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BACKGROUND: The inherent stride-to-stride fluctuations during walking are altered in the aging
population and could provide insight into gait impairments and falls in patients with COPD.
Stride-to-stride fluctuations are quantified two ways: variability of the fluctuations (eg, standard
deviation), and movement patterns within the fluctuations. Our objective was to investigate stride-
to-stride fluctuations by evaluating the variability and movement patterns of lower limb joints in
subjects with COPD compared to subjects without COPD as control subjects. METHODS: In this
cross-sectional study, 22 subjects with COPD (age 63 � 9 y; FEV1 54 � 19% predicted) and
22 control subjects (age 62 � 9 y; FEV1 95 � 18% predicted) walked for 3 min on a treadmill while
their gait was recorded. The amount of variability (ie, standard deviation and coefficient of vari-
ation) and movement patterns (ie, predictability and consistency in organization) were quantified
for the range of motion and joint angle of the hip, knee, and ankle, at 3 walking speeds (ie,
self-selected, fast, and slow). General linear mixed models were used for analysis. RESULTS:
Control subjects had more consistent organization of the hip and knee joint movement patterns
compared to subjects with COPD (P � .02 and P � .02, respectively). Further, control subjects
adapted to speed changes by demonstrating more consistent organization of movement patterns
with faster speeds, whereas subjects with COPD did not. At the fast walking speed, subjects with
COPD demonstrated less consistent organization of knee and hip joint movement patterns as
compared to control subjects without COPD (P � .03 and P � .005, respectively). The amount of
variability did not differ between groups. CONCLUSIONS: Although subjects with COPD did not
demonstrate decreased amount of variability, their hip and knee joint movement patterns were less
consistent in organization during walking. Reduced consistency in organization of movement pat-
terns may be a contributing factor to falls and mobility problems experienced by patients with
COPD. Key words: gait; lung disease; entropy; Lyapunov exponent; biomechanics; 3-dimensional mo-
tion analysis. [Respir Care 0;0(0):1–•. © 0 Daedalus Enterprises]

Introduction

COPD is characterized by progressive and persistent
expiratory air-flow limitations associated with chronic in-

flammation of the airway.1 Individuals with COPD are
limited in their functional mobility and demonstrate lower
limb muscle dysfunction.2,3 In addition, gait abnormalities
have been observed in patients with COPD, including loss
of function at the ankle joint, slower cadence, shorter step
length, and narrower step width.4-8

Gait abnormalities can also be described by the inherent
stride-to-stride fluctuations in gait parameters during walk-
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ing.9 Traditional methods quantify the variability, or the
amount, of stride-to-stride fluctuations (eg, the standard
deviation or coefficient of variation). Complementary to
traditional methods, other methods quantify movement pat-
terns within the stride-to-stride fluctuations, such as how
repeatable the fluctuations are within a walking bout. There
are several methods available to quantify the movement
patterns within stride-to-stride fluctuations. Sample entropy
quantifies the predictability of the movement patterns by
measuring the probability that patterns will not be fol-
lowed by additional similar patterns.10 This method has
been used to identify abnormal heart rate characteristics in
patients with COPD.11 The local divergence exponent mea-
sures the consistency in the organization of movement
patterns over time (referred to as local dynamic stabil-
ity).12 Less consistent organization of movement patterns
during walking has been reported in fall-prone elderly sub-
jects.13 Quantifying movement patterns is important be-
cause flexibility from stride to stride is needed to execute
adaptations to the changing environment while walking.14

Disease and aging have been associated with a loss of
flexibility, reflected by movement patterns that are either
too rigid or too irregular.15

There is little research on stride-to-stride fluctuations in
patients with COPD. A few studies have reported reduced
variability in step width and increased variability in step
time and stride lengths in subjects with COPD.8,16 Similar
gait changes have been related to increased fall risk in
older adults.17,18 However, these spatiotemporal gait vari-
ables provide only a snapshot of gait. Joint movements
may provide a more global view of the lower extremity
movements.8 Previous studies have described altered lower
limb joint movement patterns in older adults compared to
young adults, and in subjects with peripheral arterial dis-
ease compared to healthy subjects.19,20 In addition, vari-
ability in spatiotemporal gait variables is not always dis-
criminative between healthy older adults and older adults
with a cautious gait.21 Therefore, quantifying joint move-
ment patterns in patients with COPD could provide addi-
tional insight into gait alterations and might explain in-
creased balance disturbances, fall risk, and mobility
problems in this population.22,23

The aim of this study was to investigate stride-to-stride
fluctuations by evaluating the variability and the move-

ment patterns in lower limb joints of subjects with COPD
compared to control subjects without COPD while walk-
ing. We hypothesized that subjects with COPD would dem-
onstrate a more restricted and a less consistent organiza-
tion of gait patterns compared to control subjects, as
reflected by decreased variability, increased predictability,
and reduced consistency in organization in lower limb
joint movement. To reveal adaptation needed to accom-
modate to alterations in demand, subjects were also asked
to walk outside of their comfortable walking speed.

Methods

Subjects

In this cross-sectional study, subjects with COPD were
recruited from the University of Nebraska Medical Center
and the Omaha Veterans’ Affairs Healthcare Center. COPD
was previously diagnosed by a physician and confirmed
with spirometry, using a FEV1/FVC of � 0.7.1 FEV1 %
predicted was calculated using the reference data source of
the NHANES III survey.24 Healthy control subjects were
recruited through the community in Omaha and were con-
sidered healthy if they had an FEV1/FVC � 0.7. Individ-
uals were excluded if they presented with a history of
injury or disease that affected their mobility or another
comorbidity that may affect the musculoskeletal, neuro-
logical, pulmonary, or cardiovascular systems. The insti-
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QUICK LOOK

Current knowledge

Stride-to-stride fluctuations are inherent during walking
and can be quantified by the amount of fluctuations or the
patterns within the fluctuations. The patterns within stride-
to-stride fluctuations during walking reflect the flexibility
of the locomotor system to adapt during walking. Both the
amount and patterns of stride-to-stride fluctuation are al-
tered in the aging population and in patients with increased
fall risk, and could provide insight into gait impairments
and falls in patients with COPD.

What this paper contributes to our knowledge

The amount of stride-to-stride fluctuation did not differ
between subjects with COPD and control subjects. How-
ever, subjects with COPD walked with less consistent
organization of movement patterns of the lower extrem-
ities across walking speeds. These findings suggest the
presence of neuromuscular deterioration in the locomo-
tor system, reflecting less healthy movement patterns in
subjects with COPD.
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tutional review boards at both institutions approved the
study, and the study was performed at the Department of
Biomechanics and Center for Research in Human Move-
ment Variability, University of Nebraska at Omaha. All
subjects provided written informed consent. In total, 22 sub-
jects with COPD and 22 control subjects without COPD
were included (Table 1). This sample size was based upon
a pilot study of stride-to-stride fluctuations of step length
and step time in subjects with COPD prior to the current
study.

Data Collection

All subjects wore a tight-fitting suit (ie, wrestling sin-
glet). Retroreflective markers were placed on bony land-
marks of the body, bilaterally, according to a modified
Helen Hayes marker set.25 Prior to data collection, subjects
were asked to walk on a treadmill to determine their self-
selected walking speed (SSWS). The procedure to assess
the SSWS included a walking trial in which, when a sub-
ject indicated that a speed was comfortable, the subject
continued to walk at that speed for 1 min, at which time
the subject was asked again if the speed was too fast or too
slow. If the subject indicated it was too fast, the treadmill
was slowed or vice versa. This continued until a comfort-
able speed was found, which was similar to the subject’s
normal pace. This procedure may have taken up to 15 min,
in which subjects also became accustomed to treadmill
walking itself. The SSWS corresponded to the subject’s
normal pace, such as when they would walk from the car
into a building. Subjects were then given a minimum 5-min
rest to prevent fatigue. Subjects completed 3.5-min trials
at their SSWS, in which data were recorded during the last
3 minutes. Subjects completed 2 additional trials at

speeds �20% (slow) and �20% (fast) of their SSWS. The
order of the latter 2 walking speeds was randomized for all
subjects. Subjects rested a minimum of 2 min to recover
between trials.

Three-dimensional marker trajectories were collected
with a high-speed motion capture system (Motion Analy-
sis, Santa Rosa, California; 60 Hz) while subjects walked
on a treadmill (Fig. 1). Unfiltered 3-dimensional marker
data were used to calculate sagittal joint angle time series
for the ankle, knee, and hip (Visual 3D, C-Motion, Ger-
mantown, Maryland). The range of motion (RoM) was
calculated for every right and left step from the joint angle
time series using a custom Matlab program (Mathworks,
Natick, Massachusetts) (Fig. 2). Generated time series for
RoM data were cut to 162 steps. This was based upon the
subject who had the lowest number of steps of all trials. To
quantify the variability of fluctuations, we calculated stan-
dard deviations and coefficients of variation from the RoM
time series. To quantify the movement patterns, RoM time

Table 1. Demographics of Subjects Used for Analysis

Parameter Control COPD P

Age, y 62.1 � 8.6 62.7 � 9.0 .83
Male/female, n 6/16 13/9 .033*
FEV1, L 2.4 � 0.6 1.8 � 0.8 .01
FVC, L 3.1 � 0.7 3.2 � 1.1 .70
FEV1/FVC 0.78 � 0.06 0.55 � 0.12 � .001
FEV1 % predicted 94.5 � 17.7 53.7 � 18.5 � .001
Height, cm 165.0 � 9.4 172.5 � 13.3 .038
Weight, kg 73.6 � 15.6 94.5 � 30.7 .007
Body mass index, kg/m2 27.0 � 4.9 31.6 � 8.7 .049
Slow, m/s 0.75 � 0.13 0.68 � 0.21 .23
SSWS, m/s 0.93 � 0.16 0.85 � 0.26 .23
Fast, m/s 1.12 � 0.19 1.02 � 0.31 .23

Data are presented as mean � SD or as n subjects. Control group: n � 22 subjects; COPD
group: n � 22 subjects.
* An association was found between gender and group (chi-square (1) � 4.539, P � .033).
SSWS � self-selected walking speed

Fig. 1. Gait assessment setup. Infrared cameras are placed through-
out the laboratory. Calibrated cameras triangulate the position of
each marker based on the reflection of infrared light back to the
camera lens off the retroflective marker. The positions of markers
were used to calculate joint angles and range of motion of the
joints.
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series were subjected to predictability analysis. In addi-
tion, the right leg joint angles from the ankle, knee, and hip
were subjected to consistency of organization analysis.

Sample entropy was used to assess the predictability of
the RoM time series as described elsewhere.10 Briefly,
sample entropy compares patterns within the time series to
determine the probability that the same pattern will not
appear again in the time series. A sample entropy value
near zero reflected a near-perfect predictable time series of
RoM values, whereas a sample entropy value extending
toward infinity reflected a completely random time series
of RoM values. A decrease in predictability has possible
associations with a loss of flexible adaptation. Sample
entropy was calculated using the m parameter, which is
the number of data points that are to be compared (m � 2),
the r parameter, which is the similarity criterion (r � 0.25),

and the n parameter, which is the length of the entire data
set (n � 162), on the RoM time series for each joint (see
the supplementary materials for justification of parameter
selection at http://www.rcjournal.com).10

Lower limb joint angles were subjected to consistency
of organization analysis (ie, local dynamic stability).26 To
describe this analysis, imagine drawing a circle on a piece
of paper over and over in a continuous fashion. Likely
each iteration of the circle does not perfectly overlap the
last circle. The further apart each iteration is, the less
consistent the path is over time; if each iteration closely
mimicked the iteration before, the path would be consid-
ered highly consistent. Similarly, this is true of the move-
ment of the joint in space. Briefly, the joint angle time
series was reconstructed into a multidimensional space,
and the distances between these points were calculated as
a function of time and averaged over all data point pairs to
obtain the average logarithmic rate of divergence (Fig. 3).
The slope of the divergence curve provided an estimate of
the local divergence exponent, which quantifies the sepa-
ration of the joint angle trajectories over time. A higher
value of the local divergence exponent indicates a less
consistent organization of movement pattern.27

Demographics were compared using a t test or a chi-square
test. A linear mixed model was used to assess differences in
mean, standard deviation and coefficient of variation, and
predictability of RoM time series between groups (COPD vs
controls) and over the 3 walking speed conditions (slow,
SSWS, and fast). A linear mixed model was used to deter-
mine group and speed differences of the consistency of or-
ganization in each joint angle (ankle, knee, and hip). This
method enables the determination of differences within and
between groups while accounting for correlation due to re-
peated measurements and adjusting for potentially confound-
ing variables. All interactions between group and speed were
investigated. Adjustments for multiple comparisons were
made using the simulation technique. In all models, the
actual speed at each tested pace (slow, SSWS and fast)
was used as a covariate so comparisons could be made
between speed groups independent of the starting speed.
Mean differences between groups or speeds, 95% CIs,
and effect sizes (Cohen’s d) were calculated.28 All sta-
tistical analyses were conducted in SAS (SAS Institute,
Cary, North Carolina). A significance level of al-
pha � 0.05 was set a priori.

Results

Variability of Fluctuations

A significant interaction between group and speed for
mean ankle RoM and mean hip RoM was found (P � .02
and P � .035, respectively) (for additional information,
see Fig. 4, Fig. 5, and the supplementary materials at http://
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Fig. 2. A graphic representation of the joint angle and range of
motion time series of the right ankle of a healthy subject. A: Rep-
resents a selection of the joint angle time series of the ankle (0–25
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joint angle in one stride, (e.g. the range of motion in one stride;
RoM). B: Represents the RoM time series calculated over the en-
tire joint angle time series.
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www.rcjournal.com). Subjects with COPD and control sub-
jects appeared to have a similar ankle and hip RoM at slow
speed, although only control subjects seemed to increase
their RoM with faster speeds.

Knee RoM standard deviation demonstrated a main effect of
speed for both groups combined (P � .02) (Fig. 6). Knee RoM
was more variable in the fast condition compared to SSWS
(P � .01) and slow condition (P � .049) (Table 2).

Similar to standard deviation, knee RoM coefficient of
variation demonstrated a significant main effect of speed
(P � .01). Walking at the fast speed was more variable in
knee RoM compared to SSWS (P � .01, d � 0.64) and
slow speed (P � .02). A main effect of speed on hip RoM
coefficient of variation was found (P � .036). Walking at
the fast speed was more variable in hip RoM compared to
SSWS (P � .046) and slow speed (P � .033).

Movement Patterns Within the Fluctuations

No main effect of group was found for predictability
across any of the joints. A main effect of speed for hip
RoM predictability was found (P � .02). During the fast
speed, hip RoM was more predictable compared to SSWS
(P � .049) and slow speed (P � .01). No interactions were
found.

A significant interaction between group and speed was
found in the consistency in the organization of the knee
(P � .02) and hip (P � .02) joint angles. Control subjects
exhibited increased consistency in organization (eg, lower
local divergence exponent values) in the hip and knee angle
movement patterns as speed increased, while subjects with
COPD did not demonstrate as much improvement. In the fast
condition, subjects with COPD showed significantly reduced
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Fig. 3. A graphic representation of the ankle joint angle time series of a healthy subject in two dimensions and the calculation of the local
divergence exponent. A: The phase portrait of a representative ankle joint angle (angle vs. angular velocity). B: A close-up view of one
portion of the phase portrait where the divergence of neighboring trajectories is outlined. Distances between points were calculated as a
function of time. C: The local divergence exponent is calculated as the slope of the strides vs. the natural log of the divergence plot at 0–0.5
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consistency in organization of the knee joint angle as com-
pared to the control subjects (P � .03) and for the hip joint
angle (P � .005). Within the COPD group, hip joint angles
demonstrated reduced consistency in organization (eg, greater
local divergence exponent values) in the fast speed as com-
pared to the SSWS and slow speed (P � .045 and P � .045,
respectively).

Discussion

This study aimed to investigate stride-to-stride fluctua-
tions by evaluating the variability and movement patterns
in lower limb joints between the walking gait of subjects
with COPD and control subjects who did not have COPD.
We hypothesized that subjects with COPD would demon-
strate more restricted and less consistent organization of
movement patterns, as reflected by a reduced variability of
fluctuations, increased predictability, and reduced consis-
tency in the organization of joint movement patterns within
the stride-to-stride fluctuations. In addition, it was hypoth-
esized that this would become more apparent at walking
speeds that differed from the SSWS.

Data partially supported our hypothesis. In agreement,
subjects with COPD demonstrated less consistent organi-
zation of the knee and hip joint angles compared to control
subjects. However, control subjects adapted to speed
changes by demonstrating more consistent organization of
movement patterns at faster speeds than subjects with
COPD did. During fast walking, subjects with COPD
showed less consistency in the organization of both knee
and hip joint angles compared to controls, suggesting that
gait instability impairments in the locomotor system be-
come apparent when accommodating to increase in task
demands. In contrast to our hypothesis, no differences be-
tween groups were found for the variability of fluctuations
or for predictability.

Healthy joint angle movement patterns represent a co-
ordinated locomotor system able to make flexible adapta-
tions to demands placed on the body during walking.9

Subjects with COPD might have been unable to select the
required response when forced to accommodate to altera-
tions in task demands (eg, a change from SSWS).20 Re-
duced consistency in the organization of joint movement
patterns suggests the presence of neuromuscular deterio-
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ration in the locomotor system, reflecting less healthy move-
ment patterns.20 Reduced consistency in the organization
of movement patterns during walking are present in pa-
tients with peripheral arterial disease20 and fall-prone el-
derly patients.13

In subjects with COPD, reduced consistency in the or-
ganization of the joint movement patterns could be related
to extrapulmonary manifestations, such as skeletal muscle
dysfunction present in COPD.3 A loss of muscle mass and
strength in the lower limb muscles has been found in in-
dividuals with COPD, including the quadriceps, the tibia-
lis anterior, and the gastrocnemius.29,30 Alterations in these
skeletal muscles are especially important because these
muscles are essential for walking and adjusting to task and
environmental demands. Therefore, reduced strength in
the lower limb muscles could be associated with gait al-
terations and the accompanying stride-to-stride fluctua-
tions.5-8,16 In addition, in patients with COPD, the lack of
ability to adjust their movement patterns with changes in
walking speed, may be associated with an increased sus-
ceptibility for balance disturbances and falls, which has
been reported in this patient population.22,23

Subjects in this study did not demonstrate a more re-
stricted gait, as reflected by a reduced variability of fluc-

tuations, compared to control subjects. A possible expla-
nation could be that variability is a measure of magnitude
and may not be sensitive enough to changes in fluctuations
between groups, unless these changes are drastic or have a
lot of outliers.31 Our results showed that subjects with
COPD did not differ in predictability of movement pat-
terns from control subjects, whereas the consistency in the
organization of movement patterns was different between
the groups. A possible explanation could be that predict-
ability and consistency measures quantify different aspects
of movement patterns; both are related to the flexibility of
the locomotor system as found in healthy subjects. In ad-
dition, conflicting results have been reported on sample
entropy in COPD. Yentes et al8 reported that predictability
in step time and step width was not sensitive enough to
differentiate between subjects with COPD and subjects
without COPD. However, differences between subjects
with COPD and healthy subjects were reported in heart
rate and air-flow patterns.11,32 Less consistency in the or-
ganization of movement patterns was found in various
patient populations as compared to healthy older
adults,12,13,20 although this measure has not been applied
in subjects with COPD. Because existing knowledge of
variability of and patterns within stride-to-stride fluctua-
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tions in patients with COPD is limited, these measures
should be used to complement each other to gain further
insight into gait alterations in COPD.

The patterns of the joint movement pattern within the
strides differed between the groups as measured by the
consistency in the organization of movement patterns. There
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Fig. 6. Box plots of the gait parameters of the knee joint between subjects with COPD (white) and control subjects (gray). A: Mean knee
range of motion; B: standard deviation of the knee range of motion; C: coefficient of variation of the knee range of motion; D: predictability
of the knee range of motion; E: consistency in the organization of the knee joint angle. Centerlines show the medians, dotted centerlines
show the means; box limits indicate the 25th and 75th percentiles; whiskers extend to the most extreme data points not considered outliers;
outliers are plotted using the ‘�’ symbol.

Table 2. Significant Adjusted Post-Hoc Analyses

Parameter Comparison Mean Difference (95% CI) Effect Size P

Standard deviation of knee RoM Fast vs SSWS 0.40 (0.08–0.72) 0.63 .01
Fast vs Slow 0.46 (0.00–0.92) 0.51 .049

Coefficient of variation of knee RoM Fast vs SSWS 0.01 (0.00–0.02) 0.64 .01
Fast vs Slow 0.01 (0.00–0.03) 0.57 .02

Coefficient of variation of hip RoM Fast vs SSWS 0.01 (0.00–0.01) 0.51 .046
Fast vs Slow 0.01 (0.00–0.02) 0.54 .033

Predictability of hip RoM Fast vs SSWS –0.11 (�0.23–0.00) 0.50 .049
Fast vs Slow –0.20 (�0.37 to �0.04) 0.62 .01

Consistency in organization of knee joint angles COPD vs control subjects at Fast 0.11 (0.01–0.21) 0.91 .03
Consistency in organization of hip joint angles COPD vs control subjects at Fast 0.15 (0.03–0.28) 1.07 .005
Consistency in organization of hip joint angles

in COPD
Fast vs Slow 0.10 (0.00–0.19) 0.85 .045

Consistency in organization of hip joint angles
in COPD

Fast vs Slow 0.11 (0.00–0.23) 0.85 .045

RoM � range of motion
SSWS � self-selected walking speed
Fast � 20% faster than SSWS
Slow � 20% slower than SSWS
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are 2 likely explanations for these differences: biomechani-
cal limits of the joint movement, and the nature of the data
that was used in each method. First, the anatomy of the
human body limits the RoM. Consequently, the RoM is
less variable due to the anatomical limits of the minimum
and maximum RoM for a given joint. However from min-
imum to maximum, the joint movement can be variable
and fluctuate, and this may provide information about the
joint movement pattern that the RoM does not take into
account. Second, only continuous joint angle data demon-
strated differences between groups as compared to the
discrete RoM data. Discrete time series (ie, time series of
distinct events within the gait cycle) are more appropriate
for the calculation of sample entropy. Therefore, we used
RoM time series for this analysis.14 The consistency in
organization analysis was calculated using the continuous
data of joint angles, which is more traditional for this
measure. Consequently, consistency measures in joint an-
gle time series may be more appropriate to differentiate
gait alterations in COPD from controls subjects. Further
research is warranted to identify appropriate measures to
assess movement patterns in COPD and the clinical im-
portance of these measures.

Our study supports the effect of walking speed on both
the variability and movement patterns of stride-to-stride
fluctuations.33-39 Variability of fluctuations in the knee and
hip joint RoM was greatest at the fast walking speeds in
both groups; that is, variability was greater in the fast
speed compared to both the SWSS and slow speeds. How-
ever, no consistent relationship was found for the variabil-
ity of stride-to-stride fluctuations and walking speed;
whereas, other studies have reported a negative linear re-
lationship33,35 or a U-shaped relationship.34,36 One study
by Kang and Dingwell40 reported a trend of higher (though
not statistically significant) mean standard deviations in
knee and hip flexion-extension, as well as ankle plantar-
flexion-dorsiflexion, in older adults with increasing walk-
ing speed (from preferred walking speed to �20% of pre-
ferred walking speed). This is similar to the changes in
RoM observed in our study. A possible explanation could
be that faster walking speeds posed increased difficulty for
the subject, which resulted in increased variability at fast
walking speed. Similar to variability, walking speed alters
movement patterns within stride-to-stride fluctua-
tions.34,35,37-39 Our findings indicated an increased predict-
ability of the hip RoM during fast walking, while Costa
et al37 reported their highest predictability values during
walking at a normal speed. A possible explanation for
these differences may lie in the difference between over-
ground walking, as used by Costa et al,37 and treadmill
walking, as used in our study. In addition, previous studies
have reported reduced consistency in the organization of
gait movement patterns with increasing walking speeds.38,39

This contrasts with our findings, as no clear trend was

found in the consistency in the organization of the joint
angles over the walking speeds. However, differences in
walking speed might have affected these results because
our subjects walked at their SSWS; whereas, one other
study based the walking speed on fast walking determined
during the 6-min walk test,39 while another study scaled
the walking speed to leg length and pendulum dynamics.38

This study has some limitations. The use of FEV1/FVC �
0.70 as confirmatory of air-flow obstruction may misclas-
sify some individuals in this study. However, all subjects
in the COPD group also had a physician diagnosis of
COPD. In addition, a potential effect of the male to female
ratio, height, weight, and body mass index on the study
results should be mentioned, as differences were found
between COPD and control subjects. In the current study,
we did not record whether subjects with COPD used a
bronchodilator prior to their visit to our research facility.
In addition, subjects with COPD have a reduced walking
capacity due to the pathophysiology of the disease. The
duration of treadmill walking is therefore limited, resulting
in shorter data lengths per trial in which the biological
complexity of the movement pattern could not be cap-
tured. However, sample entropy and local divergence ex-
ponents are quite robust against different data lengths and
tend to respond better to short data lengths.10,41 Another
limitation is that the speed perturbations of 20% of the
subject’s SSWS may not have been challenging enough.
Therefore, measures to assess the amount of variability
and patterns within the stride-to-stride fluctuations to iden-
tify gait impairments may not have surfaced in the subjects
with COPD. In addition, treadmill walking differs from
overground walking, and the treadmill might have im-
posed a constraint on the subjects by limiting the fluctu-
ations in walking that are normally present in overground
walking.42 Little difference in joint angles have been re-
ported between treadmill and overground walking,43 al-
though it is possible that the stride-to-stride fluctuations of
the data were affected by the use of the treadmill, as dif-
ferences in stride-to-stride fluctuations in spatiotemporal
gait parameters have been reported between overground
and treadmill walking.16,44-46 Another limitation is the po-
tentially heterogeneous sample of subjects with COPD in
this study. We included a sample size of 44 (22 subjects
per group). Therefore, further studies involving a larger
population are suggested to determine additional parame-
ters for gait impairments in subjects with COPD. Contrac-
tile fatigue occurs during exercise in some patients with
COPD and may be a limiting factor in exercise tolerance.2

Subjects who experience exercise limitations by fatigue
may have presented more gait impairments compared to
subjects who are mainly limited by dyspnea. However,
dyspnea and fatigue were not assessed in this study. Future
studies are therefore recommended to investigate the as-
sociation between the heterogeneity in COPD and gait
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impairments. Furthermore, the observations could not be
related to COPD alone because body composition changes
and differences in muscle mass of lower extremities may
have affected the stride-to-stride fluctuations in subjects
with COPD and control subjects, and these factors were
not assessed in this study. Research on the contribution of
body composition and muscle strength is therefore recom-
mended for future studies.

Conclusions

Although subjects with COPD did not demonstrate de-
creased variability, subjects with COPD show reduced con-
sistency in the organization of hip and knee joint angle
patterns across the walking speeds. Reduced consistency
in the organization of the hip and knee joint movements
might be a contributing factor to falls and mobility prob-
lems experienced by subjects with COPD.
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