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Abstract

Introduction: Improvement of walking performance is a primary goal for individuals post-stroke 

or with Parkinson disease (PD) who receive physical therapy. More data about day-to-day 

variability of walking performance is critical for determining if changes in performance have 

occurred.

Methods: Baseline assessments were utilized from an ongoing, observational, 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, max 30-min output, peak activity 

index) in daily life. Correlation analyses evaluated relationships 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 post-stroke (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, regardless of medical diagnosis or walking speed. Day-

to-day variability is large (upwards of 50% of the mean), with the amount of walking performance 

serving as the primary predictor of day-to-day variability in walking performance.
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Conclusion: The results of this study elucidate the factors that are related to and predict day-to-

day variability of performance. Walking performance metrics should be evaluated over multiple 

days and greater variability should be anticipated with greater amounts of performance.

INTRODUCTION

People post-stroke or with Parkinson disease (PD) are two of the largest populations seeking 

neurorehabilitation services1,2, and improvement in walking is the most common 

rehabilitation goal.3,4 The capacity for walking can be readily assessed in the clinic 

following best practice recommendations.5 Patients engage in rehabilitation care, however, 

to improve their walking performance (i.e. walking activity in daily life), not just their 

capacity to walk as measured in the clinic. There is strong support to capture walking 

performance as a measure of patient mobility outside the clinic.6,7

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 

accelerometer that quantifies steps per day and other performance variables. These variables 

can then be used to establish a starting point from which to set goals and track progress.7 

Efforts have begun to standardize days of wear and classifications of levels of activity.8,9 

Little is known, however, about day-to-day variability in walking performance or factors that 

may affect the variability in walking for people post stroke or with PD. Clinicians need this 

information to anticipate expected variation and to differentiate that from improvement or 

regression. Until more is understood about variability, it will be challenging to set realistic 

goals and determine if changes in walking performance have occurred.

The purposes of this paper are to: 1) describe day-to-day variability in walking performance, 

2) examine relationships between variability and mean performance over the recording 

period, and 3) evaluate the influence of other factors (e.g. walking capacity, medical 

diagnosis, socioeconomic disadvantage) on variability. Data are examined at the individual 

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 vs. variability and the factors that influence variability 

will enable accurate and individualized goals and interventions for people post-stroke or PD.

METHODS

This paper reports on data from an ongoing longitudinal, 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 ICF model, capacity and performance are both 

activity-level measures, with the former capturing activity in a structured setting, and the 

latter capturing activity in the unstructured, free-living environment.10 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, i.e. 

walking.
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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 five outpatient therapy clinics 

in the United States (3 clinics in St. Louis MO, 1 clinic in Boston MA, 1 clinic in Chicago 

IL) 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 physical therapy; 2) documented therapy goals to improve mobility; 3) 

anticipated duration of therapy services of at least one month; and 4) ability to follow 2-step 

commands. Exclusion criteria were: 1) other neurological or psychiatric conditions, 

including deep brain stimulation implants; 2) other orthopaedic conditions that limited 

mobility or potential progress in mobility; 3) other co-morbid conditions such that the 

physician or therapy documentation indicates minimal chance for improvement in function; 

and 4) self-selected gait speed ≥ 1.2 m/s. 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).11

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 captured 

by the Area of Deprivation Index (ADI).12,13 The ADI is derived from analysis of census 

data on education, income, employment, housing, and household characteristics and is 

scored on a scale of 0–100 percent. Individuals who reside in areas with a higher ADI tend 

to be more economically disadvantaged. Living in areas that are more economically 

disadvantaged has been associated with a variety of detrimental health effects including 

higher incidence and poorer management of chronic disease (often due to lack of access to 

services, healthy food sources, etc.)14, earlier mortality15, and higher hospital re-admission 

rates16. We chose ADI because of its comprehensive quantification of socioeconomic 

disadvantage and because it is possible that socioeconomic disadvantage could influence 

walking performance (e.g. lack of safe walking spaces, crumbled sidewalks). The ADI was 

accessed through the University of Wisconsin School of Medicine and Public Health’s 

Neighborhood Atlas17 by entering participants’ 9- digit zip codes.

Study assessments were typically collected around the time of the participants’ therapy 

appointments, and participants 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 MWT.5 Self- selected walking speed was also assessed. Participants walked 

over a 14- meter course with their customary assistive device and any required bracing, 

where the middle 10 meters was timed. The three trials were averaged and are reported in 

meters/second. Participants requiring physical assistance were given a walking speed score 

of 0 m/s. Individuals who were unable to walk as defined by a gait speed of 0.0m/s were 

excluded from this analysis.

Walking performance, i.e. mobility in daily life, was recorded via a validated accelerometer 

(StepWatch Activity Monitor, Modus Inc, Washington DC) worn on the least affected limb.
18–21 The Step Activity Monitor was calibrated to participant height and walking 
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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 activity count was off by ≥ 2 strides. Number of strides was 

captured over 60-second intervals and converted to steps. Data were captured over the course 

of seven consecutive days during all waking hours, except while participants were bathing.
20–23 Each participant was provided instructions for wearing the device 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 (e.g. started wearing at 1 pm, removed at 1 pm).

Here, we report on four variables derived from the step activity monitor recordings that 

reflect walking performance in daily life. We report on four instead of only one (e.g. steps 

per day) because it is unlikely that a single variable can completely capture the whole 

construct of performance in daily life.24 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 (e.g. bouts 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 

recording period. The primary variable was total steps per day, as is most commonly seen in 

rehabilitation literature.7,20,25,26 The three other variables were walking duration, maximum 

30- minute output, and peak activity index. Walking duration is the sum of the minutes of 

walking and includes every minute where the step count was > 1.7,22,25,27 Note that walking 

duration determined from one- minute periods potentially overestimates walking duration 

over the course of a day. This is because any minute where walking is recorded is counted as 

a minute of walking (e.g. five steps at the beginning of one minute = one 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.25 The peak activity index is the average number 

of steps per minute over the 30 most active minutes of the day, regardless of when they 

occurred.25 Both maximum 30- minute output and peak activity index were included 

because participants may have spread their more intense activities throughout the day vs. 

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 alpha level of significance was set at 0.05. Histograms were 

generated for each variable to examine the distributions, and tests confirmed normality of 

these distributions. Descriptive statistics were then calculated for each variable. To quantify 

day-to-day variability in walking performance, the standard deviation and coefficient of 

variation (i.e. standard deviation/mean) of each variable were computed for each person 

from their values for each day during the recording period. Relationships between the 

standard deviation and mean values were evaluated using Pearson correlation coefficients. 

Regression modeling 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 ‘lm’ function 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 
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walking performance variable, additional models were constructed adding potential 

modifiers (diagnosis [stroke or PD]), fast walk speed, and ADI.) Models containing each 

additional modifying variable were compared to the previous model using Chi squared 

analyses, and the added modifying variable was retained only when the more complex 

model was significantly different from the simpler model.

RESULTS

One hundred and three participants enrolled in the mobility portion of the study. Of these, 

five individuals were excluded on initial evaluation (self-selected walking speed ≥ 1.2 m/s), 

seven individuals had no stepping data available for analysis (e.g. lost the SAM, non-

compliance), four individuals were excluded for having only one day of stepping data, and 

three individuals who could not walk without physical assistance and had inaccurate SAM 

data due to wheelchair use. This resulted in 84 individuals with usable data. Table 1 provides 

descriptive information about the sample. As expected in a sample of participants 

undergoing 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 for the number of recording days and the walking performance variables. The 

majority of individuals had five days of recording. Because we found no relationship 

between number of days of recording and individual variability (r = −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 stroke28 and 

similar to other cohorts with PD.21,29 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.22,30

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 

individual standard deviations for the four walking performance variables, with participants 

with stroke marked by gray circles and those with PD marked by black circles. Moderate 

associations 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; r = 0.52, p < 0.0001). A weaker 

relationship was evident for peak activity index (1D; r = 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, 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 if 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 moderately correlated to individual steps per day (fast, r = 0.42, p < 0.0001; self-

selected, r = 0.40, p < 0.0001), as has been shown by others.31 Of more interest, Figure 2 

shows scatterplots of fastest (2A) and self-selected walking speed (2B) for each individual 

versus their individual standard deviations of steps per day. Both pictures reveal moderate 

relationships, with correlation coefficients of 0.42 and 0.40 (both p <0.0001) for fastest and 
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self-selected walking speed, respectively. Thus, individuals that 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 different 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 four walking performance variables. 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, respectively. The figure and these mean values demonstrate 

that for many participants, day-to-day variability was > 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 walking performance. The primary variable predicting day-to-day 

variability in walking performance was the mean of that performance variable (steps per day, 

adjusted R2= 0.40; walk duration, adjusted R2= 0.18; max 30-min output, adjusted R2=0.26; 

peak activity index, adjusted R2=0.04; all p<0.001). Adding diagnosis (stroke or PD) and 

walking speed did not alter the model, signifying that neither medical diagnoses nor walking 

capacity provided additional predictive 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 R2=0.44, p<0.001). ADI was not 

significant for the other three walking performance variables. Interestingly, no relationships 

were found between ADI and steps per day alone (zero-order r = −0.18, p = 0.11 for means; 

r = 0.08, p = 0.47 for standard deviations). This means that, after controlling for the average 

amount of walking, participants that lived in areas that were more socio-economically 

deprived had more day-to-day variability in steps per day.

DISCUSSION

This study examined the day-to-day variability in walking performance for people post 

stroke 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 

activity index, regardless of medical diagnosis. Individual means of each performance 

variable were the primary predictors of variability of each measure, with socioeconomic 

disadvantage 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 capture 

walking performance across an episode of clinical care. Results can also be utilized when 

designing intervention studies to estimate the minimum size of anticipated changes and 

evaluating whether or not change has occurred post intervention.
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Variability in steps per day and other walking performance 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 three days18,20,22. Recording for 

only one day is unlikely to provide an accurate quantification of an individual’s walking 

performance. While collecting a minimum of three days of walking performance data is 

well-established in research studies7,22,25, the data presented here highlight the critical need 

to also collect at least three days of walking performance 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 services and their treating 

clinicians will not know if changes from one time point to the next are true changes, versus 

just part of that individual’s day-to-day variability. For example, Figure 1A shows multiple 

individuals who walk around 5000 steps per day on average. The range of day-to-day 

variability 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 (MDC) and minimal clinical important 

difference (MCID) 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 therapist is to assist the patient in achieving these goals. Unfortunately, 

at the present time, measurement of walking performance is not regularly assessed clinically. 

The most obvious barriers 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 barriers are lie in common misperceptions that: 1) walking capacity (e.g. gait 

speed) accurately reflects walking performance (e.g. steps per day); and 2) that a change in 

walking capacity indicates a change in walking performance. Indeed, walking capacity and 

walking performance are moderately related, as shown in previous reports31 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 30–45% of the variance in daily walking performance after 

stroke, leaving up to 70% of the variance unexplained.32,33 To the second point above, there 

is emerging data showing a discrepancy in amount of change in capacity measured in the 

clinic compared to change in performance for both the upper and lower limbs.34–36 Both 

capacity and performance measures are informative activity-level measures that, while 

related, provide unique information from which therapists need to make clinical decisions. 

Capturing both capacity and performance measures provides a more comprehensive picture 

of walking for each patient independent of medical diagnosis.
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Limitations

There are three main limitations that could influence the interpretation of these data. First, 

three 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, there is the potential that the presented data from these variables are 

overestimates of the true values. However, it is unlikely that a general overestimate would 

change the relationships found here between amount and variability. Second, gait speed was 

selected as the measure of walking capacity because it is the most common and easiest to 

administer in clinical care.5 An alternative walking capacity measure would have been the 

six-minute walk test. Walking speed and the six-minute walk test are highly correlated to 

each other,37,38 and the six-minute walk test has a moderate to strong relationship with 

walking performance, as measured with steps per day.39 Despite its relationship being 

somewhat stronger than gait speed, the six- minute walk test is estimated to explain 38–54% 

of the variance in daily walking performance.40 Thus, relationships between walking 

capacity and performance might have been stronger if we had used the six- minute walk test, 

but it still would not be an adequate substitute 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 possible for a small 

average amount. Likewise, with large average amounts, a larger range of variability is 

possible. The mathematical relationship cannot account for the majority of the relationships 

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.

Conclusion

There is large variability in day-to-day walking performance, as seen across the four 

variables quantified. The amount of daily walking consistently influenced day-to-day 

variability 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 explore 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 

approaches to improving walking performance in daily life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Relationships between individual means and standard deviations (over days) of gait 

performance variables for all participants. Black circles = PD participants, gray circles = 

participants with stroke. 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 A-C 

and p = 0.015 for D.
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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. Black circles = PD participants, gray circles 

= participants with stroke. Note that an inclusion criterion of the study was self-selected 

walking speed ≤ 1.2 m/s, so no one has a value above that in panel B. For correlations 

coefficients, p < 0.0001.
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Figure 3. 
Histograms showing the individual standardized variability (coefficient of variation) of each 

gait performance measure. For most participants, the day-to-day variability of the measure is 

≥ 25% of their mean value.
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Table 1.

Descriptive characteristics of the sample.

Stroke (n=37) Parkinson disease (n=47)

Age, yrs 63 ± 13 (29–85) 71 ± 7 (55–87)

Sex 13 female (35%) 21 female (45%)

Time since stroke, months 6.8 ± 0.4 (0.5–65) --

Side affected by stroke 21 Left, 16 Right --

Time since PD diagnosis, yrs -- 5.4 ± 5 (0–22)

Area of Deprivation Index 49 ± 33 (4–100) 20 ± 20 (1–82)

Fast-as-possible velocity, m/s 0.8 ± 0.3 (0.2–1.3) 1.3 ± 0.3 (0.5–1.8)

Self-selected velocity, m/s 0.6 ± 0.2 (0.1–1.1) 0.9 ± 0.2 (0.4–1.2)

Utilized Assistive Device and/or Orthotic 25 (68%) 8 (17%)

Values are mean±SD (range), or number (%).
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Table 2.

Group statistics for walking performance variables collected by the Step Activity Monitor.

Stroke (n=37) Parkinson disease (n=47)

# SAM days recorded
2
3
4
5

1
3
3
30

3
3
3
38

Steps per day 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

Values are mean ± SD, unless otherwise indicated.
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