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Background: Stroke survivors are more sedentary than the general public. Previous

research on stroke activity focuses on linear quantities. Non-linear measures, such as

Jensen-Shannon Divergence and Lempel-Ziv Complexity, may help explain when and

how stroke survivors move so that interventions to increase activity may be designed

more effectively.

Objectives: Our objective was to understand what factors affect a stroke survivor’s

physical activity, including weather, by characterizing activity by step counts, structure,

and complexity.

Methods: A custom MATLAB code was used to analyze clinical trial (NCT02835313,

https://clinicaltrials.gov/ct2/show/NCT02835313) data presented as minute by minute

step counts. Six days of data were analyzed for 142 participants to determine the

regularity of activity structure across days and complexity patterns of varied cadences.

The effect of steps on structure and complexity, the season’s effect on steps, structure,

and complexity, and the presence of precipitation’s effect on steps and complexity were

all analyzed.

Results: Step counts and regularity were linearly related (p < 0.001). Steps and

complexity were quadratically related (r2 = 0.70 for mean values, 0.64 for daily values).

Season affected complexity between spring and winter (p = 0. 019). Season had no

effect on steps or structure. Precipitation had no effect on steps or complexity.

Conclusions: Stroke survivors with high step counts are active at similar times each

day and have higher activity complexities as measured through patterns of movement at

different intensity levels. Non-linear measures, such as Jensen-Shannon Divergence and

Lempel-Ziv Complexity, are valuable in describing a person’s activity. Weather affects our

activity parameters in terms of complexity between spring and winter.
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INTRODUCTION

People who have survived stroke are known to be more sedentary
than otherwise healthy individuals (Sjöholm et al., 2014), and
inactivity increases health risks including mortality (Proper et al.,
2011; Thorp et al., 2011), cardiovascular disease (Warburton
et al., 2006; De Rezende et al., 2014), diabetes (Warburton et al.,
2006), cancer (Warburton et al., 2006), osteoporosis and arthritis
(Warburton et al., 2006), depression (Warburton et al., 2006),
and recurrent stroke (Mohan et al., 2011). Importantly, one
can increase their physical activity levels and decrease their risk
of the previously mentioned diseases (Warburton et al., 2006).
Therefore, it is pertinent that we understand physical activity and
the factors that affect physical activity in stroke survivors, in order
to best promote its increase.

To our knowledge, only a few rehabilitation intervention
studies have examined changes in physical activity as an outcome
of the intervention (Pang et al., 2005; Michael et al., 2009;
Mirelman et al., 2009; Mudge et al., 2009; Moore et al.,
2010). When activity is objectively measured, as opposed to
self-reported data that may show positively skewed activity
levels (Resnick et al., 2008), the results indicated that current
rehabilitation interventions have limited impact on the daily
walking activity of chronic stroke survivors (Pang et al., 2005;
Michael et al., 2009; Mirelman et al., 2009; Mudge et al., 2009;
Moore et al., 2010). These studies found either no improvement
(Pang et al., 2005; Michael et al., 2009; Mudge et al., 2009),
or when an improvement was observed, the participants still
remained relatively sedentary after the intervention, walking
fewer steps per day than sedentary older adults and well below the
recommended levels of walking activity (Pang et al., 2005; Moore
et al., 2010). Recent work has shown that giving weekly physical
activity goals to stroke survivors can help to improve their overall
physical activity levels (Danks et al., 2014). Furthermore, the use
of a simple interactive mobile application has been found to be a
strong facilitator of the increase of physical activity through step
goals (Paul et al., 2016). These approaches primarily target the
quantity of physical activity. Other popular platforms, however,
more comprehensively target the type, timing, intensity, and
regularity of physical activity (Conroy et al., 2014). This approach
not only addresses the quantity of physical activity, but its day-
to-day structure (i.e., the distribution of activity throughout the
day) and complexity (i.e., the variations in length and intensity of
activity). The interplay between the quantity and structure and
complexity of physical activity, however, is not well-established
in those with chronic stroke. By quantifying physical activity
structure and complexity and their relationship to physical
activity quantity, we can better understand the barriers to
physical activity, determine the underlying mechanisms of how
physical activity quantity can be improved and sustained, and
identify new intervention targets for increasing physical activity
in stroke survivors.

Physical activity structure and complexity characterize an
individual’s movement, including when a person moves, how
regularly they move, and how intense their movements are.
Though the topic of physical activity structure is not unexplored,
many studies rely on linear measures to quantify physical activity,

such as steps per day (Eng and Tang, 2007; Sumukadas et al.,
2009; Roos et al., 2012; Knarr et al., 2013; Danks et al., 2014),
total time walking (Roos et al., 2012; Knarr et al., 2013; Danks
et al., 2014), and bouts of physical activity per day (Roos et al.,
2012; Knarr et al., 2013; Danks et al., 2014). Scientific literature is
lacking analyses of physical activity after stroke using non-linear
measures. While linear parameters can provide valuable physical
activity information, it is important to consider non-linear
measures to more completely capture the complex aspects of
physical activity. Such non-linear measures provide insight into
how a person’s physical activity is organized into their daily life
(Paraschiv-Ionescu et al., 2008). For example, Jensen-Shannon
Divergence (JSD) is an entropy-based non-linear measure that
can be used to analyze a person’s activity over multiple days.
JSD describes data with a measure of divergence from the data’s
probability distribution (Lin, 1991). JSD has been previously
used in studies of behavior relating to the patterns in which
individuals make phone calls (Saramaki et al., 2014; Aledavood
et al., 2015). We can apply JSD to physical activity by comparing
the variability of each minute’s step counts to their average
activity at that time of day over multiple days. A second non-
linear analysis named Lempel-Ziv Complexity (LZC) analyzes
sequences of data and their occurrences as patterns. This measure
provides a description of data through the number of distinct
patterns as well as how often each occurs (Aboy et al., 2006).
Previous studies have used LZC to analyze the complexities
of signals like those in EEG or ECG studies (Abásolo et al.,
2006; Aboy et al., 2006). One study used a combination of type,
duration, and intensity of physical activity to characterize their
complexity measure, which showed that “well-functioning older
adults” who had greater psychological concerns about falling had
lower complexity in their activity (Paraschiv-Ionescu et al., 2018).
The same concept can be applied to the patterns that occur in step
counts after stroke. For example, patterns may occur as a person
moves in different levels of intensity of activity, as measured
by cadence. LZC can then analyze how these patterns occur
throughout the day; more distinct patterns as well as a greater
number of occurrences of those patterns, contribute to a higher
level of complexity.

A combination of linear and non-linear analyses would allow
for investigating overall physical activity. Linearly, this could
include the number of steps taken in a day and the number of
discrete instances that a person is active. Non-linear measures
may be the structure of a person’s physical activity through their
patterns of activity and the variances in types of activities that
occur in those patterns. These analyses could provide a more
detailed description of how and when people move in order to
show what aspects of their physical activity structure that could
be targeted for intervention.

To properly design an intervention to promote physical
activity, it is not only important to describe activity amount,
structure, and complexity; it is necessary to determine any
barriers that may prevent an individual from being physically
active. One factor that has been quantitatively reported to affect
healthy adult physical activity (Jones et al., 2017) and qualitatively
reported to affect stroke physical activity is weather, which is
perceived as a barrier to physical activity quantity when it
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is unfavorable. This psychological barrier is especially present
with precipitation, as it introduces a perceived risk of falling
(Törnbom et al., 2017). While qualitative reports of barriers are
valuable, quantitative studies can determine whether or not any
perceived barrier translates into a clinically significant barrier
to activity that an individual actually performs. Quantitative
studies have not reached a consensus on the relationship between
weather parameters and physical activity, and there is a lack
of quantitative investigations on the effect of weather in those
with stroke in particular (Tucker and Gilliland, 2007). It is
important to understand the relationship between weather and
physical activity after stroke to determine whether this is a
substantial barrier that needs to be addressed in interventions
aimed at improving physical activity after stroke, such as through
substituted indoor exercises when poor weather may introduce a
barrier to feasibly achieving adequate activity amounts.

The purpose of this study is to examine physical activity
patterns after stroke and the relationship of these patterns
to weather parameters. The goal is to use the information
generated from this study to inform further development of
physical activity promotion programs that result in the greatest
increase in physical activity after stroke. We will explore the
relationship between the number of steps a stroke survivor
takes in a day and the structure and complexity of their
physical activity as measured by JSD and LZC, respectively.
If a significant relationship is found, then these non-linear
measures may be used as a predictor of activity in stroke
survivors. We hypothesize that, in persons post-stroke, physical
activity amounts will increase and become more similarly
structured and complex across days during seasons with more
favorable weather, such as spring, where temperatures are mild
to warm and any precipitation is less likely to produce an
icy walking surface than in winter, as well as over days with
no precipitation. In contrast, physical activity will decrease
and become less regularly patterned and less complex during
unfavorable weather conditions, like cold icy seasons, as well as
across days with precipitation.

METHODS

Physical activity data was collected as part of a larger clinical trial
(NCT02835313) performed through the University of Delaware.
All subjects provided written informed consent, with the study
protocol approved by the University of Delaware Human
Subjects Review Board. Participants with chronic (including
single or multiple) stroke(s) to either hemisphere(s), age 21–85,
with the ability to walk at a self-selected walking speed >0.3
m/s and <1.0 m/s were included. Ankle-foot orthoses, canes,
and walkers were allowed, but participants must be capable
of walking without additional human assistance (Wright et al.,
2018). Exclusion criteria included evidence of cerebellar stroke,
other potentially disabling neurological conditions, lower limb
Botox injection within fourth months, current participation in
physical therapy, inability to walk outside the home before
stroke, coronary artery bypass graft or stent replacement or
heart attack within 3 months, or musculoskeletal pain which

limits activity (Wright et al., 2018). Physical activity is defined
as “bodily movement produced by skeletal muscles that results in
energy expenditure” (2018 Physical Activity Guidelines Advisory
Committee, 2018). Participants wore a Fitbit (Fitbit One or
Zip) on their less-affected ankle, which recorded their routine
activity step counts at 1min intervals during all waking hours,
except swimming and bathing, without feedback on activity from
the device. Fitbit monitors have been found to be reliable and
accurate for monitoring activity data above 0.3 m/s (Fulk et al.,
2014; Klassen et al., 2016, 2017; Hui et al., 2018). Data was
collected for 172 participants after their initial study visit, with
those outside the reliable walking speed range being excluded
afterward; the present data was collected as pre-intervention
baseline data for all participants. The goal in the clinical trial
was for subjects to have 7 days of useable data (Wright et al.,
2018), so the final number of days in the initial collection
period varied depending on the participant. A custom MATLAB
code was utilized to analyze the activity data (MathWorks,
Natick, MA, USA). See Figure 1 illustrating which subjects’ data
were analyzed.

First, we removed partially recorded days and days that
recorded no physical activity from our data set. Though all
trial participants were contacted daily during activity monitoring
as a reminder to wear the Fitbit (Wright et al., 2018), not
every participant wore the device every day. In total, 142 of
the participants had step data collected for at least 6 entire
days at reliable speeds. Six days was determined adequate for
characterizing a person’s activity patterns (Hart et al., 2011;
Dillon et al., 2016), and therefore, the first 6 useable days were
selected for further analysis. These 6 days were either continuous
or within the same 7 day period for each participant; if an
individual’s analyzed data spanned seven calendar days, this was
due to a single day of zero data being excluded from the middle.

Total daily steps for each day and each participant (n = 852)
were determined by summing all step counts recorded in the
respective day. Themean daily steps of each participant (n= 142)
was determined by taking the average of their total daily steps
over 6 days.

In addition to traditional measures, two non-linear measures
were used to describe the patterns embedded in participant’s
physical activity and determine the relationship between non-
linear structure and complexity and number of steps. Jensen-
Shannon Divergence (JSD) is a non-linear analysis based on
inequality and entropy (Lin, 1991). JSDwas used to determine the
similarity, across 6 days, of each participant’s minute-to-minute
physical activity patterns by developing a probability distribution
of activity throughout one’s day and determining the divergence
of data from the distribution. Low JSD values correspond to
low physical activity entropy. In other words, stroke survivors
with more similar physical activity patterns across days will
have lesser JSD values. Lempel-Ziv Complexity (LZC), which
analyzed the number of distinct patterns, which were created
by participants transitioning from one level of activity intensity
to another, and how often each pattern recurred (Aboy et al.,
2006), determined daily physical activity complexity values. Low,
low-medium, medium, and high intensity physical activity were
defined as ranges of cadences as <15 steps per minute, ≥15
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FIGURE 1 | Illustrating the decision process for including subjects in analysis.

and <30 steps per minute, ≥30 and <45 steps per minute, and
≥45 steps per minute, respectively (Manns and Baldwin, 2009).
Greater combinations of these cadence ranges as well as greater
occurrences of each combination will contribute to higher daily
complexity values (Paraschiv-Ionescu et al., 2012).

Recorded weather data was retrieved from the Philadelphia
Mt. Holly Weather Forecast Office in New Jersey via the National
Centers for Environmental Information (NCEI) and was used for
all subjects, given that subjects were recruited from the northern
Delaware and Philadelphia metropolitan area. Seasons were
defined by 3 month sequences based on winter as the December
through February months. To analyze the relationship between
activity and weather, subjects’ mean daily steps across 6 days,
JSD values (n = 142), and daily LZC values (n = 852) were each
categorized into seasons. Further total daily steps and LZC values
for each individual day (n = 852) were categorized by having, or
not having, precipitation in each respective day to determine the
effect of precipitation as a barrier on physical activity.

Statistical analysis was performed using SPSS 26.0 (IBM,
Armonk, NY, USA). First, a possible relationship between the
number of steps a stroke survivor takes in a day and the
structure and complexity of their activity was explored. Linear
regressions were used to quantify the relationship between mean
daily steps to JSD values. A quadratic regression determined the
relationship between total daily steps and LZC values, as well as
mean daily steps to mean LZC values. A quadratic relationship
was used based on the following observations and reasoning:

(1) a non-linear relationship was evident from scatterplots of
total steps and complexity (Figure 2), (2) it is logical that the
potential influence of complexity on step counts is robust at
low-to-moderate physical activities, with a diminishing effect
for those with substantially high physical activity levels, and
(3) theoretically, at a point of extremely high physical activity,
there is little freedom to have complex activity behavior. Then,
analysis of variance tests were used to test our hypothesis that
(1) activity amount, structure, and complexity would increase
in favorable seasons and periods of no precipitation while (2)
activity amount, structure, and complexity would decrease in
seasons, which on average, have less favorable weather, and
periods with precipitation. One-way ANOVA tests were used to
analyze the effect of season on mean daily steps, JSD, and LZC
values. One-way ANOVA tests were also used to analyze the
effect of rain compared to no rain on total daily steps and LZC
values. Relationships with p< 0.05 and r2 > 0.49 were considered
significant and meaningful.

RESULTS

Six days of step data were analyzed for 142 subjects (male = 77,
female= 65). Other quantitative demographic data can be found
in Table 1.

In regards to the explored relationship between step counts
and non-linear structure and complexity of activity, mean
daily steps were found to be strongly related to JSD values

Frontiers in Sports and Active Living | www.frontiersin.org 4 November 2020 | Volume 2 | Article 551542

https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles


Andreasen et al. Characterization of Activity After Stroke

FIGURE 2 | Relating linear and nonlinear physical activity measures. (A) Shows the relationship between JSD values and mean daily steps over 6 days (n = 142).

Lesser JSD values represent more similarity in physical activity patterns across days. (B) Compares participants’ average activity complexity value to their mean daily

steps value (n = 142). (C) Shows the relationship between daily LZC values and total daily steps (n = 852). Lesser LZC values represent less complex physical activity

patterns.

TABLE 1 | Overall demographics for all subjects (n = 142).

Age Months

Post-stroke

Mean daily

steps

Self-selected

speed (m/s)

Average 63.25 51.53 4656.57 0.71

Standard Deviation 11.32 64.08 2952.86 0.21

(Figure 2A) with a linear regression (p < 0.001, r2 = 0.77).
Further, mean daily steps were strongly related to participants’
mean LZC values (Figure 2B). Total daily steps were also
found to have a strong positive relationship with daily
LZC values (Figure 2C). Quadratic regressions were used as
more steps are correlated with more complexity, especially

in the less active of stroke participants (r2 = 0.70 and
r2 = 0.64, respectively).

One-way ANOVA tests determined that mean daily steps
(Figure 3A) and JSD values (Figure 3B) were not significantly
affected by season (p = 0.92 and p = 0.98, respectively).
However, a one-way ANOVA did find a significant effect on
LZC values by season (Figure 3C). A follow-up Tukey test
found that the significant effect was present with spring LZC
values greater than winter LZC values (p = 0.019). Self-selected
walking speed demographics by season can be found in Table 2.
Additionally, one-way ANOVA tests found no significant effect
of rain compared to no rain on total daily steps (Figure 3D) or
LZC values (Figure 3E) (p = 0.35 and p = 0.81, respectively).
With no effect of precipitation and a seasonal effect in just a
single variable, we partially failed to reject our hypothesis that (1)
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FIGURE 3 | The effect of weather on linear and nonlinear physical activity measures. (A) Shows the effect of season on mean daily steps (n = 142). (B) Compares

JSD values by season (n = 142). (C) Shows the effect of season on daily LZC values (n = 852). (D) Shows the effect of precipitation on total daily steps (n = 852). (E)

Categorizes daily LZC values by precipitation presence (n = 852). All data is plotted on standard box and whisker plots with outliers notated with crosses (+). The

edges of brackets annotated with an asterisk (*) indicate significant between-group differences, p < 0.05.

activity amount, complexity, and structure is greater in favorable
conditions and (2) activity amount, complexity, and structure is
lesser in unfavorable conditions.

DISCUSSION

The goal of this investigation was to examine physical activity
patterns and related factors in stroke survivors with the goal of
informing further development of physical activity promotion
programs that result in the greatest increase in physical activity
levels. In our exploration of the relation of steps to structure
and complexity, we confirmed a strong significant positive

TABLE 2 | Self-selected speeds based on seasons of individuals’ data collection.

Self-selected speed (m/s)

Spring Average 0.78

Spring Standard Deviation 0.19

Summer Average 0.70

Summer Standard Deviation 0.21

Fall Average 0.72

Fall Standard Deviation 0.20

Winter Average 0.66

Winter Standard Deviation 0.22
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relationship, indicating that the non-linear measures JSD and
LZC may be predictors of activity in stroke survivors. In
analyzing these variables in relation to weather parameters, we
found that we could partially fail to reject our hypothesis: in terms
of complexity and season, we found that individuals’ activity
was more complex during spring than winter, but step counts
and structure were not affected by season, and no variables were
affected by precipitation.

Our investigation found that how active a stroke survivor
is correlates to the similarity in their physical activity patterns
and the complexity of their physical activity. It should be noted
that it is mathematically possible for a person with a low
mean daily steps value to also have a low JSD value (highly
regular day-to-day patterns). However, our results show strong
support that this does not occur in actuality as less active stroke
survivors only behave with low regularity (high JSD values).
Therefore, increasing the day-to-day structure of the least active
of stroke survivors even slightly could increase their activity
and potentially their health levels. It is possible that the present
correlation has bidirectional causation. However, some patients
may have greater results with instructions to build a regular,
active schedule as opposed to a generic task to be more active.
This information supports the idea that encouraging specific
activities and routines to increase activity structure could help
improve overall activity. Additionally, complexity of activity
increased with total activity as LZC values increased as a function
of step counts, so both ideas of structure and complexity should
be combined in promoting daily physical activity. Designing
habits of activities to do at certain times, while also including
activity that requires a greater variance in walking intensity,
may be able to increase structure, complexity, and therefore, the
overall amount of activity that the stroke survivor is performing.

Our analysis found little effect of weather (season and
precipitation) on physical activity after stroke. The only
significant effect was an increase in activity complexity from
winter to spring. Perhaps this means that stroke survivors
are venturing outdoors more in the spring so that relaxed
indoor sequences of activity are interspersed with sequences
of activity at more intense rates, as required for community
ambulation (Andrews et al., 2010). However, no relationship
between season and steps indicates that more research is needed
to determine if the significant step-complexity relationship could
be utilized to motivate patients based on activity intensity as a
way to increase activity amount during seasons in which weather
may pose a barrier to activity. Interestingly, stroke survivors
have been found to self-report “bad weather” as a barrier
to the amount of physical activity performed, but especially
the kind of unfavorable conditions that involve precipitation
and increased risk of falling (Törnbom et al., 2017), but that
relationship was not shown in our data; we did not see an
effect of precipitation on walking activity. Perhaps the lack of
precipitation relationship may mean the effect of weather may
be more related to temperature; spring temperatures are mild,
whereas winter temperatures are cold in the study population’s
region (Climate-Data.org). To answer some of the questions
about the disconnect between our quantitative data and others’
qualitative self-reported data, it would be interesting to perform
a longitudinal study, to determine how the same individual is

physically active across seasons and weather conditions. More
specifically, a study that brings the quantitative aspects of the
present study and the qualitative measures of previous studies
together to compare how activity structure and complexity
compare to any motivational reports of weather as an activity
barrier would be especially valuable and warranted.

This is the first study to compare linear measures of physical
activity after stroke to non-linear measures, like Jensen-Shannon
Divergence, that can provide some insight into the pattern and
complexity of physical activity after stroke. In stroke survivors
specifically, this is the first study to use Lempel-Ziv Complexity
in relation to physical activity after stroke. However, recent work
has begun to use complexity measures to assess physical activity
in other populations. For example, in “well-functioning older
adults,” people with psychological concerns about falling had
significantly lower complexity in their physical activity structure
(Paraschiv-Ionescu et al., 2018). This knowledge is relevant to
our investigation as stroke survivors report fear about falling
(Törnbom et al., 2017), and this may contribute to an unhealthy
decline in their physical activity complexity levels. Another
study in healthy older adults, which was meant to validate an
instrumented shoe, found that LZC was strongly related to the
number of bouts of sustained walking (Moufawad El Achkar
et al., 2016). This result suggests that one way to increase
the number of sustained bouts of walking after stroke may be
through increasing the complexity of daily walking structure. For
example, electronic applications could be used to remind users
to move, or change the intensity of their movement patterns,
at varied times throughout the day as to avoid rigidity and
increase complexity. These applications of LZC have developed
from a variety of studies that investigate patterns, from those
in DNA sequences to those in the activity of the brain in
populations such as Alzheimer’s disease and epilepsy (Aboy et al.,
2006). The expansion of this measure across multiple disciplines
is important to assess the varied patterns that innately occur
both externally and internally in humans, which we know are
important to health (Stergiou and Decker, 2011).

While previous research of the relationship between weather
variables and physical activity is inconclusive, one study did
find that physical activity amounts in community-dwelling older
adults increased from winter to spring (Jones et al., 2017),
similar to our result that complexity increased from winter to
spring. However, our results disagree from that study in that
we found no relationship between season and activity amount.
One systematic review of the effect of weather on activity, while
not completely conclusive, skewed toward weather having a
significant effect and recommended alternative indoor activities
during cold and wet months to compensate for the weather
barrier, but no studies with stroke individuals were included
(Tucker and Gilliland, 2007). In regards to previous studies
relating weather to stroke survivors’ activity, the perceived barrier
of poor weather conditions, especially precipitation, to activity,
as self-reported by individuals with stroke (Törnbom et al.,
2017) largely disagrees with the present results, as no effect of
precipitation was found, and only complexity, not amount or
structure, of activity was found to be affected by season. Further
researchmust be done to quantify a relationship between weather
and the activity of those with stroke.
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One weakness of this study is the 60 s sampling epoch (Knarr
et al., 2013). The ability to analyze physical activity in smaller
time epochs would allow a more precise picture of physical
activity complexity and structure. Since our LZC measures were
determined specifically from cadence levels, it is conceivable that
more complex results, or more variances in the occurrences of
physical activity patterns may be seen at a lower sampling epoch.
It would be valuable to study how different sampling epochs affect
complexity values to determine what epoch should be used in the
future for the most valid results. It would also be interesting to
observe how a narrower sampling frequency may cause a change
in the relationship between JSD values, or the patterns of physical
activity within the day across days, and physical activity amounts
(Hurling et al., 2007; Fry and Neff, 2009).

An additional weakness of the present study is that
information about whether or not participants were going
outside or not each day was not collected, nor was their
general attitude for, or against, being active during any given
kind of weather. Thus, we cannot understand the full potential
for weather to affect an individual’s activity on a given day.
Further research should investigate the effect of weather on
the activity of stroke survivors including data about time spent
outdoor compared to indoor. This data could be collected
qualitatively through a questionnaire, asking participants if they
believe certain weather conditions may be a barrier to their
activity, where other conditions they feel more apt to be active.
Additionally, brief daily summaries could be provided for basic
descriptions of activity and overall weather conditions.

The present investigation found that non-linear measures
Jensen-Shannon Divergence and Lempel-Ziv Complexity are
valuable tools in analyzing the makeup of a stroke survivor’s
physical activity. Using JSD, we can directly relate a stroke
person’s total amount of physical activity to how regular their
physical activity patterns are over multiple days. Using LZC, we
found that stroke survivors that were more active overall, were
performing walking activity of a greater variety, as measured
by patterns of cadences. This study found that there may be
a seasonal significance on physical activity, in terms of the

complexity of activity, which are higher in the mild spring
temperatures than in the cold winter, with precipitation not
proving to have any effect. Longitudinal studies should be done
to see if individuals adjust their own activity levels, timing,
and type relative to precipitation and season and if such results
are similar to those of this cross-sectional study. Further
investigations into the effect of intervention types on physical
activity levels and structure should also be done to determine
if there are any existing causal relationships between linear and
non-linear activity measures.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are
available on request from the corresponding author, Brian
A. Knarr. The data are not publicly available due to their
containing information that could compromise the privacy of
research participants.

ETHICS STATEMENT

The study involving human participants were reviewed and
approved by University of Delaware Human Subjects Review
Board. The patients/participants provided their written informed
consent to participate in this study.

AUTHOR CONTRIBUTIONS

DR and TW designed the study. TW participated in data
acquisition. SA and BK analyzed the present data. All authors
participated in data interpretation and were responsible for
writing and approving the manuscript for submission.

FUNDING

This work was supported by the National Institutes of Health
under Grants P20 GM109090, R15 HD094194, R01 HD086362,
and R01 NS114282.

REFERENCES

2018 Physical Activity Guidelines Advisory Committee (2018). Physical Activity
Guidelines Advisory Committee Scientific Report. U.S. Department of Health
and Human Services, 1–779.

Abásolo, D., Hornero, R., Gómez, C., García, M., and López, M. (2006). Analysis
of EEG background activity in Alzheimer’s Disease patients with lempel-
ziv complexity and central tendency measure. Med. Eng. Phys. 28, 315–322.
doi: 10.1016/j.medengphy.2005.07.004

Aboy, M., Hornero, R., and Abásolo, D., Álvarez D. (2006). Interpretation of the
lempel-ziv complexity measure in the context of biomedical signal analysis.
IEEE Trans. Biomed. Eng. 53, 2282–2288. doi: 10.1109/TBME.2006.883696

Aledavood, T., López, E., Roberts, S. G., Reed-Tsochas, F., Moro, E., Dunbar, R.
I., et al. (2015). Daily rhythms in mobile telephone communication. PLoS ONE
10:e0138098. doi: 10.1371/journal.pone.0138098

Andrews, A., Chinworth, S., Bourassa, M., Garvin, M., Benton, D., and
Tanner, S. (2010). Update on distance and velocity requirements
for community ambulation. J. Geriatr. Phys. Ther. 33, 128–134.
doi: 10.1097/JPT.0b013e3181eda321

Climate-Data.org. (2013). Philadelphia Climate (United States of America).

Available online at: https://en.climate-data.org/north-america/united-states-
of-america/pennsylvania/philadelphia-1690/

Conroy, D. E., Yang, C. H., and Maher, J. P. (2014). Behavior change techniques in
top-ranksed mobile apps for physical activity. Am. J. Prev. Med. 46, 649–652.
doi: 10.1016/j.amepre.2014.01.010

Danks, K. A., Roos, M. A., Mccoy, D., and Reisman, D. S. (2014). A step activity
monitoring program improves real world walking activity post stroke. Disabil.
Rehabil. 36, 2233–2236. doi: 10.3109/09638288.2014.903303

De Rezende, L. F. M., Lopes, M. R., Rey-Lo?ez, J. P., Matsudo, V. K. R., and
Luiz, O. D. C. (2014). Sedentary behavior and health outcomes: an overview of
systematic reviews. PLoS ONE 9:e0105620. doi: 10.1371/journal.pone.0105620

Dillon, C. B., Fitzgerald, A. P., Kearney, P. M., Perry, I. J., Rennie, K. L., Kozarski,
R., et al. (2016). Number of days required to estimate habitual activity using
wrist-worn GENEActiv accelerometer: a cross-sectional study. PLoS ONE

11:e0109913. doi: 10.1371/journal.pone.0109913
Eng, J. J., and Tang, P. F. (2007). Gait training strategies to optimize walking ability

in people with stroke : a synthesis of the evidence. Expert Rev. Neurother. 7,
1417–1436. doi: 10.1586/14737175.7.10.1417

Frontiers in Sports and Active Living | www.frontiersin.org 8 November 2020 | Volume 2 | Article 551542

https://doi.org/10.1016/j.medengphy.2005.07.004
https://doi.org/10.1109/TBME.2006.883696
https://doi.org/10.1371/journal.pone.0138098
https://doi.org/10.1097/JPT.0b013e3181eda321
https://en.climate-data.org/north-america/united-states-of-america/pennsylvania/philadelphia-1690/
https://en.climate-data.org/north-america/united-states-of-america/pennsylvania/philadelphia-1690/
https://doi.org/10.1016/j.amepre.2014.01.010
https://doi.org/10.3109/09638288.2014.903303
https://doi.org/10.1371/journal.pone.0105620
https://doi.org/10.1371/journal.pone.0109913
https://doi.org/10.1586/14737175.7.10.1417
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles


Andreasen et al. Characterization of Activity After Stroke

Fry, J. P., and Neff, R. A. (2009). Periodic prompts and reminders in health
promotion and health behavior interventions: systematic review. J. Med.

Internet Res. 11:e16. doi: 10.2196/jmir.1138
Fulk, G. D., Combs, S. A., Danks, K. A., Nirider, C. D., Raja, B., and Reisman, D. S.

(2014). Accuracy of 2 activity monitors in detecting steps in people with stroke
and traumatic brain injury. Phys. Ther. 94, 222–229. doi: 10.2522/ptj.20120525

Hart, T. L., Swartz, A. M., Cashin, S. E., and Strath, S. J. (2011). How many days of
monitoring predict physical activity and sedentary behaviour in older adults?
Int. J. Behav. Nutr. Phys. Act. 8:62. doi: 10.1186/1479-5868-8-62

Hui, J., Heyden, R., Bao, T., Accettone, N., McBay, C., Richardson, J., et al. (2018).
Validity of the fitbit one for measuring activity in community-dwelling stroke
survivors. Physiother. Canada 70, 81–89. doi: 10.3138/ptc.2016-40.ep

Hurling, R., Catt, M., Boni, M. D., Fairley, B. W., Hurst, T., Murray, P., et al.
(2007). Using internet and mobile phone technology to deliver an automated
physical activity program: randomized controlled trial. J. Med. Internet. Res.
9:e7. doi: 10.2196/jmir.9.2.e7

Jones, G. R., Brandon, C., and Gill, D. P. (2017). Physical activity levels of
community-dwelling older adults are influenced by winter weather variables.
Arch. Gerontol. Geriatr. 71, 28–33. doi: 10.1016/j.archger.2017.02.012

Klassen, T. D., Semrau, J. A., Dukelow, S. P., Bayley, M. T., Hill, M. D., and Eng, J. J.
(2017). Consumer-based physical activity monitor as a practical way tomeasure
walking intensity during inpatient stroke rehabilitation. Stroke 48, 2614–2617.
doi: 10.1161/STROKEAHA.117.018175

Klassen, T. D., Simpson, L. A., Lim, S. B., Louie, D. R., Parappilly, B., Sakakibara,
B. M., et al. (2016). “Stepping Up” activity poststroke: ankle-positioned
accelerometer can accurately record steps during slow walking. Phys. Ther. 96,
355–360. doi: 10.2522/ptj.20140611

Knarr, B., Roos, M. A., and Reisman, D. S. (2013). Sampling frequency impacts
the measurement of walking activity after stroke. J. Rehabil. Res. Dev. 50,
1107–1112. doi: 10.1682/JRRD.2012.12.0225

Lin, J. (1991). Divergence measures based on the shannon entropy. IEEE Trans.

Inf. Theory 37, 145–151. doi: 10.1109/18.61115
Manns, P. J., and Baldwin, E. (2009). ambulatory activity of stroke survivors

measurement options for dose, intensity, and variability of activity. Stroke 40,
864–867. doi: 10.1161/STROKEAHA.108.531590

Michael, K., Goldberg, A. P., Treuth, M. S., Beans, J., Normandt, P., and
Macko, R. F. (2009). Progressive adaptive physical activity in stroke improves
balance, gait, and fitness: preliminary results. Top. Stroke Rehabil. 16, 113–139.
doi: 10.1310/tsr1602-133

Mirelman, A., Bonato, P., and Deutsch, J. E. (2009). Effects of training with a robot-
virtual reality system compared with a robot alone on the gait of individuals
after stroke. Stroke 40, 169–174. doi: 10.1161/STROKEAHA.108.516328

Mohan, K. M., Wolfe, C. D. A., Rudd, A. G., Heuschmann, P. U., Kolominsky-
Rabas, P. L., and Grieve, A. P. (2011). Risk and cumulative risk of stroke
recurrence: a systematic review and meta-analysis. Stroke 42, 1489–1494.
doi: 10.1161/STROKEAHA.110.602615

Moore, J. L., Roth, E. J., Killian, C., and Hornby, T. G. (2010). Locomotor
training improves daily stepping activity and gait efficiency in individuals
poststroke who have reached a “Plateau” in recovery. Stroke 41, 129–135.
doi: 10.1161/STROKEAHA.109.563247

Moufawad El Achkar, C., Lenoble-Hoskovec, C., Paraschiv-Ionescu, A., Major,
K., Büla, C., and Aminian, K. (2016). Physical behavior in older persons
during daily life: insights from instrumented shoes. Sensors 16:1225.
doi: 10.3390/s16081225

Mudge, S., Barber, P. A., and Stott, N. S. (2009). Circuit-based rehabilitation
improves gait endurance but not usual walking activity in chronic stroke:
a randomized controlled trial. Arch. Phys. Med. Rehabil. 90, 1989–1996.
doi: 10.1016/j.apmr.2009.07.015

Pang, M. Y. C., Eng, J. J., Dawson, A. S., McKay, H. A., and Harris, J. E. (2005).
A community-based fitness and mobility exercise program for older adults
with chronic stroke: a randomized, controlled trial. J. Am. Geriatr. Soc. 53,
1667–1674. doi: 10.1111/j.1532-5415.2005.53521.x

Paraschiv-Ionescu, A., Buchser, E., Rutschmann, B., and Aminian, K.
(2008). Nonlinear analysis of human physical activity patterns in health
and disease. Phys. Rev. E Stat. Nonlinear Soft Matter Phys. 77:021913.
doi: 10.1103/PhysRevE.77.021913

Paraschiv-Ionescu, A., Büla, C. J., Major, K., Lenoble-Hoskovec, C., Krief, H., El-
Moufawad, C., et al. (2018). Concern about falling and complexity of free-living
physical activity patterns in well-functioning older adults. Gerontology 64,
603–611. doi: 10.1159/000490310

Paraschiv-Ionescu, A., Perruchoud, C., Buchser, E., and Aminian, K. (2012).
Barcoding human physical activity to assess chronic pain conditions. PLoS ONE
7:e32239. doi: 10.1371/journal.pone.0032239

Paul, L., Wyke, S., Brewster, S., Sattar, N., Gill, J. M., Alexander, G., et al. (2016).
Increasing physical activity in stroke survivors using starfish, an interactive
mobile phone application: a pilot study. Top. Stroke Rehabil. 23, 170–177.
doi: 10.1080/10749357.2015.1122266

Proper, K. I., Singh, A. S., van Mechelen, W., and Chinapaw, M. J.
M. (2011). Sedentary behaviors and health outcomes among adults: a
systematic review of prospective studies. Am. J. Prev. Med. 40, 174–182.
doi: 10.1016/j.amepre.2010.10.015

Resnick, B., Michael, K., Shaughnessy, M., Nahm, E. S., Kobunek, S., Sorkin,
J., et al. (2008). Inflated perceptions of physical activity after stroke: pairing
self-report with physiologic measures. J. Phys. Act. Health 5, 308–318.
doi: 10.1123/jpah.5.2.308

Roos, M. A., Rudolph, K. S., and Reisman, D. S. (2012). The structure of walking
activity in people after stroke compared with older adults without disability: a
cross-sectional study. Phys. Ther. 92, 1141–1147. doi: 10.2522/ptj.20120034

Saramaki, J., Leicht, E. A., Lopez, E., Roberts, S. G. B., Reed-Tsochas,
F., and Dunbar, R. I. M. (2014). persistence of social signatures in
human communication. Proc. Natl. Acad. Sci. U.S.A. 111, 942–947.
doi: 10.1073/pnas.1308540110

Sjöholm, A., Skarin, M., Churilov, L., Nilsson, M., Bernhardt, J., and Lindén,
T. (2014). Sedentary behaviour and physical activity of people with stroke
in rehabilitation hospitals. Stroke Res. Treat. 2014, 1–7. doi: 10.1155/2014/5
91897

Stergiou, N., and Decker, L. M. (2011). Human movement variability, nonlinear
dynamics, and pathology: is there a connection? Hum. Mov. Sci. 30, 869–888.
doi: 10.1016/j.humov.2011.06.002

Sumukadas, D., Witham, M., Struthers, A., and McMurdo, M. (2009). Day length
and weather conditions profoundly affect physical activity levels in older
functionally impaired people. J. Epidemiol. Commun. Health 63, 305–309.
doi: 10.1136/jech.2008.080838

Thorp, A. A., Owen, N., Neuhaus, M., and Dunstan, D. W. (2011). Sedentary
behaviors and subsequent health outcomes in adults. Am. J. Prev. Med. 41,
207–215. doi: 10.1016/j.amepre.2011.05.004

Törnbom, K., Sunnerhagen, K. S., and Danielsson, A. (2017). Perceptions
of physical activity and walking in an early stage after stroke or
acquired brain injury. PLoS ONE 12:e0173463. doi: 10.1371/journal.pone.01
73463

Tucker, P., and Gilliland, J. (2007). The Effect of season and weather
on physical activity: a systematic review. Public Health 121, 909–922.
doi: 10.1016/j.puhe.2007.04.009

Warburton, D. E. R., Nicol, C. W., and Bredin, S. S. D. (2006). Health
benefits of physical activity: the evidence. Can. Med. Assoc. J. 174, 801–809.
doi: 10.1503/cmaj.051351

Wright, H., Wright, T., Pohlig, R. T., Kasner, S. E., Raser-schramm, J., and
Reisman, D. (2018). Protocol for promoting recovery optimization of walking
activity in stroke (PROWALKS): a randomized controlled trial. BMC Neurol.

18:39. doi: 10.1186/s12883-018-1044-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Andreasen, Wright, Crenshaw, Reisman and Knarr. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Sports and Active Living | www.frontiersin.org 9 November 2020 | Volume 2 | Article 551542

https://doi.org/10.2196/jmir.1138
https://doi.org/10.2522/ptj.20120525
https://doi.org/10.1186/1479-5868-8-62
https://doi.org/10.3138/ptc.2016-40.ep
https://doi.org/10.2196/jmir.9.2.e7
https://doi.org/10.1016/j.archger.2017.02.012
https://doi.org/10.1161/STROKEAHA.117.018175
https://doi.org/10.2522/ptj.20140611
https://doi.org/10.1682/JRRD.2012.12.0225
https://doi.org/10.1109/18.61115
https://doi.org/10.1161/STROKEAHA.108.531590
https://doi.org/10.1310/tsr1602-133
https://doi.org/10.1161/STROKEAHA.108.516328
https://doi.org/10.1161/STROKEAHA.110.602615
https://doi.org/10.1161/STROKEAHA.109.563247
https://doi.org/10.3390/s16081225
https://doi.org/10.1016/j.apmr.2009.07.015
https://doi.org/10.1111/j.1532-5415.2005.53521.x
https://doi.org/10.1103/PhysRevE.77.021913
https://doi.org/10.1159/000490310
https://doi.org/10.1371/journal.pone.0032239
https://doi.org/10.1080/10749357.2015.1122266
https://doi.org/10.1016/j.amepre.2010.10.015
https://doi.org/10.1123/jpah.5.2.308
https://doi.org/10.2522/ptj.20120034
https://doi.org/10.1073/pnas.1308540110
https://doi.org/10.1155/2014/591897
https://doi.org/10.1016/j.humov.2011.06.002
https://doi.org/10.1136/jech.2008.080838
https://doi.org/10.1016/j.amepre.2011.05.004
https://doi.org/10.1371/journal.pone.0173463
https://doi.org/10.1016/j.puhe.2007.04.009
https://doi.org/10.1503/cmaj.051351
https://doi.org/10.1186/s12883-018-1044-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles

	Relationships of Linear and Non-linear Measurements of Post-stroke Walking Activity and Their Relationship to Weather
	Introduction
	Methods
	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


