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ABSTRACT Gait disturbances in patients with chronic obstructive pulmonary disease (COPD) may lead
to disability and falls. As studies assessing gait kinematics in COPD are sparse, we investigated associations
of COPD with various gait domains and explored a potential link with falling.

Gait was measured within the prospective, population-based Rotterdam Study (age ⩾55 years) using an
electronic walkway and summarised into seven gait domains: Rhythm, Variability, Phases, Pace, Tandem,
Turning and Base of Support. Rhythm is a temporal gait aspect that includes cadence and reflects how
quickly steps are taken.

Persons with COPD (n=196) exhibited worse Rhythm (−0.21 SD, 95% CI −0.36–−0.06 SD) compared
with persons with normal lung function (n=898), independent of age, sex, height, education, smoking or
analgesic use, especially when dyspnoea and severe airflow limitation or frequent exacerbations (Global
Initiative for Chronic Obstructive Lung Disease group D: −0.83 SD, 95% CI −1.25–−0.41 SD) were present.
A lower forced expiratory volume in 1 s was associated with worse Rhythm and Pace, including lower
cadence and gait velocity, respectively. Importantly, fallers with COPD had significantly worse Rhythm
than nonfallers with COPD.

This study demonstrates that persons with COPD exhibit worse Rhythm, especially fallers with COPD.
The degree of Rhythm deterioration was associated with the degree of airflow limitation, symptoms and
frequency of exacerbations.
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Introduction
Worldwide, chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity and mortality
[1]. COPD is primarily characterised by persistent airflow limitation that is associated with an abnormal
inflammatory response of the lungs to noxious particles or gases [2]. However, its systemic effects also
have an important impact on symptoms and prognosis [1]. Even in COPD patients with mild disease,
cardiovascular comorbidities and muscle weakness precede the development of functional limitations [3].
As COPD also affects function and mobility, persons with COPD have an increased risk of falling [3–8].
Falling is a major health concern, representing one of the main causes of pain, disability and death in the
elderly [7, 9]. Even without injuries, a fall can negatively impact the quality of life of an individual through
fear of falling, which often inhibits performance of activities [10].

Although causes of falls are often multifactorial, the majority of falls occurs during walking and gait
analysis may be the best tool to predict the first fall onset [11, 12]. Poor gait is indeed one of the main
risk factors of falls and an important indicator of general health [13–15]. Gait changes are often too subtle
to be detected by clinical observation alone; however, clinical consequences of such subtle changes may be
considerable [11]. Gait is affected by various organ systems, such as the central nervous system,
cardiovascular system and musculoskeletal system, and poor gait is a strong risk factor of death [16–20].
COPD may affect gait through any of these systems.

Gait is a complex concept that can be assessed using many parameters, which can be summarised into
seven gait domains [19]. To date, COPD has mostly been associated with a shorter walking distance
during the well validated 6-min walk test. Associations of COPD with specific gait domains may give an
indication of the pathways underlying their associations with gait. In turn, this knowledge may aid in
identifying better intervention strategies to prevent future falling in patients with COPD.

The aim of this study was to investigate the hypothesis that both spatiotemporal and balance aspects of
gait are worse in persons with COPD compared with persons with normal lung function. Moreover, we
evaluated the influence of COPD severity by airflow limitation, symptoms and/or frequent exacerbations.
Additionally, we explored a potential link between gait differences in COPD and falling.

Methods
Study design and COPD assessment
The present study is embedded within the population-based Rotterdam Study (described in the online
supplementary material) and comprises all participants who completed gait assessment and spirometry
successfully up to December 2011 [21]. Spirometry was performed using a Master Screen PFT Pro
(CareFusion, San Diego, CA, USA) by trained paramedical personnel according to the American Thoracic
Society/European Respiratory Society guidelines [22, 23]. Participants with asthma or spirometry suggestive
of a restrictive syndrome were excluded. The diagnosis and classification of COPD was based on the Global
Initiative for Chronic Obstructive Lung Disease (GOLD) criteria (proportion of the forced vital capacity
(FVC) exhaled in the first second (forced expiratory volume in 1 s (FEV1)/FVC ratio) <70%) and classified
as mild or moderate/severe airflow limitation by FEV1 ⩾80% or <80% predicted, respectively [24, 25].
Furthermore, participants with COPD were also classified according to the updated GOLD group
categorisation into group A (low risk and fewer symptoms), B (low risk but more symptoms), C (high risk
but fewer symptoms) or D (high risk and more symptoms) [1]. Exacerbations were counted as the total
number of moderate and severe exacerbations in the year 2010. Frequent exacerbators were defined as
persons with COPD having at least two moderate or severe exacerbations.

Assessment of gait
Gait was assessed with a 5.79-m-long electronic walkway with 1.27-cm-wide pressure sensors (4.88×0.61-m
active area) (GAITRite Platinum; CIR systems Inc., Sparta, NJ, USA) [19]. The walkway checked for
activation of the pressure sensors at 120 Hz. The standardised gait protocol includes three different walking
conditions (fig. 1): “normal walk”, “turn” and “tandem walk”. In normal walk, participants were asked to
walk at their usual pace across the walkway, until they were off the walkway. The normal walk was
performed four times in both directions (eight recordings). In turn, participants were asked to walk at their
usual pace across the walkway, turn halfway and return to their starting position (one recording). In tandem
walk, participants were asked to walk tandem (heel to toe) along a visible line on the walkway until they
were off the walkway (one recording). The first recording of the normal walks was considered a practice
walk and not included in the analyses.

All gait parameters from the normal walk were automatically quantified by the walkway software.
Parameters were quantified for both steps and strides (e.g. step length is the distance between two opposite
footsteps on the line of progression, while stride length is the distance between two footsteps on the same
side of the line of progression). Variability measures were quantified as standard deviations of the gait
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parameters among steps or strides. Turning time was calculated from the walkway-generated data as the
time between foot-off of the first footstep and first contact of the last footstep (fig. 1). Turning step count
was calculated as the automatically quantified number of steps in the turn minus one. Errors in tandem
walking were calculated as the distance of sidesteps from the line and the surface of these sidesteps, with
aid of the automatically generated surface and distance parameters from the walkway software.
Additionally, we scored the number of double steps, i.e. two consecutive steps with the same foot on the
line, as errors in tandem walking.

As previously described, principal component analysis was used to summarise 30 gait parameters,
including 25 from normal walking, two from turning and three from tandem walking, into fewer
independent gait domains, while capturing the largest amount of variance. Each gait domain had to
explain at least as much variance as a single gait parameter. Varimax rotation was used to ensure that the
gait domains were mutually independent. We found seven independent gait domains: Rhythm, Variability,
Phases, Pace, Tandem, Turning and Base of Support [19]. Among others, Rhythm reflects cadence and
stride time; Variability reflects stride length and stride time variability; Phases reflects double support time
and double support as a percentage of the gait cycle; Pace reflects stride length and velocity; Tandem
reflects errors in tandem walking; turning reflects the number of turning steps and turning time; and Base
of Support reflects stride width and its variability. Finally, Global Gait was calculated by summing all gait
domains, dividing by the number of gait domains and subsequently calculating a new z-score [17]. To
facilitate interpretation of our findings, we additionally included the two most commonly assessed gait
parameters, velocity and cadence.

Statistical analyses
Differences between persons with and without COPD were studied using the Mann–Whitney U-test for
continuous variables and Chi-squared test for categorical variables. Univariate ANCOVAs and linear
regression analyses were used to investigate associations of COPD and lung function, respectively, with the
gait domains. Age, sex, height, weight, primary education, mini-Mental State Examination (MMSE),
pack-years of smoking and use of analgesics (Anatomical Therapeutic Chemical code N02) within 90 days
preceding gait assessment were considered potential confounders, and models were adjusted for those
showing trends of an association with both COPD and gait (p<0.10). Models including tandem walk were
additionally adjusted for step count and mean step length. We repeated these analyses to investigate
associations of lung function and COPD with velocity and cadence.
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FIGURE 1 The three walking conditions, including the five gait domains of normal walking; a) normal walk; b) turn;
c) tandem walk. The gait domains of normal and tandem walking are visualised using constituting gait parameters,
which are shown in parenthesis. For turning, only the footsteps used in the calculation of turning time and turning step
count are numbered. Turning time was calculated as the time between foot-off of footstep 1 until first contact of
footstep 7. Turning step count was calculated as the number of steps in the turn minus one.
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For gait domains that were associated with COPD, we further investigated an association with falls by
univariate ANCOVAs.

As cognition has been shown to be very strongly associated with gait, we performed a sensitivity analysis
repeating all analyses additionally adjusted for MMSE. In this way, we could evaluate whether any of our
associations were the result of residual confounding by cognition.

A p-value below the conventional level of significance (p<0.05) was considered statistically significant.
Statistical analyses were performed using SPSS, version 20.0, for Windows (IBM, North Castle, NY, USA).

Results
Between March 2009 and December 2011, 1791 participants were invited for gait assessment. Of these,
199 participants did not perform all walking conditions for the following reasons: 152 for physical
inability, 36 for technical reasons and 11 for refusal. Of remaining 1592 participants: 182 had to be
excluded for technical reasons; 26 for completing <16 steps in the normal walks, lowering validity of the
measurements [26]; seven for not following instructions; and two for using walking aids. Of the 1375
participants with complete and valid gait data, 1247 had interpretable spirometry data available. Of these,
participants with a spirometry suggestive of a restrictive syndrome (n=46) or asthma (n=107) were
excluded. Baseline characteristics of the study population (n=1094) are presented in table 1. Among
participants, 196 (17.9%) persons had COPD (96 mild COPD and 100 moderate-to-severe COPD). COPD
persons were slightly older, less often female, were more frequently current or former smokers, and
presented with worse lung function parameters. All variables considered as potential confounders showed
trends of associations with Global Gait or the gait domains.

We found COPD to be associated with lower Rhythm (−0.21 SD, 95% CI −0.36–−0.06 SD; table 2)
independent of age, sex, height, primary education, pack-years of cigarette smoking and use of analgesics.
Regarding COPD severity, the effect size for COPD subjects with frequent exacerbations was four times
larger than for COPD subjects without frequent exacerbations (−0.65 SD (95% CI −1.04–−0.27 SD)
compared to −0.16 SD (95% CI −0.31–0.00 SD) respectively). Moreover, lower FEV1 was significantly
associated with lower Global Gait, Rhythm and Pace (table 2). Although cognitive impairment has an
effect on gait, additional adjustment for MMSE hardly changed associations between COPD and gait.

Figure 2 represents the gradual decrease of the age- and sex-adjusted z-scores of walking Rhythm over the
2011 GOLD groups. GOLD groups C and D were significantly related to lower Rhythm, and GOLD group
D was also related to lower Global Gait score and Pace, compared with persons without COPD (table E1).
In contrast, GOLD group A associated with higher Global Gait and Pace.

We found a very similar pattern of associations for the original gait parameters as for the gait domains.
COPD was associated with a lower cadence compared with controls with normal lung function (table 3).
Regarding disease severity, more airflow limitation (lower FEV1) associated with slower velocity and

TABLE 1 Population characteristics

Characteristic No COPD COPD p-value#

Subjects n 898 196
Age years 74.2±5.2 75.5±5.5 0.003
Females 483 (53.8) 76 (38.8) <0.001
Height cm 167.3±8.9 170.5±8.9 <0.001
Weight kg 76.2±12.7 80.8±18.7 0.877
Primary education 89 (10.1) 33 (17.1) 0.013
MMSE score 27.9±1.8 27.8±1.9 0.957
Past smokers 508 (56.6) 125 (63.8) <0.001
Current smokers 67 (7.5) 35 (17.9) <0.001
Smoking history pack-years 12.6±18.3 25.2±25.9 <0.001
Taking analgesics 37 (4.1) 14 (7.1) 0.051
FEV1 % of predicted 110.9±16.3 80.8±18.7 <0.001
FEV1/FVC % 78.6±4.7 63.4±6.0 <0.001

Data are presented as mean±SD or n (%), unless otherwise stated. COPD: chronic obstructive pulmonary
disease; MMSE: mini-Mental State Examination; FEV1: forced expiratory volume in 1 s; FVC: forced vital
capacity. #: for differences between participants with COPD and without COPD, adjusted for age and sex
(if applicable).
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cadence. GOLD groups C and D were associated with slower cadence, and GOLD group D was
additionally associated with slower velocity (table 3).

234 (21.4%) participants reported that they had fallen in the past 12 months, including 195 (21.7%)
subjects without COPD versus 39 (19.9%) subjects with COPD (p-value for difference, 0.564). Figure 3
shows Rhythm to be lowest in COPD persons who fell in the previous year. Fallers with COPD had
significantly lower Rhythm than fallers without COPD (p=0.004), nonfallers with COPD (p=0.022) and
nonfallers without COPD (p<0.001), after adjustment for age and sex. These differences remained
significant after additional adjustment for height, primary education, pack-years of cigarette smoking and
use of analgesics.

Discussion
In this large, population-based cohort study, we demonstrated that COPD and lung function parameters
primarily associate with the temporal aspect of gait. We found COPD to be specifically associated with
taking slower steps (lower Rhythm). Moreover, a clinical association between Rhythm and falls according
to COPD status was observed. Additionally, we found a higher degree of airflow limitation to associate
with worse gait, especially in Rhythm and Pace.

This is the first study to comprehensively investigate the associations of COPD and COPD severity with the
gait pattern. A lower walking distance during a 6-min walk or shuttle walk test has been extensively reported
in people with COPD; however, literature on gait velocity and other gait deficits is scarce [8, 27]. Our results
show that COPD is especially related with taking slower steps (lower Rhythm). This indicates that any
slowing in gait velocity is mainly driven by a lower cadence. This notion was supported by the associations
found with the original gait parameters. A possible explanation for this decrease in cadence may be an

TABLE 2 Associations between chronic obstructive pulmonary disease (COPD), forced expiratory volume in 1 s (FEV1), frequent
exacerbations and the gait domains, adjusted for potential confounders

COPD FEV1 per 10% predicted Frequent exacerbator

Global gait 0.02 (−0.14–0.17) 0.05 (0.03–0.08)* −0.23 (−0.63–0.17)
Rhythm −0.21 (−0.36–−0.06)* 0.04 (0.01–0.07)* −0.65 (−1.04–−0.27)*
Variability 0.11 (−0.05–0.27) 0.00 (−0.03–0.03) 0.26 (−0.16–0.68)
Phases 0.12 (−0.03–0.28) 0.01 (−0.02–0.04) 0.13 (−0.28–0.54)
Pace −0.05 (−0.19–0.08) 0.06 (0.04–0.09)* −0.30 (−0.65–0.05)
Tandem# 0.00 (−0.16–0.15) 0.03 (0.00–0.06) 0.10 (−0.32–0.51)
Turning 0.03 (−0.13–0.20) 0.00 (−0.03–0.03) −0.04 (−0.47–0.39)
Base of Support 0.04 (−0.12–0.20) −0.01 (−0.04–0.03) −0.07 (−0.49–0.36)

Data are presented as differences in z-scores of gait (95% CI). A lower value of gait represents worse gait. All analyses were adjusted for age,
sex, height, primary education, pack-years of smoking and use of analgesics. Exacerbations were counted as the total number of moderate and
severe exacerbations in the year 2010. Frequent exacerbators were defined as COPD persons having at least two moderate or severe
exacerbations. #: additionally adjusted for the step count and step size within the tandem walk. *: p<0.05.
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adaption mechanism to cope with impaired walking endurance due to lack of oxygen supply. Taking slower
steps may decrease the oxygen needs of the leg muscles and thus allow for long-distance walking in people
with impaired lung function. The lower Rhythm might further result from systemic effects of COPD on the
brain, cardiovascular system, muscle strength or bone mineralisation [8, 25, 28–31]. BEAUCHAMP et al. [4]
found that gait deficits in patients with COPD were similar to those in patients with an elevated fall risk or
neuromuscular disease. Lower limb muscle weakness and impaired activities of daily living are
well-established fall risk factors in patients with COPD [8, 32]. Although gait analysis seems generally the
best tool to predict the first fall onset, little is known about the influence of gait deficits on falls in patients
with COPD [8, 11]. Our findings suggest that a low Rhythm might discriminate fallers from nonfallers in
subjects with COPD. Because Variability, Tandem, Turning and Base of Support were not significantly
different between patients with and without COPD, we could not find evidence for a direct balance disorder
in patients with COPD. As the Rhythm correlated less with falling in subjects without COPD, quantitative
measures of gait variability may be more sensitive in elderly subjects without COPD [33]. However, further
research is needed to determine whether this association of low Rhythm with a history of falling in people
with COPD is also reflected in future falling. Several interventions have been described to improve gait
regularity, automaticity and gait safety [11]. Based on our results, rhythmic auditory stimulation
(RAS)-enhanced gait training, where the cadence of the RAS beats initially matches the initial cadence of
patients with COPD and is progressively increased, might be an interesting intervention strategy [34].

The effect of COPD on Rhythm was especially strong in more severe COPD, which is in line with a recent
study by YENTES et al. [35]. Similarly, we found the severest GOLD COPD category to associate with worse
Global Gait and Pace. In contrast, GOLD A was related to better Global Gait and Phases. This positive
association may be the result of initial compensatory mechanisms. Our study also demonstrates that a
higher degree of airflow limitation (i.e. lower FEV1) was associated with worse Global Gait, Rhythm and
Pace (smaller steps). We found very similar associations with the original gait parameters, supporting our
interpretations.

FIGURE 3 Mean walking Rhythm
stratified for chronic obstructive
pulmonary disease (COPD) and a
history of falls, adjusted for age and
sex. Error bars represent the 95%
confidence interval. *: p<0.05 by
ANCOVA; **: p<0.005 by ANCOVA;
***: p<0.001 by ANCOVA.
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TABLE 3 Associations between chronic obstructive pulmonary disease (COPD), forced expiratory volume in 1 s (FEV1), Global
Initiative for Chronic Obstructive Lung Disease (GOLD) groups and original gait parameters, adjusted for potential confounders

COPD FEV1 per 10%
predicted

GOLD grade

A B C D

Velocity cm·s−1 −0.70 (−3.43–2.03) 1.25 (0.72–1.78)* 4.00 (0.36–7.63)* −4.06 (−8.18–0.06) −6.48 (−16.91–3.95) −10.68 (−18.53–−2.84)*
Cadence steps per min −1.41 (−2.80–−0.02)* 0.42 (0.15–0.69)* 0.36 (−1.49–2.20) −2.09 (−4.18–0.01) −5.49 (−10.8–−0.19)* −7.22 (−11.21–−3.23)*

Data are presented as differences in z-scores of gait (95% CI). Lower velocity and cadence can be considered worse. All analyses were
adjusted for age, sex, height, primary education, pack-years and use of analgesics. COPD was defined as FEV1/forced vital capacity ratio <70%
and categorised according to the 2011 GOLD categorisation into group A (low risk and fewer symptoms), B (low risk but more symptoms), C
(high risk but fewer symptoms) or D (high risk and more symptoms). *: p<0.05.
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The main strength of our study is that we investigated, for the first time, associations of different gait
domains, including different walking conditions, with COPD and lung function in a community-dwelling
population. Furthermore, we investigated the influence of disease severity, taking into account
exacerbations and the updated GOLD categories besides the severity of airflow limitation on the
association of COPD with the gait domains and explored associations of the related gait domain with
falling. To cope with confounding, all analyses in our observational study were adjusted for potential
confounders that showed a trend of an association with both COPD and gait [6, 19, 36].

A first potential limitation of this study is that persons with severe COPD and very poor lung function might
be less likely to come to the research centre for gait assessment. However, if anything, this selective refusal of
participation would have underestimated the strength of association of COPD and worse lung function with
gait disturbances. Second, given the cross-sectional analysis and the retrospective interrogation of falls, we
cannot infer causality. Consequently, the worse Rhythm in COPD patients may lead to more falls, or falls in
COPD patients may aggravate anxiety and unsecured gait, leading to worse Rhythm [6].

In conclusion, COPD is associated with worse gait, especially with taking slower steps, in a
community-dwelling population. Additionally, a higher degree of airflow limitation was associated with
worse gait, as especially reflected by slower and smaller steps. Further research should investigate the
underlying mechanisms of these associations, to enable development of proper intervention strategies to
prevent falling in patients with COPD.
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