic populations to expand the generalizability of these
results and further evaluate the role of medical diagnoses on
variability. Further studies could also explore individualized
approaches to determining real change and individualized ap-
proaches to improving walking performance in daily life.
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