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CHAPTER 1

1

Chronic obstruc�ve pulmonary disease

Chronic obstruc�ve pulmonary disease (COPD) is defined as “a common preventable and
treatable disease, characterized by persistent respiratory symptoms and airflow limita-
�on that is due to airway and/or alveolar abnormali�es usually caused by significant expo-
sure to noxious par�cles or gases” [1]. A combina�on of small airway disease (obstruc�ve
bronchioli�s) and parenchymal destruc�on (emphysema) results in chronic airflow lim-
ita�on. Chronic inflamma�on causes structural changes, which impair the ability of the
airways to remain open during expira�on. The loss of small airways may in turn result in
airflow limita�on and mucociliary dysfunc�on [1]. Moreover, there is heterogeneity be-
tween pa�ents with COPD in terms of respiratory symptoms, frequency of exacerba�ons,
lung func�on decline, response to therapy and survival [2].

COPD is a major cause of morbidity and mortality throughout the world [3]. According to
the World Health Organiza�on, COPD will become the third leading cause of death world-
wide by 2030 [4]. The COPD burden is expected to increase due to con�nued exposure
to COPD risk factors, such as tobacco smoke and air pollu�on, and aging of the popula-
�on [5]. Main symptoms of COPD are chronic and progressive dyspnea, cough, sputum
produc�on, wheezing, and chest �ghtness, which vary during the day and the week [2].
Other symptoms include fa�gue, muscle weakness and weight loss [6, 7]. More specifi-
cally, COPD is recognized as a mul�system disease with systemic manifesta�ons, such as
skeletal muscle dysfunc�on, metabolic syndrome, osteoporosis, cardiovascular diseases,
diabetes, anemia, symptoms of depression and anxiety [8, 9].

Management of COPD

Smoking cessa�on and pharmacologic treatment are usually targeted first to reduce the
symptoms of COPD, reduce the frequency and severity of exacerba�ons, and improve
health status and exercise tolerance [10, 11]. Pulmonary rehabilita�on (PR) is defined
as “a comprehensive interven�on based on a thorough pa�ent assessment followed by
pa�ent tailored therapies that include, but are not limited to, exercise training, educa-
�on, and behavioral change, designed to improve the physical and psychological condi-
�on of people with chronic respiratory disease and to promote the long-term adherence
to health-enhancing behaviors”. PR has become a core component of the management
of COPD [12]. It has been shown to be an effec�ve treatment to improve dyspnea, fa�gue,
exercise capacity and health related quality of life in pa�ents with COPD [13]. In addi�on,
risk of hospitaliza�on, mortality and healthcare u�liza�on costs are reduced in pa�ents
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with COPD following PR [12, 14].

Func�onal limita�ons in pa�ents with COPD

Pa�ents with COPD demonstrate func�onal limita�ons, which are decrements of basic
physical or mental ac�ons (e.g. mobility, lower extremity func�oning, exercise perfor-
mance and cogni�ve func�on) [15, 16]. Pa�ents with COPD are characterized by reduced
ac�vi�es in daily life compared to healthy individuals [17, 18]. Not surprisingly, pa�ents
with COPD have an impaired exercise capacity as compared to healthy individuals [19–
21]. The complex interac�on between symptoms, ven�latory impairment, gas exchange
limita�ons, and skeletal muscle dysfunc�on may cause exercise intolerance in COPD [22].
The main contributor to exercise intolerance is ven�latory limita�on. Mostly due to an im-
balance between ven�lator demand and ven�latory capacity [23]. In addi�on, dynamic
hyperinfla�on, defined as a temporary increase in opera�ng lung volumes above their
res�ng value, results in the inability to sufficiently emptying the lung. In turn, this im-
poses constrains on �dal volume, and contributes to impaired exercise capacity and the
increased sensa�on of dyspnea [24].

Lower-limb muscle dysfunc�on contributes to exercise intolerance in pa�ents with COPD
[25] and may be a�ributable to inac�vity-induced decondi�oning, systemic inflamma-
�on, oxida�ve stress, smoking, blood gas disturbances, malnutri�on, low anabolic hor-
mone levels, aging and cor�costeroid use [26, 27]. Consequently, this may lead to muscle
altera�ons, such as mitochondrial dysfunc�on, a shi� from slow-twitch (type I) aerobic
towards fast-twitch (type II) anaerobic muscle fibers, a reduc�on in capillaries per muscle
fiber and a loss of muscle mass. These altera�ons lead to muscle weakness and reduced
endurance. Reduced exercise capacity o�en leads to reduced physical ac�vity with dis-
ease progression, resul�ng in aggravated muscle dysfunc�on and increase in symptoms,
such as fa�gue and dyspnea [28]. Consequently, pa�ents with COPD adapt or reduce ac-
�vi�es in daily life, become more disable, which in turn leads to a reduced quality of life
[29, 30].

Evalua�on of exercise capacity in COPD

Assessment of exercise capacity in COPD is an important aspect in the evalua�on of the
impact of disease severity on func�onal status, the effec�veness of therapeu�c interven-
�ons and it has prognos�c value [20, 31, 32]. Field exercise tests, such as the 6-minute
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walk test (6MWT), are commonly used to evaluate exercise capacity in COPD [20]. This
self-paced walk test has strong associa�ons with measures of maximal exercise perfor-
mance and physical ac�vity [20]. The 6MWT is well tolerated [21] and has proven to be a
reliable clinical instrument in providing reproducible data, which are used to detect and
quan�fy changes in exercise capacity a�er an interven�on. In addi�on, this test has been
considered as a useful tool to prescribe high-intensity exercise in pa�ents with COPD [33].
Furthermore, evidence has showed that a reduced 6-minute walk distance is associated
with increased mortality and hospitaliza�on in pa�ents with COPD [32].

Gait in pa�ents with COPD

Pa�ents with COPD have reported gait (walking) as one of the most problema�c ac�vity in
daily life [34]. To date, it is well known that pa�ents with COPD have a reduced gait speed
as compared to healthy individuals [35, 36]. Gait speed may be considered as a general
measure of overall func�onal status in COPD [37], and could be used to predict survival
and risk of hospitaliza�on [20]. However, studies examining gait more in detail among pa-
�ents with COPD are limited. The first inves�ga�on in this area, a retrospec�ve study by
Yentes et al. [38] observed an associa�on between COPD severity and gait abnormali�es,
such as the presence of limping and shuffling. Subsequent studies, reported increased
stride �me, reduced cadence and stride length in pa�ents with COPD as compared to
healthy older adults [35, 39–42]. Lahousse et al. [39] demonstrated that cadence and
speed were posi�vely related with the degree of airflow limita�on. More specifically, re-
duced cadence and speed were found in those who fell in the previous year as compared
to non-fallers, sugges�ng a possible link between gait impairments and fall risk in COPD.
In addi�on, a trade-off between the ven�latory limita�ons and balance control during
walking in COPD is possibly associated with altera�ons in gait characteris�cs.

Mediolateral trunk accelera�ons were increased in pa�ents with COPD during the 6MWT,
indica�ng that adjustment of step width was necessary to compensate for balance distur-
bances during the test [35]. In addi�on, reduced step width standard devia�on, reflec�ng
the amount of stride-to-stride fluctua�ons, was found in pa�ents with COPD [42]. Though
these findings may seem contradictory to each other, they are complementary as both
findings support the idea of a general inability to compensate for instability, and thereby
predisposing the pa�ent to a fall [43]. Both increases and decreases in stride-to-stride
fluctua�ons are associated with fall history in older adults [44, 45]. Moreover, falls are
a major health concern, since falling is the main cause of pain, inac�vity, disability, loss
of func�onal dependence, mortality, hospitaliza�on and decreased quality of life in older
adults. The causes of falls are mul�factorial, however, most of them happen during walk-
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ing [46]. Therefore, impaired gait func�on is one of the main risk of falls [47]. Impaired
gait func�on may be associated with balance deficiencies and increased fall risk reported
in pa�ents with COPD [18, 48–51]. For instance, a study by Yentes et al. [52] reported
increased peak power absorp�on during midstance in the ankle and a lack of increase in
peak ankle dorsiflexion moment under fa�gued condi�on. These results indicate difficul-
�es in controlling the foot shortly a�er heel strike and therefore �bialis anterior weakness
in pa�ents with COPD. McCamley et al. [53] reported that gait deficits did not seem to be
apparent in pa�ents with COPD prior to the onset of fa�gue. The evidence in gait charac-
teris�cs in pa�ents with COPD is limited and different factors may be associated with gait
impairments, such as fall risk. Moreover, basic ac�vi�es of daily living, such as walking,
are essen�al to a pa�ent’s independence [54]. Therefore, insight into gait impairments
in pa�ents with COPD is necessary and will be addressed in the current thesis.

Gait assessment

Gait is one of the most common ac�vi�es in daily life [55]. It involves the neural and mus-
culoskeletal system as well as the cardiorespiratory system. When modifica�ons to nor-
mal locomo�on are demanded as a result of dysfunc�onal neuromusculoskeletal or other
pathological states, adapta�ons may be demonstrated [56]. For example, step length is
o�en asymmetric in prosthe�c gait [57] and walking speed decreases in pa�ents with
peripheral arterial disease [58].

Three-dimensional (3D) gait analysis has proven to be a precise and quan�ta�ve method
to iden�fy an individual’s ability to walk. It enables insight into the locomotor system’s
behavior, the capacity to iden�fy the severity or nature of a locomotor disease or injury,
and to evaluate the effect of a treatment [59]. 3D gait analysis is considered the gold
standard for gait evalua�on in pa�ents with gait abnormali�es. Op�cal 3D mo�on cap-
ture systems may use a series of infrared cameras to track the posi�on of retroreflec�ve
markers placed on bony landmarks of the subject’s body according to a biomechanical
model. It is o�en used to quan�fy spa�otemporal (distance and �me), kinema�c (mo-
�on of bodies), kine�c (the forces ac�ng on bodies) parameters using marker trajectories
and force plates data.

Instrumented treadmills are increasingly applied in gait analysis. Treadmill based gait
analysis offers some advantages over overground gait analysis, such as an increased num-
ber of gait cycles that are recorded consecu�vely and it requires less laboratory space
[60]. The Gait Real-�me Analysis Interac�ve Lab (GRAIL, Motek Medical B.V., Amster-
dam, the Netherlands) comprises of a 3D mo�on analysis system with a dual-belt, in-
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strumented treadmill placed in a virtual reality environment with 180 degrees projec-
�on. Op�c flow of the virtual reality environment is synchronized with the treadmill
velocity. Moreover, virtual reality in such a se�ng has been reported as more simi-
lar to overground walking [60]. The GRAIL enables self-paced treadmill walking via a
feedback-controlled algorithm, providing fluctua�ons in walking speed that are compa-
rable to overground walking [61].

Stride-to-stride fluctua�ons in gait

Gait pa�erns from healthy individuals seem to remain rela�vely constant over consec-
u�ve gait cycles, even during unconstrained walking. However, closer and more careful
examina�on reveals stride-to-stride fluctua�ons in gait pa�erns over �me [62–64]. These
fluctua�ons in gait are defined as the normal varia�ons that occur in motor performance
across mul�ple repe��ons of a task [65]. As Bernstein [66] described, mul�ple degrees
of freedom of the body, including joints, muscles and the nervous system, combine with
external forces during movement to produce numerous pa�erns, forms and strategies.
The redundancy of the system allows for the use of mul�ple strategies to accomplish any
given task. These fluctua�ons were tradi�onally neglected and considered as noise in
the locomotor system [67]. However, movement variability has been iden�fied as an in-
herent feature of the human locomotor system [59] and may reflect the capability of the
locomotor system to make flexible adapta�ons during walking [68, 69]. Stride-to-stride
fluctua�ons provide informa�on about health status and can be related to age [70, 71],
disease [42, 67, 72–74], and the risk of falling [75, 76]. A deteriora�on of these temporal
fluctua�ons, e.g. both periodic and random fluctua�ons, may represent a decline in the
healthy flexibility that is associated with rigidity and inability to adapt, such as those as-
sociated with unhealthy states [77]. These stride-to-stride fluctua�ons can be assessed
using a 3D mo�on analysis, such as the GRAIL system.

Improving gait performance in COPD

Skeletal muscle dysfunc�on, one of the extra-pulmonary manifesta�ons in COPD, con-
tributes to func�onal limita�ons [25, 78]. Therefore, skeletal muscles are a poten�al site
to improve pa�ents’ level of func�onal mobility. Exercise training is an important compo-
nent in PR and is effec�ve in improving skeletal muscle func�on and exercise tolerance in
pa�ents with COPD [79, 80]. Exercise training alters muscle fiber morphology and struc-
tural characteris�cs, resul�ng in increased muscle strength and endurance in pa�ents
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with COPD [81]. More specifically, fiber type distribu�on reverses in favor to muscle fiber
type I, and increases are found in cross-sec�onal area, the ac�vity of oxida�ve enzymes
of the muscle fiber, and capillary density in pa�ents with COPD [82–86]. These changes
in the locomotor system may contribute to an improved gait func�on in COPD.

Exercise training can be administered using different training modali�es. However, the
combina�on of constant-load, interval and strength training improves exercise capacity
and muscle strength [87], to a greater degree than either strategy alone in pa�ents with
COPD [88]. However, there is a need to iden�fy whether and to what extent the improve-
ments in skeletal muscle func�on are related to gait func�on in COPD. Furthermore, mus-
cle strength is a key contributor to balance problems and falls in older adults [89, 90] and
in pa�ents with COPD [48, 91, 92]. As most falls occur during walking [93–97], gait and
balance training might be of interest in improving gait func�on and balance control in
COPD, reducing the risk of a fall.

Objec�ve of this thesis

Given the decreased health related outcomes due to a reduced exercise capacity and
limited ability to walk in pa�ents with COPD, it is of importance to increase our under-
standing of gait characteris�cs in pa�ents with COPD. Therefore, the main objec�ve of
this thesis was to evaluate gait characteris�cs in pa�ents with COPD. To achieve this aim,
three research ques�ons were examined:

• Is the 6-minute walk test performed on a self-paced treadmill, a valid method to
assess the 6-minute walk distance as compared to the overground condi�on in
pa�ents with COPD? (Chapter 2)

• Do pa�ents with COPD demonstrate altera�ons in gait characteris�cs as compared
to non-COPD subjects? (Chapter 3 - Chapter 5)

• Does the current pulmonary rehabilita�on program improve gait characteris�cs in
pa�ents with COPD? (Chapter 6)

Outline of this thesis

Chapter 2 provides more insight in the use of the 6-minute walk test performed on
the Gait Real-�me Analysis Interac�ve Lab in pa�ents with COPD and non-COPD
subjects.
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Chapter 3 describes the spa�otemporal gait characteris�cs in pa�ents with COPD
during the Gait Real-�me Analysis Interac�ve Lab-based 6-minute walk test.

Chapter 4determines the stride-to-stride fluctua�ons in pa�ents with COPD during
the Gait Real-�me Analysis Interac�ve Lab-based 6-minute walk test.

Chapter 5 explores the stride-to-stride fluctua�ons in the lower extremity of pa-
�ents with COPD while walking at different speeds.

Chapter 6 describes the effects of pulmonary rehabilita�on on gait characteris�cs
in pa�ents with COPD.

Chapter 7 discusses the main results described in previous chapters and recom-
menda�ons for future research and clinical prac�ce.
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Abstract

Background and aim The 6-minute walk test (6MWT) in a regular hallway is commonly
used to assess func�onal exercise capacity in pa�ents with chronic obstruc�ve pulmonary
disease (COPD). However, treadmill walking might provide addi�onal advantages over
overground walking, especially if virtual reality and self-paced treadmill walking are com-
bined. Therefore, this study aimed to assess the reproducibility and validity of the 6MWT
using the Gait Real-�me Analysis Interac�ve Lab (GRAIL) in pa�ents with COPD and healthy
elderly.

Methods Sixty-one pa�ents with COPD and 48 healthy elderly performed two 6MWTs on
the GRAIL. Pa�ents performed two overground 6MWTs and healthy elderly performed
one overground test. Differences between consecu�ve 6MWTs and the test condi�ons
(GRAIL vs. overground) were analyzed.

Results Pa�ents walked further in the second overground test (24.8 m, 95% CI 15.2-34.4
m, p<0.001) and in the second GRAIL test (26.8 m, 95% CI 13.9-39.6 m). Healthy elderly
improved their second GRAIL test (49.6 m, 95% CI 37.0-62.3 m). The GRAIL 6MWT was
reproducible (intra-class coefficients = 0.65-0.80). The best GRAIL 6-minute walk dis-
tance (6MWD) in pa�ents was shorter than the best overground 6MWD (-27.3 ± 49.1 m,
p<0.001). Healthy elderly walked further on the GRAIL than in the overground condi-
�on (23.6 ± 41.4 m, p<0.001). Validity of the GRAIL 6MWT was assessed and intra-class
coefficient values ranging from 0.74-0.77 were found.

Discussion/Conclusion The GRAIL is a promising system to assess the 6MWD in pa�ents
with COPD and healthy elderly. The GRAIL 6MWD seems to be more comparable to the
6MWDs assessed overground than previous studies on treadmills have reported. Fur-
thermore, good construct validity and reproducibility were established in assessing the
6MWD using the GRAIL in pa�ents with COPD and healthy elderly.
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Introduc�on

Chronic obstruc�ve pulmonary disease (COPD) is a highly prevalent chronic disease af-
fec�ng about 10% of adults above the age of 40 [1]. COPD affects respiratory func�on of
pa�ents and has systemic consequences as well, including peripheral muscle dysfunc�on
and weakness, which contributes to exercise limita�on and impaired quality of life [2, 3].
Exercise intolerance is therefore an important clinical feature in pa�ents with COPD. The
6-minute walk test (6MWT) is a method of obtaining the 6-minute walk distance (6MWD)
and is used to evaluate func�onal exercise capacity. Furthermore, the 6MWT is used to
assess response to treatment and predicts morbidity and mortality in pa�ents with COPD
[4].

According to the European Respiratory Society/American Thoracic Society (ERS/ATS) guide-
lines, a flat corridor of at least 30 meters is required to perform a 6MWT [4, 5]. However,
not all clinical facili�es have such spaces. Therefore, treadmill walking tests offer advan-
tages over overground walking tests, as limited space is needed, providing a safe environ-
ment without obstruc�ons [5] and subjects do not have to turn, leading to an increase in
walking distance [6].

To date, two studies have been conducted in assessing treadmill-based 6MWDs in pa-
�ents with COPD. Both studies established a significantly greater mean overground 6MWD
compared to a regular treadmill-based 6MWT (+102 and +51 m, respec�vely) [7, 8]. How-
ever, no difference was found between treadmill-based 6MWT and overground-based
6MWT in healthy subjects in three age groups (48-54 years: 25.1 m; 55-64 years: 15.2 m;
65-75 years: 11.2 m) [9].

Both COPD studies with the 6MWT have used regular fixed-paced treadmills. Conversely,
the use of a self-paced treadmill, a feedback controlled func�on that adapts treadmill
speed to its user, could be beneficial to adjust the walking speed more naturally and re-
sul�ng in a more natural gait pa�ern compared to fixed speed treadmill walking [10].
In addi�on, the use of virtual reality during treadmill walking is becoming increasingly
popular in the area of rehabilita�on, since a virtual reality provides an engaging envi-
ronment and induces a real life sensa�on [11]. The Gait Real-�me Analysis Interac�ve
Lab (GRAIL, Motekforce Link, Amsterdam, the Netherlands) system combines self-paced
treadmill walking with virtual reality. Moreover, the GRAIL enables 3D mo�on capture to
analyze gait pa�erns during walk tests. As the reproducibility of the self-paced treadmill-
based 6MWT in pa�ents with COPD remains currently unknown, it is necessary to assess
the reproducibility of the 6MWT on the GRAIL and to compare the GRAIL 6MWT with
the overground 6MWT. The aims of the current study were therefore to examine the re-
producibility and validity of the 6MWT on the GRAIL in pa�ents with COPD and healthy
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elderly.

Materials and methods

Study design and sample

A cross-sec�onal observa�onal study was conducted in CIRO, a center of exper�se for
chronic organ failure located in Horn, the Netherlands. Sixty-one pa�ents with COPD
(FEV1/FVC <0.7) were recruited at pre-rehabilita�on assessment between February 2014
and June 2015 [12]. Pa�ents with walking aids, chronic oxygen use, orthopedic ailments
and/or neuromuscular co-morbidi�es affec�ng their walking pa�erns were excluded, as
well as pa�ents with a history of lung cancer, asthma, sarcoidosis, tuberculosis, and/or
lung surgery. Forty-eight healthy elderly, aged 40-85 years, were recruited between July
2014 and October 2015. Healthy elderly were ineligible if respiratory or cardiac diseases,
neuromuscular and/or orthopedic ailments were present. The study complied with the
Declara�on of Helsinki and was approved by the Medical research Ethics Commi�ees
United (MEC-U) in the Netherlands (NL46880.060.13). Wri�en consent was obtained
from all par�cipants.

Assessment of 6MWD

The GRAIL (Motekforce Link, Amsterdam, the Netherlands) was used to assess the self-
paced treadmill 6MWDs. The GRAIL comprises of a 3D mo�on analysis system with a
dual-belt, instrumented treadmill and a virtual reality 180 degrees projec�on screen (Fig-
ure 2.1). Four retroflec�ve surface markers were posi�oned on the anterior superior iliac
spine and posterior superior iliac spine of the par�cipant. Marker posi�ons were de-
tected using a ten camera VICON mo�on analysis system (100 Hz, Oxford Metrics Ltd., Ox-
ford, UK) and automa�cally labelled in D-flow (Motekforce Link, Amsterdam, the Nether-
lands) in order to control treadmill speed via self-paced treadmill walking. The virtual
hallway environment was synchronized with the treadmill speed. Par�cipants were not
allowed to hold onto the handrails and wore a safety harness during each GRAIL 6MWT.
All par�cipants performed one familiariza�on session on the GRAIL (15-20 minutes) prior
to the first GRAIL 6MWT. This session comprised of an explana�on of the system and the
use of the self-paced func�on of the treadmill. A four-minute familiariza�on walk on the
treadmill was conducted as well in each par�cipant. Therefore, par�cipants could be-
come accustomed to the virtual hallway environment and self-paced treadmill walking.
A�er the familiariza�on session, pa�ents performed two GRAIL 6MWTs in two days dur-
ing the pre-rehabilita�on assessment and healthy adults performed the GRAIL 6MWTs
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in one day (Figure 2.2). One GRAIL session took 45 minutes. In addi�on, all par�cipants
performed an overground 6MWT in a 125 meter circular hallway, which took 15-20 min-
utes. Pa�ents performed two overground 6MWTs during pre-rehabilita�on assessment.
Healthy elderly performed one overground 6MWT a�er the GRAIL 6MWTs with a res�ng
period of at least 60 minutes. The overground 6MWD in healthy elderly was considered
as the best overground walking distance. All 6MWTs were conducted according to the
ERS/ATS guidelines [4]. The 6MWD and average walking speed were assessed. Walking
speed was con�nuously assessed in D-flow and averaged over 6 minutes. Borg scores for
both dyspnea and fa�gue were recorded before and a�er the 6MWT, as well as the heart
rate and transcutaneous oxygen satura�on using a pulse oximeter (Nonin, Care Fusion,
San Diego, USA). During the GRAIL 6MWT, post heart rate and transcutaneous oxygen
satura�on were recorded a�er the subjects stepped down from the treadmill.

Sample size calcula�on

Sample size calcula�on was based on the results of Stevens et al.[8]. Pa�ents with lung
diseases (76% COPD) achieved on average 374 ± 78 meters in the overground 6MWT and
323 ± 119 meters on a regular treadmill 6MWT. Using a posteriori sample size calcula-
�on with a power of 0.80, we calculated a sample size of 36 pa�ents. We hypothesized
that the difference in 6MWD will be smaller between overground and GRAIL walking in
pa�ents with COPD. We therefore included a larger number of subjects in both groups,
which were available for this manuscript.

Figure 2.1. The 6MWT of the GRAIL system.
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Healthy eldery

Day 1:

- Familiarisation

session GRAIL

- GRAIL 6MWT (1)

- GRAIL 6MWT (2)

- Overground 6MWT (1)

Patients with COPD

Day 1:

- Overground 6MWT (1)

- Familiarisation 

session GRAIL

- GRAIL 6MWT (1)

Day 2:

- Overground 6MWT (2)

- GRAIL 6MWT (2)

Figure 2.2. Protocol of 6MWT assessment.

Sta�s�cal analyses

The assump�on of normally distributed data was checked with the Shapiro-Wilk test.
If data were not normally distributed, non-parametric tests were used. Differences be-
tween overground 6MWTs in pa�ents, differences between GRAIL 6MWTs in each group
and differences between the best GRAIL 6MWT and best overground 6MWT in both
groups were iden�fied by paired sample t-tests or two related samples tests. Differences
between groups were iden�fied by independent t-tests or two independent samples
tests. For consistency with previous studies, mean values of non-normally distributed
variables are reported. Predicted values of the 6MWDs for pa�ents and healthy elderly
were calculated using the formula of Troosters et al. [13]. The Bland-Altman method was
used to assess agreement between the two test condi�ons. The intra-class correla�on co-
efficient (ICC) values between repe��ve GRAIL 6MWTs and between the test condi�ons
were calculated. All analyses were performed using the sta�s�cal package SPSS (version
22, IBM SPSS Sta�s�cs). Sta�s�cal significance was defined as a p-value <0.05.

Results

In total 61 pa�ents with COPD and 48 healthy elderly volunteered to par�cipate. Pa�ents
had moderate to very severe COPD. Pa�ents and healthy elderly subjects were compara-
ble in age, height, weight and body mass index (BMI). The FEV1/FVC and FEV1 % predicted
differed between pa�ents and healthy elderly (Table 2.1).
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Table 2.1. Sample characteris�cs

Parameter COPD
n=61

Healthy
n=48

Age, years 61.9 (6.8) 61.6 (6.1)
Males, % 62.3 46.8
Height, m 1.70 (0.09) 1.70 (0.09)
Weight, kg 78.1 (17.7) 77.5 (12.8)
BMI, kg/m2 27.0 (5.1) 26.6 (3.2)
GOLD stage I-IV, n 9/31/16/5 0
FEV1/FVC % 41.3 (10.6) 77.1 (4.5)*

FEV1, % predicted 57.6 (20.0) 119.1 (16.4)*a

Non-smoker, n 1 18
Former smoker, n 56 28
Current smoker, n 4 2

Note: Data are presented as number or mean (SD). Non-smoker: < 1 pack year; Former smoker: qui�ed
smoking before par�cipa�on at this study with ≥ 1 pack years; Current smoker: smoked during par�cipa�on
at this study ≥ 1 pack years. Abbrevia�ons: BMI, body mass index; FEV1, forced expiratory volume in 1 s; FVC,
forced vital capacity.
*: Significant difference between pa�ents with COPD and healthy elderly.
a: Non-parametric test have been used.

Overground 6MWT

In the overground condi�on, pa�ents walked 481.4 m (95% CI 465.7-497.0 m) in the first
6MWT and 506.2 m (95% CI 488.3-524.0 m) in the second 6MWT, with an average in-
crease of 24.8 m (95% CI 15.2-34.4 m; p<0.001). Eighty percent of pa�ents improved
during the second overground 6MWT. The best 6MWD in pa�ents was 511.0 m (95% CI
494.5-527.6 m), which was 79% (95% CI 76-82%) of the predicted value. At the end of
the best overground 6MWT, pa�ents had Borg dyspnea and fa�gue scores of 5.4 (95% CI
4.8-6.0) and 5.3 (95% CI 4.7-5.9), respec�vely. Forty-nine percent of pa�ents desaturated
(SpO2nadir ≤ 88% [14]) during their best overground test. Oxygen satura�on decreased
by 7.1% (95% CI 5.6-8.6 %) and heart rate increased by 29.5 bpm (95% CI 26.4-32.5 bpm).

Healthy elderly covered 668.8 m (95% CI 647.4-690.1 m), which was 103% (95% CI 100-
106%) of the predicted value. At the overground 6MWT, healthy elderly had Borg dyspnea
and fa�gue scores of 1.2 (95% CI 0.9-1.5) and 1.2 (95% CI 0.9-1.5), respec�vely. Oxygen
satura�on decreased by 1.2% (95% CI 0.2-2.2%) and heart rate increased by 47.3 bpm
(95% CI 42.8-51.9 bpm). Difference in best overground 6MWD of pa�ents and healthy
elderly was 157.8 m (95% CI 131.5-184.0 m; p<0.001).
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Table 2.2. The GRAIL 6MWTs

GRAIL 6MWT (1) GRAIL 6MWT (2)
Parameter COPD Healthy COPD Healthy

6MWD, m 449.7 (89.3) 639.9 (77.1)# 476.4 (86.8)a* 689.5 (62.2)*#

Walking speed, km/h 4.5 (0.9) 6.4 (0.8)# 4.8 (0.9)a* 6.9 (0.7)*#

Pre SpO2, % 94.9 (1.8)ab 97.2 (1.2)a# 95.5 (1.6)a* 97.2 (1.0)a#

Post SpO2, % 93.4 (4.4)a 97.4 (0.9)a# 93.2 (4.8)a 97.2 (1.3)a#

∆ SpO2, % -1.5 (3.9)ab‡ 0.2 (1.0)a‡# -2.3 (4.3)‡* 0.0 (1.0)a#

Pre HR, bpm 82.4 (14.9)b 65.0 (11.1)# 83.7 (14.7) 68.0 (12.2)*#

Post HR, bpm 100.9 (16.4) 89.3 (21.6)# 102.5 (17.9) 99.5 (21.1)a*

∆ HR, bpm 18.7 (11.0)ab‡ 24.3 (15.5)‡ 18.8 (10.0)a‡ 31.5 (14.2)‡*#

Pre dyspnea, score 1.3 (1.1)a 0.2 (0.4)a# 1.4 (1.2)a 0.3 (0.5)a#

Post dyspnea, score 4.5 (2.0)a 1.1 (1.0)a# 4.6 (2.3)a 1.2 (1.1)a#

∆ dyspnea, score 3.2 (2.0)‡ 0.9 (1.0)a‡# 3.2 (2.2)‡ 0.9 (0.9)a‡#

Pre fa�gue, score 1.5 (1.3)a 0.3 (0.6)a# 1.5 (1.3)a 0.3 (0.6)a#

Post fa�gue, score 4.3 (2.4)a 1.3 (1.2)a# 4.6 (2.3)a 1.3 (1.1)a#

∆ fa�gue, score 2.8 (2.3)‡ 1.0 (1.1)a‡# 3.1 (2.1)‡ 1.0 (1.1)a‡#

Note: Data are presented as number or mean (SD). Abbrevia�ons: COPD, chronic obstruc�ve pulmonary dis-
ease; 6MWT, 6-minute walk test; 6MWD, 6-minute walk distance; SpO2, pulse oxygen satura�on; HR, heart
rate; bpm, beats per minute.
‡: Significant difference between pre and post symptoms per trial.
*: Significant difference between the first and second GRAIL 6MWT within each group.
#: Significant difference between pa�ents with COPD and healthy elderly.
a: Non-parametric test has been used.
b: Missing value in pa�ents with COPD, n=60.

GRAIL-based 6MWT

Pa�ents walked 449.7 m (95% CI 426.8-472.5 m) in the first GRAIL 6MWT and 476.4 m
(95% CI 454.2-498.7 m) in the second test (Table 2.2), with an average increase of 26.8
m (95% CI 13.9-39.6 m; p<0.001). Seventy-seven percent of all pa�ents performed the
second GRAIL test during the pre-rehabilita�on assessment. The ICC value of the repro-
ducibility of the GRAIL 6MWTs was 0.80 (95% CI 0.61-0.89) and 75% of pa�ents improved
during the second GRAIL test. The best GRAIL 6MWD in pa�ents was 483.7 m (95% CI
462.1-505.3 m) (Table 2.3). At the end of the best GRAIL 6MWT, pa�ents had Borg dys-
pnea and fa�gue scores of 4.8 (95% CI 4.2-5.4) and 4.6 (95% CI 4.0-5.2), respec�vely.
Oxygen satura�on decreased by 2.0% (95% CI 0.9-3.13%) and heart rate increased by 19.1
bpm (95% CI 16.4-21.8 bpm). Nine pa�ents (14.8%) desaturated during their best GRAIL
6MWT.
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Grail versus overground 6MWT

On average, the best GRAIL-based 6MWD in pa�ents was significantly shorter than the
best overground 6MWD (-27.3 ± 49.0 m, p<0.001). Conversely, the GRAIL 6MWD in
healthy elderly was significantly greater than the overground 6MWD (23.6 ± 41.4 m,
p<0.001; Table 2.3). The Bland-Altman plot (Figure 2.3) confirms that the majority of
pa�ents walked further overground compared to the GRAIL, while the majority of the
healthy elderly walked further in the GRAIL condi�on. Validity of the GRAIL 6MWT com-
pared to overground 6MWT was assessed in both groups, with ICC values of 0.74 (95% CI
0.51-0.86) for pa�ents and 0.77 (95% CI 0.53-0.88) for healthy elderly.

Figure 2.3. Differences between the best overground 6MWT and GRAIL 6MWT in (3A) pa�ents with
COPD and (3B) healthy elderly. Bland-Altman plots of the difference between the best overground
6MWT and best GRAIL 6MWT, plo�ed against the mean value of the two tests in each group. The
central solid lines represent the mean difference between the two methods, whereas the lower
and upper dashed lines represent the limits of agreement (1.96 SD of mean value).

Discussion

The present study provides the first evalua�on of the reproducibility and validity of the
6MWT assessed by the GRAIL in pa�ents with COPD. It extends previous work on tread-
mill based 6MWTs by assessing the 6MWD using virtual reality and self-paced treadmill
walking. On average, pa�ents increased their 6MWD between the first and second walk
test equally in the overground and GRAIL condi�on. Furthermore, the 6MWT on the
GRAIL showed good reproducibility with ICC values of 0.65 for healthy elderly and 0.80
for pa�ents. The best 6MWD in pa�ents was obtained in overground walking, while
healthy elderly covered greater distances using the GRAIL. Moreover, the 6MWT on the
GRAIL showed to have good construct validity with ICC values of 0.74 and 0.77. Therefore,
these results indicate that the 6MWD could be reliably and validly assessed by the GRAIL
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in pa�ents with COPD and healthy elderly.

The 6MWD between the first and second trial improved equally in the overground and
GRAIL 6MWT in pa�ents with COPD. These results are similar to exis�ng literature in as-
sessing the 6MWD within this pa�ent group [15, 16]. Larger increases in the second GRAIL
6MWT were found in healthy elderly compared to pa�ents, despite all par�cipants under-
going one familiariza�on session prior to the first GRAIL 6MWT. A possible explana�on is
that treadmill walking requires different energy expenditure in each of the subject groups
[7]. Another possibility could be that self-paced treadmill walking required more effort of
the pa�ent than healthy elderly, due to muscle weakness, balance deficits and/or anxiety
[17–19]. In addi�on, adaptability towards learning new tasks might be affected in pa�ents
with COPD, as declines in a number of cogni�ve func�ons have been observed previously
[20, 21].

Pa�ents achieved on average a lower 6MWD (-27.5 m) on the GRAIL compared to over-
ground walking. This difference in 6MWD between the test condi�ons is smaller than
previous studies using regular treadmills have established [7, 8]. Our findings are sup-
ported by less increase in the Borg dyspnea and fa�gue scores, less decrease in oxygen
satura�on and less increase in heart rate in the GRAIL condi�on. Healthy elderly, how-
ever, achieved greater 6MWDs while walking on the GRAIL, which is in contrast with the
findings of Elazzazi et al. [9]. Healthy elderly did not differ in their degree of dyspnea
or fa�gue between their best overground and best GRAIL test. Therefore, we can as-
sume that healthy elderly experienced equal exer�on in performing the 6MWT in each
condi�on. However, this was not seen in the heart rate, as the heart rates were higher
a�er the overground 6MWT compared to the GRAIL 6MWT. Our study showed smaller
differences in 6MWD between the test condi�ons, which might be due to the use of the
self-paced treadmill walking. Self-paced treadmill walking offers a more naturally adjust-
ment of walking speed, which could lead to a more natural gait pa�ern compared to fixed
speed treadmill walking [10]. In addi�on, the overground track in this study required mul-
�ple turnarounds compared to the GRAIL condi�on. However, the turns were larger than
most clinical se�ngs use (30 meters). The virtual reality environment could have created
a more realis�c environment by providing op�c flow. By combining the self-paced tread-
mill walking and virtual reality, a greater 6MWD might have been achieved compared to
regular treadmill walking [11, 22].

Despite the fact that the familiariza�on session is only performed prior to the first GRAIL
6MWT, which could have led to less distance covered in the second GRAIL 6MWT, our re-
sults indicate that 75% of pa�ents improved their walk distance during the second GRAIL
test. This is comparable to the 80% of pa�ents who improved during their second over-
ground test. Therefore, we consider this effect to be minimal. Concerning the dura�on
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of a GRAIL 6MWT. One GRAIL session takes more �me to perform compared to the over-
ground 6MWT. In addi�on, the GRAIL is less accessible to all centers compared to regular
treadmills. We do however not argue that the GRAIL should be implemented everywhere
to assess the 6MWD only. The GRAIL is a unique method to conduct analysis of gait im-
pairments in pa�ents with COPD, as these pa�ents have reported walking as one of the
most problema�c ac�vity in daily life [23]. Future study should therefore focus on gait
assessment in pa�ents with COPD. Furthermore, predicted distance values and minimal
clinical important difference (MCID) of the 6MWT for pa�ents with COPD are available in
the overground condi�on. As these have not been determined in the GRAIL condi�on,
next steps should be to derive new reference values for the GRAIL condi�on in healthy
elderly subjects and to determine MCID, if the GRAIL will be used for further assessment
of pa�ents with COPD.

A first limita�on of this study is that healthy elderly performed one overground 6MWT,
which might have led to a shorter best overground 6MWD. However, a previous study
found a minimal difference of 5 meters between two overground 6MWTs in healthy el-
derly [24]. Therefore, healthy elderly could achieve their best 6MWD during their first
overground 6MWT. The second limita�on is that there is a �me gap between the GRAIL
6MWT and the post assessment of oxygen satura�on levels and heart rates compared to
the overground 6MWT. It is possible that conclusions based on the differences in heart
rates and oxygen satura�on might not explain the differences between the test condi-
�ons. A third limita�on is that GOLD stage 4 pa�ents are less represented in this study.
Therefore, our findings should be carefully interpreted for stage 4 pa�ents. Moreover,
complex pa�ents with COPD were excluded, as this is the first study to assess the 6MWT
using the GRAIL. Consequently, pa�ents should be able to perform the GRAIL tests with-
out using the handrails and be able to control the self-paced treadmill. A fourth limita�on
is that this study is a monocentric study, as access to the GRAIL in other centers is cur-
rently limited. Moreover, CIRO is a specialized pulmonary rehabilita�on clinic, which may
limit the external validity of current findings. A fi�h limita�on is that the learning effect of
6MWT on the GRAIL in repe��ve tests of more than two trials has not been established.
Consequently, it is not known if the learning effect a�enuates in a third GRAIL 6MWT.
Another limita�on is that balance during treadmill walking might be affected. However,
the GRAIL provides the opportunity to assess quality of gait (e.g. balance) con�nuously in
a virtual reality environment and during self-paced walking, which is not possible using a
regular treadmill or in an overground condi�on. As a result, new insights in determinants
of walking balance in pa�ents with COPD could be achieved by using this system.

In conclusion, the GRAIL is a promising system to assess the 6MWD in pa�ents with COPD
and healthy elderly. The 6MWD assessed by the GRAIL seems to be more comparable
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to the 6MWDs assessed overground than previous studies on treadmills have reported.
Furthermore, good construct validity and reproducibility were established in assessing
the 6MWD using the GRAIL in pa�ents with COPD and healthy elderly.
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Abstract

Background and aim Overground gait assessment is limited by the analysis of mul�ple
strides or both spa�otemporal gait characteris�cs, while fixed speed treadmill walking re-
stricts natural gait speed varia�ons. The Gait Real-�me Analysis Interac�ve Lab (GRAIL)-
based 6-minute walk test (6MWT) enables 3D mo�on analysis and self-paced treadmill
walking, and could provide insight in gait altera�ons in pa�ents with chronic obstruc-
�ve pulmonary disease (COPD). The aim of this study is to compare spa�otemporal gait
characteris�cs between pa�ents with COPD and healthy elderly during the GRAIL-based
6MWT.

Materials and methods Eighty COPD pa�ents (60% male; 62 ± 7 years; FEV1: 56 ± 19%
predicted) and 38 healthy elderly (63% male; 62 ± 6 years; FEV1: 119 ± 17% predicted) per-
formed two GRAIL-based 6MWTs. Mean differences and coefficient of varia�on of spa-
�otemporal gait characteris�cs were calculated using the trial with the largest walk dis-
tance. Sub-analyses were conducted to account for walking speed differences between
groups, and muscle strength and COPD severity within the pa�ent group

Results COPD pa�ents showed increased temporal gait characteris�cs, decreased stride
and step lengths, and increased gait variability compared to healthy elderly (p<0.01).
Stride length variability remained increased in COPD a�er correc�on for walking speed
(MD: 0.98%, CI: 0.36-1.61, p=0.003). Reduced quadriceps strength did not translate into
altered gait characteris�cs, while COPD severity is associated with swing �me (le� MD:
-0.02s, CI: -0.04--0.01, p=0.003; right MD: -0.02s, CI: -0.04-0.01, p=0.003).

Discussion COPD pa�ents performed the GRAIL-based 6MWT differently compared to
healthy elderly. Further research should use other variability measures to inves�gate gait
characteris�cs in COPD, to assess subtle altera�ons in gait and to enable development
of rehabilita�on strategies to improve gait, and possibly balance and fall risk in COPD.
Other lower limb muscle groups should be considered when inves�ga�ng gait altera�ons
in COPD.

Conclusion COPD pa�ents have different gait characteris�cs compared to healthy elderly.
Independent of walking speed, COPD pa�ents demonstrate increased stride length vari-
ability during the GRAIL-based 6MWT compared to healthy elderly.
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Introduc�on

Pa�ents with chronic obstruc�ve pulmonary disease (COPD) report walking as one of the
most problema�c ac�vity in daily life [1]. Pa�ents with COPD walk less in daily life [2]
and achieve shorter walk distances during the 6-minute walk test (6MWT) compared to
healthy subjects [3]. Walking distance is an important parameter in the evalua�on of
treatment and as a prognos�c value, in which walking distances <350 m on the 6MWT
are associated with increased mortality [4]. In addi�on, pa�ents with COPD demonstrate
extra-pulmonary manifesta�ons affec�ng the muscular system, resul�ng in muscular dys-
func�on [5, 6] and most probably in gait (walking) altera�ons.

Gait assessment could provide insight in the biomechanical factors associated with the
reduced walk distances in pa�ents with COPD. To date, several studies have explored gait
in COPD [3, 7–10]. One study reported that gait altera�ons, such as limping and shuffling,
are associated with disease severity in COPD [11]. Pa�ents with COPD also demonstrate
decreased cadence, shorter step lengths, increased �me spent in double support and a
lack of increase in peak ankle dorsiflexion moment a�er the onset of breathlessness or
leg �redness compared to healthy subjects, while walking at their comfortable speed [7,
8, 10]. Increased balance disturbances in mediolateral direc�on in pa�ents with COPD
were observed during the 6MWT [3]. Furthermore, pa�ents with COPD walk with an
larger step �me and smaller step width variability during fixed speed treadmill [12].

Most studies recorded gait in pa�ents with COPD during overground walking, using ac-
celerometry [3], a pressure sensi�ve mat [7], 2D or 3D mo�on capture systems [8, 10].
However, the la�er three methods can only assess a limited number of consecu�ve strides,
due to space and/or equipment constraints. Gait analysis using instrumented treadmills
could be an alterna�ve to overground gait analysis, as they require less laboratory space
[13]. However, treadmill walking at fixed speeds restricts subjects to walk with speed vari-
a�ons, resul�ng in less natural stride variability. Self-paced treadmill walking, involving a
feedback-regulated treadmill that allows subjects to walk at their preferred speed, is sug-
gested to be a suitable alterna�ve to fixed speed treadmill walking in gait analysis [13].
In addi�on, accelerometry enables the recording of mul�ple strides, but cannot reliably
capture the spa�al gait characteris�cs [14].

The Gait Real-�me Analysis Interac�ve Lab (GRAIL) enables self-paced treadmill walking
combined with 3D mo�on capture and could overcome the limita�ons in overground and
fixed speed treadmill walking. Previous studies observed similar spa�otemporal, kine�c
and kinema�c gait characteris�cs in self-paced and fixed speed treadmill walking using
the GRAIL system [13, 15]. Moreover, gait speed in self-paced treadmill was comparable
to overground walking when using a similar system as the GRAIL [14]. Spa�otemporal gait
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characteris�cs can therefore be assessed accurately in pa�ents with COPD over mul�ple
consecu�ve strides and during exercise tes�ng, such as during a 6MWT. As pa�ents with
COPD are able to perform the 6MWT using the GRAIL with minimal differences compared
to the overground 6MWT [16], addi�onal outcomes can be obtained to iden�fy gait al-
tera�ons within this popula�on. In addi�on, as the 6MWT is a submaximal exercise test,
challenging the body to walk at speeds outside of the comfortable walking speed can re-
veal declines in gait or associa�ons in gait characteris�cs that are otherwise camouflaged
at their comfortable walking speed [17].

The aim of the present study is to compare spa�otemporal gait characteris�cs between
pa�ents with COPD and healthy elderly during the GRAIL-based 6MWT (with and without
adjustment for expected differences in walking speed; and within the pa�ent sample a�er
stra�fica�on for quadriceps muscle strength or COPD severity, described as the degree
of airflow limita�on). It was hypothesized that pa�ents with COPD would demonstrate
altera�ons in their spa�otemporal gait characteris�cs as compared to healthy elderly.

Materials and methods

Study design

This cross-sec�onal study was conducted in CIRO, a center of exper�se for chronic organ
failure in Horn, the Netherlands. Pa�ents with COPD, assessed by spirometry (Carefu-
sion, San Diego, CA, USA) according to the Global Ini�a�ve for Chronic Obstruc�ve Lung
Disease (GOLD) criteria (post-bronchodilator Forced Expiratory Volume in one second
/Forced Vital Capacity; FEV1/FVC ra�o<0.70), were recruited at regular pre-rehabilita�on
assessment. Pa�ents with walking aids, chronic oxygen therapy, orthopedic ailments
and/or neuromuscular co-morbidi�es affec�ng their walking pa�erns were excluded, as
well as pa�ents with a history of lung cancer, asthma, sarcoidosis, tuberculosis and/or
lung surgery. Healthy elderly were recruited amongst healthy subjects who par�cipated
in previous trials [18], from co-workers or from healthy rela�ves of pa�ents. These healthy
elderly subjects were included as the non-COPD group (post-bronchodilator FEV1/FVC ra-
�o >0.70), if subjects did not have any self-reported neuromuscular and/or orthopedic
ailments. Spirometry and electrocardiography were conducted prior to the GRAIL-based
6MWT. Then, quadriceps muscle strength was measured (Biodex System 4 Pro, Biodex
Medical Systems, Inc., New York, USA). Quadriceps muscle strength was calculated as the
peak torque of % predicted, based on Borges et al. [19]. Par�cipants performed thirty vo-
li�onal maximal contrac�ons at an angular velocity of 90 degrees per second. This study
(M13-1374) complied with the Declara�on of Helsinki and was approved by the Medical
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research Ethics Commi�ees United (MEC-U) in the Netherlands. This study is registered
at the Dutch Trial Register (NTR4421). Wri�en consent was obtained from all par�cipants.

Assessment of gait

Each par�cipant performed two 6MWT’s using the GRAIL (Motekforce Link, Amsterdam,
the Netherlands), a 3D mo�on capture system with an instrumented dual-belt treadmill
and virtual reality on a 180 degrees projec�on screen (Figure 3.1). Op�cal flow of the
virtual reality environment was synchronized with the treadmill velocity. Subjects wore
�ght fi�ng shorts. Twenty-five reflec�ve markers were placed on anatomical landmarks
of each par�cipant according to the Human Body Model (HBM) of the lower limb (Fig-
ure 3.2) [20]. The 3D marker trajectories were collected (100 Hz) with a ten camera 3D
mo�on capture system (Vicon Nexus, Oxford Metrics Ltd., Oxford, UK) and processed in
D-flow (Motekforce Link, Amsterdam, the Netherlands). Ground reac�on force data from
heel contact to toe off were collected using integrated force plates (Forcelink, 12 chan-
nels, sample frequency 1000 Hz). Par�cipants were able to self-adjust treadmill speed
via a feedback-regulated algorithm in D-flow (Motekforce Link, Amsterdam, the Nether-
lands). One familiariza�on session was performed in order to become accustomed to
self-paced treadmill walking and the virtual reality hallway environment. The first GRAIL-
based 6MWT was performed a�er the familiariza�on session. Both the familiariza�on
and the first GRAIL-based 6MWT were conducted during pre-rehabilita�on assessment.
Pa�ents performed the second GRAIL-based 6MWT between pre-rehabilita�on assess-
ment and the first week of pulmonary rehabilita�on. Healthy elderly performed two
GRAIL-based 6MWTs within one day with at least 45 minutes of rest in between the two
tests. Perceived dyspnea and fa�gue were assessed before and a�er the GRAIL-based
6MWT using a BORG scale. Heart rate and pulse oxygen satura�on (SpO2) levels were
measured prior and post each GRAIL-based 6MWT using pulse oximetry (Nonin, Care
Fusion, San Diego, USA). The instruc�ons of the GRAIL-based 6MWT were provided ac-
cording to the European Respiratory Society/American Thoracic Society guidelines [21].

The GRAIL-based 6MWT with the longest walk distance for each subject was used for
data processing and analysis. The first 60 seconds of the data were excluded to minimize
start-up effects and 15 seconds prior to the end of the test were excluded to minimize
decelera�on of the treadmill speed towards the end of the test (Supplementary Mate-
rial 3.A). All steps were included for analysis. Gait parameters were determined using a
custom program in Matlab (MathWorks Inc., Na�ck, USA; Supplementary Material 3.B).
We computed the following spa�otemporal gait characteris�cs: walking speed (m/s), ca-
dence (steps/min), double support �me (s), stride �me (s), stride length (m) and step
width (m). Step �me (s), stance �me (s), swing �me (s) and step length (m) were com-
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Figure 3.1. The GRAIL system

puted for le� and right separately. Double support �me was calculated as the dura�on of
both feet on the force plates. Stride �me was calculated as the �me from one heel contact
to the next ipsilateral heel contact. Stride length was defined as the distance between the
toe marker and the ipsilateral toe marker at each heel contact in the anterior-posterior
direc�on. Step width was defined as the distance between the toe marker in mediolateral
direc�on between both feet at heel strike. Step �me was calculated as the �me from one
heel contact to the contralateral heel contact. Stance �me was calculated as the dura�on
between heel strike and toe off of the ipsilateral leg. Swing �me was calculated as the
dura�on between toe of and heel strike of the ipsilateral leg. Step length was defined as
the distance between the toe marker in anteroposterior direc�on between both feet at
heel strike (Figure 3.3).

To assess the magnitude of variability in spa�otemporal gait characteris�cs, coefficient
of varia�on ([standard devia�on of the gait characteris�c divided by the mean] x 100%)
was calculated for double support �me, stride �me, stride length, step width, step �me,
stance �me, swing �me and step length. In addi�on, we included commonly reported
parameters of the 6MWT, such as 6MWD, mean walking speed, BORG dyspnea score,
BORG fa�gue score, SpO2 level and heart rate.

Sta�s�cal analyses

Sample size and power sample size calcula�ons were based on outcomes of Annegarn
et al. [3] using the inter-stride trunk accelera�on variability of pa�ents with COPD and

36



SPATIOTEMPORAL GAIT CHARACTERISTICS

3

STRN

XYPH

NAVE

LASIS

LGTRO

FLTHI

LTOE

LLEK

LATI

LLM

LMT5

RASIS

RGTRO

FRTHI

RTOE

RLEK

RATI

RLM

RMT5

Figure 3.2. The Human Body Model of the lower limb. Anatomical landmarks are the sternum
(STRN), xiphoid (XYPH), navel (NAVE), T10, sacral bone, anterior and posterior superior iliac spine
(ASIS and PSIS), greater trochanter of the femur (TROCH), lateral between the greater trochanter
and lateral femoral epicondyle (LTHI), lateral epicondyle of the knee (LEK), lateral between the
lateral femoral epicondyle and lateral malleolus (ATI), lateral malleoli (LM), heel (HEE), �p of the
first metatarsal (TOE) and the fi�h metatarsal heads (MT5).

healthy elderly. Thirty-five par�cipants in each group would provide 90% power at alpha
0.05 (two-tailed) to detect differences between pa�ents with COPD and healthy elderly
(63.2 ± 14.0% and 73.7 ± 12.5%, respec�vely). As spa�otemporal gait characteris�cs dur-
ing the GRAIL-based 6MWT have not been assessed, larger sample sizes were used for
analyses.

All variables were checked for outliers (Supplementary Material 3.C) and normality distri-
bu�on using the Shapiro Wilk test. Differences between pa�ents with COPD and healthy
elderly were studied using independent samples T-tests and non-parametric independent
T-tests. A posteriori, the first sub-analysis of 14 pa�ents and 14 healthy elderly with com-
parable walking distances was performed to assess the differences between the groups
independent of walking speed. To assess possible influences of muscular dysfunc�on on
gait, a second sub-analysis was conducted to assess differences in spa�otemporal gait
characteris�cs between pa�ents with low (isokine�c peak torque <70% predicted) and
high (isokine�c peak torque >70% predicted) quadriceps muscle strength in COPD. This
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Figure 3.3. Spa�otemporal gait characteris�cs

value corresponded to the cut-off value of 2 standard devia�ons below the mean isoki-
ne�c peak torque for males and females in age group 60 years [19]. In the third sub-
analysis, we compared spa�otemporal gait characteris�cs between pa�ents with mild
to moderate COPD (GOLD I-II) and severe to very severe COPD (GOLD III-IV). Mean val-
ues, mean differences (MD), standard devia�ons, coefficients of varia�on and confidence
intervals (CI) were calculated. A p-value below the conven�onal level of significance
(p<0.01) was considered sta�s�cally significant. Sta�s�cal analyses were performed us-
ing SPSS, version 22.0 (IBM, New York, USA).

Results

Demographics

A sample of 80 pa�ents and 38 healthy elderly were analyzed for this study. Baseline
characteris�cs of the study popula�on are presented in Table 3.1. Majority of the pa�ents
had moderate to severe COPD.

The GRAIL-based 6MWT and spa�otemporal gait characteris�cs

Pa�ents with COPD achieved on average a shorter 6MWD compared to healthy elderly
(494 ± 80 m and 689 ± 64 m, p<0.001, respec�vely, Table 3.2). Oxygen satura�on level
decreased significantly during the GRAIL-based 6MWT in pa�ents (-2.7 ± 4.3%, p<0.001)
and exercise induced oxygen desatura�on was found in 20% of the pa�ents (SpO2nadir
≤ 88%). Pa�ents with COPD showed less increase in heart rate and experienced more
dyspnea and fa�gue a�er the GRAIL-based 6MWT compared to healthy elderly.

Pa�ents with COPD demonstrated decreased cadence compared to healthy elderly (MD:
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Table 3.1. Demographics of subjects

Parameter
COPD
n=80

Healthy
n=38 p-value

Age, years 62.3 (7.2) 62.1 (6.3) 0.718
Males, n 48 (60.0) 24 (63.2)
Weight, kg 75.9 (16.9)‡ 79.3 (13.0) 0.273
Height, m 1.70 (0.09) 1.72 (0.08)‡ 0.182
BMI, kg/m2 26.3 (5.1) 26.8 (3.1) 0.444
FEV1/FVC 0.41 (0.11) 0.77 (0.05)‡ <0.001*

FEV1 % predicted 55.8 (19.4) 118.6 (16.5)‡ <0.001*

Never smoker, n 1 (1.3) 14 (36.8)
Former smoker, n 63 (78.8) 23 (60.5)
Current smoker, n 6 (7.5) 1 (2.6)
GOLD group, n I 10 (12.5)

II 35 (43.8)
III 29 (36.3)
IV 6 (7.5)

Note: Data are presented as number (%) or mean (SD), unless otherwise stated. Abbrevia�ons: COPD, chronic
obstruc�ve pulmonary disease; BMI, body mass index; FEV1, forced expiratory volume in 1 s; FVC, forced vital
capacity; GOLD, Global Ini�a�ve for Chronic Obstruc�ve Lung Disease.
*: Significant difference between pa�ents with COPD and healthy elderly.
†: Non-normal distributed variable.

Table 3.2. Best GRAIL-based 6MWT outcomes in pa�ents with COPD and healthy elderly

Parameter COPD Healthy p-value

6MWD, m 493.5 (79.7) 689.3 (64.3) <0.001*

Walking speed, m/s 1.4 (0.2) 1.9 (0.2) <0.001*

Pre SpO2, % 95.1 (1.5)† 97.1 (1.0)† <0.001*

Post SpO2,% 92.3 (4.6)#† 97.1 (1.2)† <0.001*

Pre HR, bpm 82.0 (13.9) 65.9 (11.9) <0.001*

Post HR, bpm 103.0 (18.1# 98.6 (22.7# 0.295
Pre dyspnea, score 1.2 (1.2)† 0.2 (0.3)† <0.001*

Post dyspnea, score 4.8 (2.3)#† 1.1 (1.0)#† <0.001*

Pre fa�gue, score 1.3 (1.3)† 0.3 (0.4)† <0.001*

Post fa�gue, score 4.5 (2.3)#† 1.3 (1.1)#† <0.001*

Note: Data are presented as mean (SD). Abbrevia�ons: COPD, chronic obstruc�ve pulmonary disease; 6MWT,
6-minute walk test; 6MWD, 6-minute walk distance; SpO2, peripheral capillary oxygen satura�on; HR, heart
rate; bpm, beats per minute.
*: Significant difference between pa�ents with COPD and healthy elderly.
#: Significant difference between pre and post values.
†: Non-normal distributed variable.
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-17.36 steps/min, CI: -21.10- -13.61, p<0.001, Table 3.3). Mean dura�on of temporal gait
characteris�cs was significantly longer in pa�ents with COPD, while stride length was
shorter. No differences were found between le� and right spa�otemporal gait charac-
teris�cs. Pa�ents show increased variability in double support �me (MD: 1.18%, CI: 0.69-
1.66, p=0.001), stride length (MD: 1.82%, CI: 1.39-2.25, p<0.001), stance �me (le� MD:
0.58%, CI: 0.29-0.87, p=0.002; right MD: 0.57%, CI: 0.28-0.86, p=0.003), and step length
(le� MD: 1.77%, CI: 1.32-2.22, p<0.001; right MD: 1.74%, CI:1.29-2.19, p<0.001). Step
width variability did not reach a sta�s�cal significant difference between the groups (MD:
-2.98%, CI: -5.39- -0.57, p=0.011). The distribu�on of spa�otemporal gait characteris�cs
for both groups is presented in Supplementary Material 3.D.

Sub-analyses

Sub-analysis of 14 pa�ents and 14 healthy elderly subjects with comparable walking dis-
tances was performed to assess differences between the groups independent of walking
speed (MD: -10.2 m, CI: -36.7-16.3, p=0.437, Table 3.4). Heart rate, dyspnea and fa�gue
scores significantly differed in pre and post exercise tes�ng within each group and be-
tween the groups. Mean spa�otemporal gait characteris�cs in pa�ents with COPD did
not differ with healthy elderly. Variability in gait characteris�cs showed differences in
stride length. (MD: 0.98%, CI: 0.35-1.61, p=0.003) and partly in step length (le� MD:
1.07%, CI: 0.36-1.78, p=0.005; right MD: 1.10%, CI: 0.23-1.97, p=0.014) between pa�ents
and healthy subjects (Table 3.5). No asymmetry was found between le� and right spa-
�otemporal gait characteris�cs. Distribu�on of spa�otemporal gait characteris�cs for
both groups is presented in Supplementary Material 3.E.

In the second sub-analysis, the influence of muscular dysfunc�on on gait characteris�cs
was assessed within the COPD group. Female COPD subjects were less represented in
the high quadriceps muscle strength group (n=8) compared to male COPD subjects in the
high muscle strength group (n=25). Therefore, comparisons between quadriceps mus-
cle strength were conducted for males and females separately (Table 3.6). Difference in
muscle strength in male subjects was -23.64% predicted (CI: -29.7- -17.6, p<0.001) and -
29.7% predicted (CI: -35.5 - -24.0, p<0.001) in female subjects. No significant differences
in mean spa�otemporal gait characteris�cs were found between low and high quadriceps
muscle strength groups within male and female subjects.

In the third sub-analysis, the influence of the degree of airflow limita�on on gait charac-
teris�cs was assessed within the COPD group. Spa�otemporal gait characteris�cs were
compared between pa�ents with mild-moderate COPD (68.9 ± 1.9% predicted) and severe-
very severe COPD (38.0 ± 8.0% predicted; Table 3.7). Mean swing �me was significantly
different between the groups (le� MD: -0.02 s, CI: -0.04- -0.01, p=0.003; right MD: -0.02
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Table 3.3. Spa�otemporal gait characteris�cs in pa�ents with COPD and healthy elderly

Parameter COPD Healthy p-value

Mean values
Cadence, steps/min 118.6 (10.3) 136.0 (8.0) <0.001*

Double support �me, s 0.28 (0.04) 0.24 (0.02) <0.001*

Stride �me, s 1.02 (0.09) 0.89 (0.05) <0.001*

Stride length, m 1.43 (0.18) 1.73 (0.14) <0.001*

Step width, m 0.18 (0.04) 0.17 (0.05) 0.056
Le� Step �me, s 0.51 (0.04) 0.44 (0.03) <0.001*

Stance �me, s 0.65 (0.06) 0.56 (0.03) <0.001*

Swing �me, s 0.37 (0.04) 0.33 (0.02) <0.001*

Step length, m 0.71 (0.09) 0.86 (0.07) <0.001*

Right Step �me, s 0.51 (0.05) 0.44 (0.03) <0.001*

Stance �me, s 0.65 (0.06) 0.56 (0.03) <0.001*

Swing �me, s 0.37 (0.04) 0.33 (0.02) <0.001*

Step length, m 0.72 (0.10) 0.87 (0.07) <0.001*

Coefficient
of varia�on

Cadence, % 2.99 (1.26)† 2.65 (0.73)† 0.154
Double support �me, % 6.37 (1.90)† 5.19 (0.77) 0.001*

Stride �me, % 1.97 (0.77)† 1.64 (0.32) 0.102
Stride length, % 3.87 (1.78)† 2.03 (0.54)† <0.001*

Step width, % 13.97 (5.35)† 16.95 (7.66)† 0.011
Le� Step �me, % 2.54 (0.82)† 2.23 (0.46)† 0.087

Stance �me, % 2.94 (1.05)† 2.36 (0.54)† 0.002*

Swing �me, % 2.36 (0.56)† 2.70 (0.46)† 0.580
Step length, % 4.35 (1.85)† 2.58 (0.58) <0.001*

Right Step �me, % 2.58 (0.82)† 2.26 (0.50)† 0.081
Stance �me, % 2.91 (1.06)† 2.34 (0.53) 0.003*

Swing �me, % 2.41 (0.65)† 2.28 (0.47)† 0.561
Step length, % 4.35 (1.82)† 2.61 (0.61)† <0.001*

Note: Data are presented as mean (SD). Abbrevia�on: COPD, chronic obstruc�ve pulmonary disease.
*: Significant difference between pa�ents with COPD and healthy elderly.
†: Non-normal distributed variable.
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Table 3.4. Sub-analysis of the GRAIL-based 6MWT outcomes in groups with comparable walking
speeds

Parameter
COPD
n=14

Healthy
n=14 p-value

FEV1/FVC 44.3 (10.1) 77.7 (5.8) <0.001
FEV1, % predicted 64.2 (18.2) 116.7 (23.1) <0.001
6MWD, m 611.8 (30.2) 622.0 (37.7) 0.437
Walking speed, m/s 1.7 (0.1) 1.7 (0.1) 0.710
Pre SpO2, % 95.8 (1.7) 97.4 (0.6)† 0.003*

Post SpO2, % 94.2 (3.7)† 97.0 (1.0)† 0.015
Pre HR, bpm 78.7 (14.8) 65.6 (9.9) 0.010
Post HR, bpm 108.8 (19.1)# 92.4 (18.3)# 0.028
Pre dyspnea, score 1.1 (0.9)† 0.2 (0.3)† 0.001*

Post dyspnea, score 5.0 (2.2)#† 0.8 (0.5)#† <0.001*

Pre fa�gue, score 0.9 (0.9)† 0.3 (0.5)† 0.006*

Post fa�gue, score 4.8 (2.4)#† 0.9 (0.9)#† <0.001*

Note: Data are presented as mean (SD). Abbrevia�ons: COPD, chronic obstruc�ve pulmonary disease; FEV1,
forced expiratory volume in 1 s; FVC, forced vital capacity; 6MWT, 6-minute walk test; 6MWD, 6-minute walk
distance; SpO2, peripheral capillary oxygen satura�on; HR, heart rate; bpm, beats per minute.
*: Significant difference between pa�ents with COPD and healthy elderly.
#: Significant difference between pre and post values.
†: Non-normal distributed variable.

s, CI:-0.04 -0.01, p=0.003).

Discussion

This study demonstrates that pa�ents with COPD have different spa�otemporal gait char-
acteris�cs as compared to healthy elderly during a self-paced treadmill based 6MWT.
Pa�ents achieved shorter walk distances with a lower cadence and increased dura�on
of temporal gait characteris�cs. Pa�ents took shorter steps and showed increased vari-
ability in double support �me, stride length, stance �me and step length. Sub-analysis
showed that differences in mean spa�otemporal gait characteris�cs are mainly a�ributed
to differences in walking speed between the groups. However, variability in stride length
remained higher in pa�ents with COPD compared to healthy elderly in the sub-analysis of
subject groups with comparable walking speeds. Stra�fying pa�ents by quadriceps mus-
cle strength did not dis�nguish differences in spa�otemporal gait characteris�cs. Pa�ents
with mild-moderate COPD showed decreased swing �me as compared to severe-very se-
vere COPD.

This is the first study to inves�gate spa�otemporal gait characteris�cs during a self-paced
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Table 3.5. Sub-analysis of the spa�otemporal gait characteris�cs in groups with comparable walking
speeds

Parameter
COPD
n=14

Healthy
n=14 p-value

Mean values
Cadence, steps/min 128.40 (12.00) 132.00 (4.86) 0.306
Double support �me, s 0.25 (0.02)† 0.24 (0.02) 0.227
Stride �me, s 0.94 (0.08) 0.91 (0.03) 0.212
Stride length, m 1.62 (0.17) 1.59 (0.07) 0.552
Step width, m 0.18 (0.04) 0.16 (0.05)† 0.260

Le� Step �me, s 0.47 (0.04) 0.46 (0.02) 0.209
Stance �me, s 0.59 (0.04) 0.57 (0.03) 0.158
Swing �me, s 0.35 (0.04) 0.34 (0.02) 0.350
Step length, m 0.82 (0.09) 0.80 (0.04) 0.512

Right Step �me, s 0.47 (0.04) 0.45 (0.02) 0.213
Stance �me, s 0.60 (0.05) 0.58 (0.03) 0.180
Swing �me, s 0.34 (0.04) 0.33 (0.02) 0.281
Step length, m 0.82 (0.08) 0.80 (0.04) 0.422

Coefficient
of varia�on

Cadence, % 2.81 (0.84) 2.44 (0.87)† 0.104
Double support �me, % 5.81 (1.36) 4.74 (0.75) 0.015
Stride �me, % 1.74 (0.48) 1.45 (0.27) 0.067
Stride length, % 3.03 (0.98) 2.04 (0.59) 0.003*

Step width, % 16.17 (5.92)† 15.09 (4.82) 0.963
Le� Step �me, % 2.41 (0.81)† 1.93 (0.27) 0.178

Stance �me, % 2.64 (0.90)† 2.09 (0.34) 0.050
Swing �me, % 2.35 (0.70)† 2.02 (0.28) 0.352
Step length, % 3.61 (1.12) 2.54 (0.63) 0.005*

Right Step �me, % 2.43 (0.85)† 2.05 (0.40) 0.265
Stance �me, % 2.62 (0.89)† 2.02 (0.33) 0.062
Swing �me, % 2.35 (0.73)† 2.10 (0.33) 0.839
Step length, % 3.72 (1.40)† 2.62 (0.67) 0.014

Note: Data are presented as mean (SD). Abbrevia�on: COPD, chronic obstruc�ve pulmonary disease.
*: Significant difference between pa�ents with COPD and healthy elderly.
†: Non-normal distributed variable.
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Table 3.7. Spa�otemporal gait characteris�cs of pa�ents within mild-moderate and severe-very
severe COPD

Parameter

Mild-moderate
COPD
n=45

Severe-very severe
COPD
n=35 p-value

Mean values
FEV1/FVC 47.98 (8.55) 32.98 (8.86)† <0.001*

FEV1 % predicted 69.70 (13.24) 37.98 (8.04) <0.001*

6MWD, m 507.05 (87.98) 480.55 (65.70) 0.141
Walking speed, m/s 1.45 (0.25) 1.37 (0.18) 0.093
Cadence, steps/min 120.54 (10.84) 116.12 (9.00) 0.055
Double support �me, s 0.29 (0.03) 0.28 (0.04) 0.234
Stride �me, s 1.00 (0.09) 1.04 (0.08) 0.048
Stride length, m 1.44 (0.21) 1.41 (0.14) 0.534
Step width, m 0.19 (0.04) 0.17 (0.04)† 0.043

Le� Step �me, s 0.51 (0.05) 0.52 (0.04) 0.088
Stance �me, s 0.64 (0.06) 0.66 (0.06) 0.315
Swing �me, s 0.36 (0.04)† 0.38 (0.03) 0.002*

Step length, m 0.72 (0.10) 0.70 (0.08) 0.332
Right Step �me, s 0.50 (0.05) 0.52 (0.04) 0.055

Stance �me, s 0.65 (0.06) 0.66 (0.06) 0.313
Swing �me, s 0.36 (0.04) 0.38 (0.03) 0.003*

Step length, m 0.72 (0.11) 0.71 (0.08)† 0.186

Note: Data are presented as mean (SD). Abbrevia�ons: COPD, chronic obstruc�ve pulmonary disease; FEV1,
forced expiratory volume in 1 s; FVC, forced vital capacity; 6MWD, 6-minute walk distance.
*: Significant difference between mild-moderate COPD and severe-very severe COPD.
†: Non-normal distributed variable.
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treadmill based 6MWT in pa�ents with COPD using the GRAIL. Walking speed and ca-
dence were decreased in pa�ents with COPD, which is in line with previous studies [3,
22, 23]. Reduced gait speed and cadence could reflect respiratory limita�ons associated
with muscular dysfunc�on in COPD [22, 24, 25]. These gait altera�ons might be an adap-
ta�on mechanism to cope with impaired walking endurance due to the lack of oxygen
supply and lower limb muscle weakness. Taking slower steps decreases the oxygen de-
mands of the leg muscles and thus allows for increased walking distance in pa�ents with
impaired lung func�on [26]. Increased step width could be an adapta�on to increase the
base of support during the double support phase of gait [10]. However, our results did
not support differences in step width between pa�ents with COPD and healthy elderly.

Increased variability in double support �me, stride length, stance �me and step length
were found in pa�ents with COPD as compared to healthy elderly. These findings show
that pa�ents are less consistent in their walking pa�ern during the GRAIL-based 6MWT.
Step length and stance �me variability are increased in older adult fallers as compared to
older adult non-fallers [27, 28]. Increased gait variability in COPD could therefore be asso-
ciated with an increased fall risk within this popula�on. Decreased step width variability
in pa�ents with COPD as compared to healthy elderly subjects did not reach a sta�s�cal
significant difference. However, Yentes et al. [12] suggested that reduced variability in
step width may be related to an increased likelihood to a crossover gait. This might indi-
cate that pa�ents are less able to maintain stability, thus predisposing an individual to a
fall [29, 30].

Variability in spa�otemporal gait characteris�cs was calculated as the coefficient of vari-
a�on, describing the magnitude of varia�on in each spa�otemporal gait characteris�c.
When examining the individual varia�ons per gait characteris�c, differences between the
two groups are observed. However, these differences are cancelled out when comparing
the mean values in a subgroup with similar walking speeds. Therefore, other measures
that do take the temporal structure of varia�on into account could provide addi�onal
insight into the control of the system while walking [31–34]. Future research might inves-
�gate temporal fluctua�ons of gait characteris�cs in pa�ents with COPD, to determine
subtle altera�ons in gait in pa�ents with COPD and its associa�ons with fall risk.

The first sub-analysis showed increased variability in stride length in pa�ents with COPD
compared to healthy elderly, which indicates that pa�ents with COPD are more vari-
able in their stride lengths irrespec�ve of walking speed differences. Pa�ents with COPD
seem to display a larger distribu�on of variability in their gait characteris�cs as compared
to healthy elderly when walking at similar walking speeds. These pa�ents experienced
greater elevated heart rates and report higher dyspnea and fa�gue scores for both pre
and post values compared to healthy elderly. These findings direct to the systemic conse-
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quences of COPD, resul�ng in muscular dysfunc�on and decondi�oning [5, 35], in which
pulmonary rehabilita�on has proven to enhance exercise performance in pa�ents with
COPD [36]. Pa�ents with COPD are more suscep�ble to fa�gue [37], possibly explaining
the increased fa�gue scores in our pa�ents as compared to healthy elderly. Gait alter-
a�ons in pa�ents with COPD could result in decreased exercise capacity and increased
symptoms a�er the 6MWT. Therefore, gait training could be incorporated within pul-
monary rehabilita�on programs to improve walking ability and symptoms a�er exercise
tes�ng in COPD.

Previous literature reported correla�ons between the severity of the disease and func-
�onal exercise capacity [38, 39]. However, the current study does not provide evidence
for influences of COPD severity on spa�otemporal gait characteris�cs. Airflow limita�on
might not have translated to altera�ons in mean spa�otemporal gait characteris�cs in
COPD. This could be explained by that pa�ents were mostly diagnosed as GOLD II (mod-
erate) and III (severe), whereas pa�ents with GOLD I (mild) and IV (very severe) were
less represented in the disease severity groups. Skeletal muscle dysfunc�on, in par�cu-
lar the quadriceps, is well recognized in COPD and is associated with impaired func�onal
capacity, such as the 6MWT [40, 41]. Our results however did not support differences in
spa�otemporal gait characteris�cs between pa�ents with low and high quadriceps mus-
cle strength. A possible explana�on could be that reduced quadriceps muscle strength is
not directly related to impaired spa�otemporal gait characteris�cs in COPD. Alterna�vely,
more distal located lower limb muscles might be more appropriate to be associated with
gait characteris�cs. Previous studies have demonstrated the importance of the triceps
surae for propulsion during gait [42–45]. Weakness in ankle dorsiflexors and plantarflex-
ors has been reported to be greater than weakness present in the quadriceps of pa�ents
with COPD [46, 47]. In addi�on, pa�ents with COPD demonstrate a lack of increase in
peak ankle dorsiflexion moment a�er a fa�guing treadmill protocol [10]. Pa�ents with
COPD might therefore experience problems in lowering their forefoot a�er heel strike.
Future studies may examine the associa�on between decreased muscle strength in other
muscle groups in the lower limbs and altered gait characteris�cs.

The current study has some limita�ons. First, subjects walked on a motorized treadmill,
which may impede natural walking pa�ern and its variability. However, previous studies
have reported equivocal findings [48–50]. Self-paced treadmill walking was used to pro-
vide a more natural control of the walking speed [14, 51], while virtual reality environment
could have created a more realis�c environment due to the use of a virtual environment
enabling op�c flow [15]. In addi�on, self-paced treadmill walking has been validated for
healthy subjects during comfortable walking speed [14, 51]. Second, the sample size of fe-
male pa�ents in the high quadriceps muscle strength group is small. Consequently, these
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subjects might not be a comprehensive representa�on of female pa�ents within the high
muscle strength group.

In conclusion, pa�ents with COPD have different spa�otemporal gait characteris�cs dur-
ing a self-paced treadmill 6MWT compared to healthy elderly as assessed by the GRAIL.
Independent of walking speed, pa�ents with COPD show increased stride length vari-
ability during the GRAIL-based 6MWT. Reduced quadriceps strength does not translate
into altered spa�otemporal gait characteris�cs, while COPD severity has impact on swing
�me. Further research should inves�gate gait characteris�cs in pa�ents with COPD using
other variability measures, to assess subtle altera�ons in gait and to enable development
of rehabilita�on strategies to improve gait, and possibly balance and fall risk in these pa-
�ents. In addi�on, other muscle groups in the lower limbs should be taken into account
when inves�ga�ng gait altera�ons in COPD.
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Supplementary Material

Data processing

Walking speed of fi�een pa�ents with COPD and fi�een healthy elderly were analysed to
assess the dura�on of accelera�on and decelera�on of walking speed of subjects during
the GRAIL-based 6MWT. Subjects needed �me to get accustomed to split-belt, self-paced
treadmill walking. Pa�ents with COPD seemed to need a longer period to achieve their
preferred walking speed to perform the 6MWT compared to healthy elderly (Figure 3.A.1
and Figure 3.A.2). Therefore, the first minute was removed for analysis. According to the
ERS/ATS statement, subjects will be informed that the 6MWT is about to end [1]. To avoid
decelera�on influencing gait characteris�cs 15 seconds prior to the end of the 6MWT will
be removed for analysis. Therefore, data were cropped from 60 seconds to 345 seconds,
to minimize start-up and decelera�on effects.

Figure 3.A.1. Walking speed of pa�ents with COPD during the GRAIL-based 6MWT
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Figure 3.A.2. Walking speed of healthy elderly subjects during the GRAIL-based 6MWT

Data correc�on and event detec�on

All gaps were reconstructed using a spline interpola�on in MATLAB (MathWorks Inc., Nat-
ick, USA). The tracks were then filtered using a low pass second order Bu�erworth filter,
with a cut-off frequency at 12 Hz. All gaps, exceeding 3 samples at the start and end, were
reconstructed using the filtered tracks.

Gait events were calculated using the treadmill velocity based method of Zeni et al. [2].
Foot marker posi�on data were filtered using a second order Bu�erworth filter, with a
cut-off frequency of 10 Hz, before velocity was calculated. Gait events were determined
based on force plate data [3–5], using a 50 Newton threshold. The phase shi� between
the results of both methods was determined for steps in which the force exceeded the
threshold. Outliers were detected and removed using a number of samples threshold
and when the phase shi� exceeded a value of more than 2 �mes the standard devia�on.
All events, calculated with the velocity based method, were then corrected with the cal-
culated phase shi�. Then spa�otemporal gait characteris�cs were determined using a
custom Matlab program.

Heterogeneity in COPD and healthy elderly group

The pa�ent group seems to be more heterogeneous in the variability of temporal gait
characteris�cs, stride length and step length compared to healthy elderly (Table 3.3), due
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to the increased standard devia�on of these gait characteris�cs in the pa�ent group for
both analyses. Extreme values in mean gait characteris�cs were more prone in the pa-
�ent group (>1.5 interquar�le range: 13 pa�ents and 3 healthy elderly; >3.0 interquar-
�le range: 1 pa�ent). Seventeen pa�ents with COPD could be regarded as extreme values
(>1.5 interquar�le range) in contrast to 8 healthy elderly subjects. Four pa�ents had in-
terquar�le ranges above 3.0 compared to 2 healthy elderly. All subjects were included
for analysis, as these values represent the heterogeneity of the subjects in each group.
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Boxplots of spa�otemporal gait characteris�cs in the total
sample

Figure 3.D.1. Boxplots of spa�otemporal gait characteris�cs in the total sample. Pa�ents with COPD
(n=80) and healthy elderly (n=38) are depicted. Centre lines show the medians; box limits indicate
the 25th and 75th percen�les; whiskers extend 1.5 �mes the interquar�le range from the 25th and
75th percen�les, outliers are represented by dots.
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Figure 3.D.2. Boxplots of spa�otemporal gait characteris�cs separated for le� and right side in
the total sample. Pa�ents with COPD (n=80) and healthy elderly (n=38) are depicted. Centre lines
show the medians; box limits indicate the 25th and 75th percen�les; whiskers extend 1.5 �mes the
interquar�le range from the 25th and 75th percen�les, outliers are represented by dots.
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Boxplots of spa�otemporal gait characteris�cs in the
sub-analysis

Figure 3.E.1. Boxplots of spa�otemporal gait characteris�cs in the sub-analysis. Pa�ents with COPD
(n=14) and healthy elderly (n=14) are depicted. Centre lines show the medians; box limits indicate
the 25th and 75th percen�les; whiskers extend 1.5 �mes the interquar�le range from the 25th and
75th percen�les, outliers are represented by dots.
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Figure 3.E.2. Boxplots of spa�otemporal gait characteris�cs separated for le� and right side in
the sub-analysis. Pa�ents with COPD (n=14) and healthy elderly (n=14) are depicted. Centre lines
show the medians; box limits indicate the 25th and 75th percen�les; whiskers extend 1.5 �mes the
interquar�le range from the 25th and 75th percen�les, outliers are represented by dots.
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Abstract

Background The 6-minute walk test (6MWT) is regularly used for walking prescrip�on
for pa�ents with chronic obstruc�ve pulmonary disease (COPD) and can be administered
validly on a self-paced treadmill, enabling gait assessment for improving gait func�on
in COPD. This study aimed to assess stride-to-stride fluctua�ons in pa�ents with COPD
during a self-paced treadmill 6MWT compared to healthy elderly subjects.

Methods Eighty pa�ents with COPD (mean age 62.3, SD 7.2 years; mean FEV1 55.8, SD
19.4 % predicted) and 39 healthy elderly subjects (mean age 62.1, SD 6.5 years; mean FEV1

119.4, SD 17.0 % predicted) performed a self-paced, treadmill 6MWTs (Gait Real-�me Anal-
ysis Interac�ve Lab), while spa�otemporal parameters and center of mass posi�on were
recorded (100 Hz, Vicon Nexus). Standard devia�on, coefficient of varia�on (CoV), pre-
dictability (sample entropy) and local dynamic stability were calculated from 444 steps.
Data were analyzed using ANCOVA with walking speed as a covariate.

Findings Pa�ents with COPD walked slower than healthy elderly subjects, and demon-
strated increased mean stride length (p=0.033), increased standard devia�on and CoV in
stride length (p=0.005 andp=0.019, respec�vely), and increased stride length predictabil-
ity (p=0.049).

Interpreta�on Pa�ents with COPD demonstrate more variable stride lengths, while stride
length pa�erns were more predictable than healthy elderly subjects during the 6MWT.
These gait altera�ons may be associated with increased fall risk in pa�ents with COPD.
Further studies are recommended to iden�fy the clinical value of gait assessment in COPD
and its rela�on with falls in COPD.
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Introduc�on

Walking is one of the most problema�c ac�vi�es in daily life for pa�ents with chronic ob-
struc�ve pulmonary disease (COPD) [1]. Pa�ents with COPD demonstrate gait altera�ons,
including slower walking speed, shorter step lengths, increased �me spent in double sup-
port, reduced step width and increased mediolateral trunk movements [2–4]. A be�er
understanding of gait altera�ons in COPD and its rela�on to walking difficul�es could
provide targets for specific training programs and be beneficial for improving the overall
health outcome in COPD.

The 6-minute walk test (6MWT) is an important measure of func�onal exercise capacity
and prognosis, and evaluates response to treatment in pa�ents with COPD [5]. In ad-
di�on, the 6MWT is used to for health care decision-making [6, 7]. This test is usually
administered overground, which allows the subject to stop during the test. However,
recently the 6MWT was shown to be valid on a self-paced treadmill [8]. Though the 6-
minute walk distance is the primary outcome of the 6MWT, gait assessment could be of
added value for clinical purposes [2, 9, 10].

The locomotor system integrates input from the motor cortex, cerebellum, basal ganglia
and spinal cord, with feedback from visual, ves�bular and propriocep�ve sensors to con-
trol muscles and limbs [11]. In COPD, there are changes to the neuromuscular system [12,
13], propriocep�on [14–16], and brain func�on [17, 18]. The natural varia�ons that occur
from stride to stride while walking could be described as an output of the complex pro-
cessing within the locomotor system. Furthermore, stride-to-stride fluctua�ons in gait of
healthy individuals are characterized by a healthy amount of variability and predictability
within the pa�erns of these fluctua�ons [19]. Altera�ons in stride-to-stride fluctua�ons
may reflect a loss of flexible adapta�ons within the locomotor system and are associated
with gait impairments within diseases [20, 21]. This loss of flexible adapta�ons could be
associated with serious accidents like falls.

Gait func�on can be assessed by calcula�ng stride-to-stride fluctua�ons of spa�otempo-
ral (�me and distance) gait parameters and by evalua�ng the movement of the center
of mass (CoM) of the human body. The amount of fluctua�ons can be quan�fied by the
standard devia�on or coefficient of varia�on (CoV). However, this measure ignores the
underlying pa�erns of stride-to-stride fluctua�ons over �me [22]. Pa�erns over many
gait cycles can be assessed using sample entropy [23] and local dynamic stability [24].
Sample entropy quan�fies predictability of gait pa�erns [23]. Reduced sample entropy
values indicate limita�ons in gait func�on, as has been found in pa�ents with knee os-
teoarthri�s [25]. Local dynamic stability assesses the stability of gait pa�erns. This mea-
sure serves as an early indicator for the risk of falling [24], and can differen�ate healthy
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from unhealthy gait pa�erns in pa�ents with peripheral arterial disease [21].

Altera�ons in stride-to-stride fluctua�ons are associated with fall risk in older adults [24,
26, 27] and are therefore of interest in COPD, a popula�on at increased risk for falls [15].
No differences in step �me and step width predictability between pa�ents with COPD
and healthy subjects during fixed speed treadmill walking have been reported [4]. How-
ever, fixed speed treadmill walking interferes with natural stride-to-stride fluctua�ons in
walking speed as compared to overground walking [28, 29]. Self-paced treadmill walking
allows belt speed to fluctuate and may facilitate the assessment of stride-to-stride fluc-
tua�ons that is more similar to overground walking [30]. Therefore, the aim of this study
is to inves�gate whether altered stride-to-stride fluctua�ons are present in pa�ents with
COPD compared to healthy elderly subjects during a self-paced, treadmill 6MWT. It was
hypothesized that pa�ents with COPD show increased amount of variability in stride-to-
stride fluctua�ons, more predictable pa�erns of fluctua�ons, and reduced local dynamic
stability of the center of mass pa�erns as compared to healthy elderly subjects.

Methods

Par�cipants

The study recruited eighty pa�ents with COPD (mean 62.3 SD 7.2 years; mean FEV1: 55.8
SD 19.4 % predicted; 48 male, Table 4.1). As controls, thirty-nine healthy elderly subjects
(mean 62.1 SD 6.5 years; mean FEV1: 119.4 SD 17.0 % predicted; 25 male) were recruited.
COPD was determined by spirometry using a post-bronchodilator FEV1/FVC cut-off ra-
�o <0.7. Spirometry and electrocardiographic assessment were conducted prior to the
6MWT. Subjects with orthopedic ailments and/or neuromuscular diseases affec�ng their
walking were excluded. Pa�ents requiring walking aids or supplemental oxygen were ex-
cluded. Healthy elderly subjects with co-morbidi�es affec�ng the pulmonary and/or car-
diovascular system were excluded. This study complied with the Declara�on of Helsinki
and was approved by the Medical research Ethics Commi�ees United (MEC-U, M13-1374)
in the Netherlands. All subjects gave informed consent prior to par�cipa�on.

Data collec�on

Subjects walked on a split-belt instrumented treadmill placed in a virtual reality environ-
ment (Gait Real-�me Analysis Interac�ve Lab, GRAIL, Motek Medical B.V., the Nether-
lands). Self-paced treadmill walking was enabled to regulate the belts’ speed [10]. Re-
flec�ve markers were placed on anatomical landmarks of each subject according to the
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Table 4.1. Demographics of sample subjects

Parameter COPD
n=80

Healthy
n=39 p-value

Age, years 62.3 (7.2) 62.1 (6.5) 0.878
Male, n 48 (60.0) 25 (64.1)
Weight, kg 75.9 (16.9) 79.1 (12.8) 0.301#

Height, m 1.70 (0.09) 1.72 (0.08) 0.159#

BMI, kg/m2 26.3 (5.1) 26.8 (3.1) 0.499
FEV1/FVC 0.41 (0.11) 0.77 (0.05) <0.001#

FEV1 % pred. 55.8 (19.4) 119.4 (17.0) <0.001
GOLD group, n I 10 (12.5)

II 35 (43.8)
III 29 (36.3)
IV 6 (7.5)

Pack years, n 41.2 (19.2) 8.3 (12.1) <0.001#

Never smoker, n 1 (1.3) 15 (38.5)
Former smoker, n 73 (91.3) 23 (59.0)
Current smoker, n 6 (7.5) 1 (2.6)

Note: Data are presented as mean (SD), or if other specified as number (%). Abbbrevia�ons: COPD, chronic
obstruc�ve pulmonary disease; BMI, body mass index; FEV1, forced expiratory volume in one second; FVC,
forced vital capacity; GOLD, Global Ini�a�ve for Chronic Obstruc�ve Disease.
#: Non-parametric test.

Human Body Model (HBM1) of the lower limb [31]. Three-dimensional marker trajecto-
ries were recorded (100 Hz, 10 Bonita cameras, Vicon Nexus, Oxford, UK). Treadmill force
plate data were sampled at 1000 Hz in synchroniza�on with the mo�on capture system.

Subjects performed one familiariza�on session of minimal 3 minutes. Then, two 6MWTs
were performed. Pa�ents performed the 6MWTs between pre pulmonary rehabilita�on
assessment and the first week of pulmonary rehabilita�on. Healthy elderly subjects per-
formed the 6MWTs within one day with minimal 45 minutes of rest in between the tests
[10]. Perceived dyspnea and fa�gue (Borg scale), heart rate and pulse oxygen satura-
�on levels were assessed before and a�er each 6MWT. The instruc�ons for the 6MWT
were provided according to the European Respiratory Society/American Thoracic Society
guidelines [5].

Data analysis

The 6MWT with the longest walk distance for each subject and without any stops was
used for analysis. The first minute of the data (to minimize start-up effects) and the last 15
seconds (to minimize effects of decelera�on of the treadmill) were excluded. Marker and
force plate data were processed in custom MATLAB so�ware (MathWorks Inc., Na�ck,
USA) [10]. Gait events were calculated using a treadmill velocity based method and force
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plate data, as previously described [10]. Stride �me (�me from one heel contact to the
next ipsilateral heel contact), stride length (distance between the toe marker and the
ipsilateral toe marker at each heel contact in the anteroposterior direc�on, corrected
for treadmill speed) and step width (distance between the toe marker in mediolateral
direc�on between both feet at heel strike) were computed. The velocity of the center of
mass (CoMvel) was computed using the posi�on of the four pelvis markers. All subjects
walked a minimum of 444 steps. Therefore, all �me series were cut to 444 steps, as �me
series length affects the outcome parameters [23, 24].

Stride-to-stride fluctua�on analysis

The standard devia�on and CoV quan�fy the amount of variability in �me series. The
CoV was calculated as the standard devia�on divided by the mean �mes 100. The CoV
was calculated over stride �me, stride length and step width.

Sample entropy quan�fies predictability and describes the probability that similar pat-
terns in a �me series are repeated. The method to compute this has been described pre-
viously [23]. A perfectly repeatable �me series would reflect a sample entropy value of
approximately 0, while a completely random �me series would reflect a sample entropy
value extending towards infinity. The rela�ve consistency of the group averages was ex-
amined for several combina�ons of input parameters of the tolerance radius r and vector
length m [23]. The r was chosen as 0.2*standard devia�on of the �me series and m was
chosen as 2 for this study. In contrast to stride length and step width �me series, stride
�me sample entropy seems to be a product of the parameter selec�on. Sample entropy
values tended to direct to predictability in stride �me with increasing r. Predictability of
fluctua�ons in stride �me itself could not be determined. Stride �me sample entropy
was therefore not included for sta�s�cal analysis [23].

Local dynamic stability is assessed by calcula�ng the local divergence exponent, e.g. the
exponen�al rate of divergence of adjacent trajectories in state space and has been de-
scribed elsewhere [24]. A lower local divergence exponent reflects a more stable system.
An embedding dimension of 6 was used for the mediolateral, 7 for the anteroposterior
and 6 for the ver�cal direc�on. The CoMvel data were normalized to 100 samples in length
per stride. A �me delay of 10 samples was chosen as all the �me series had the same fre-
quency. The slope of the divergence curve provided an es�mate of the local divergence
exponent. The local divergence exponent was calculated over the CoMvel in three direc-
�ons. To overcome non-sta�onari�es, velocity �me series was used to es�mate local
dynamic stability of the CoM pa�erns [24].
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Table 4.2. The 6-minute walk test outcomes

Parameter COPD
n=80

Healthy
n=39 p-value

6MWD, m 496.7 (79.3) 691.1 (64.4) <0.001
Walking speed, m/s 1.4 (0.2) 1.9 (0.2) <0.001
Pre SpO2, % 95.2 (1.5) 97.0 (1.0) <0.001#

Post SpO2, % 92.3 (4.6) 97.1 (1.4) <0.001#

Pre HR, bpm 82.1 (13.8) 66.3 (11.9) <0.001
Post HR, bpm 103.0 (18.1) 98.8 (22.5) 0.309
Pre dyspnea, score 1.2 (1.2) 0.2 (0.3) <0.001#

Post dyspnea, score 4.7 (2.3) 1.1 (1.0) <0.001#

Pre fa�gue, score 1.4 (1.4) 0.2 (0.4) <0.001#

Post fa�gue, score 4.5 (2.3) 1.3 (1.1) <0.001#

Note: Data are presented as mean (SD). Abbrevia�ons: COPD, chronic obstruc�ve pulmonary disease; SpO2,
pulse oxygen satura�on level; HR, heart rate; bpm, beats per minute.
#: Non-parametric test.

Sta�s�cs

For demographic and clinical characteris�cs, either an independent T test or a Mann
Whitney U test was conducted to determine differences between the groups. Group
comparisons were performed using an analysis of covariance (ANCOVA) with each gait
parameter as dependent factor, group as independent factor, and walking speed as a
covariate to correct for gait speed. A significance level of 0.05 was used. All sta�s�cal
analyses were performed using SPSS 22.0 so�ware (IBM Corp, Armonk, NY).

Results

Pa�ents with COPD walked a shorter total distance than healthy elderly subjects and pa-
�ents reported increased fa�gue and dyspnea scores a�er the 6MWT (Table 4.2). Ta-
ble 4.3 shows the spa�otemporal gait parameters and stride-to-stride fluctua�ons of gait
parameters. Pa�ents took larger stride lengths as compared to healthy elderly subjects
(F(1,116) = 4.672, p=0.033). The standard devia�on and CoV of stride length were in-
creased in COPD as compared to healthy elderly subjects (F(1,116) = 8.089, p=0.005 and
F(1,116) = 5.658, p=0.019, respec�vely). Pa�erns within stride length fluctua�ons were
more predictable in pa�ents with COPD as compared to healthy elderly subjects (F(1,116)
= 3.959, p=0.049). No group differences were found for local dynamic stability of the
CoMvel pa�erns. The covariate, walking speed, was significantly related to mean stride
�me, mean stride length, standard devia�on of stride �me, standard devia�on of step
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Table 4.3. Gait parameters of pa�ents with COPD and healthy elderly subjects

Parameter COPD
n=80

Healthy
n=39

Group
F, p

Speed
F, p

Mean stride �me, s 1.02 (0.09) 0.89 (0.05) 0.618, 0.434 74.779, <0.001
Mean stride length, m 1.43 (0.18) 1.73 (0.14) 4.672, 0.033 234.592,<0.001
Mean step width, m 0.18 (0.04) 0.17 (0.05) 1.513, 0.221 0.080, 0.778
SD stride �me, s 0.02 (0.01) 0.01 (0.00) 0.120, 0.729 18.541, <0.001
SD stride length, m 0.05 (0.02) 0.04 (0.01) 8.089, 0.005 2.134, 0.147
SD step width, m 0.02 (0.01) 0.03 (0.01) 3.251, 0.074 15.884, <0.001
CoV stride �me, % 1.96 (0.77) 1.64 (0.32) 0.273, 0.602 7.020, 0.009
CoV stride length, % 3.87 (1.78) 2.04 (0.54) 5.658, 0.019 21.396, <0.001
CoV step width, % 13.97 (5.35) 17.51 (8.32) 0.028, 0.868 6.346, 0.013
SE stride length 1.12 (0.18) 1.33 (0.10) 3.959, 0.049 7.353, 0.008
SE step width 1.43 (0.04) 1.44 (0.04) 0.202, 0.654 0.984, 0.323
LDE CoMvel-ML 2.87 (0.21) 2.81 (0.23) 1.003, 0.318 6.647, 0.011
LDE CoMvel-AP 2.84 (0.17) 2.97 (0.24) 0.006, 0.939 6.844, 0.010
LDE CoMvel-V 2.80 (0.20) 2.70 (0.23) 0.035, 0.851 2.976, 0.087

Note: Data are presented as mean (SD). Abbrevia�ons: COPD, chronic obstruc�ve pulmonary disease; SD, stan-
dard devia�on; CoV, coefficient of varia�on; SE, sample entropy; LDE, local divergence exponent; CoMvel, center
of mass velocity; ML, mediolateral; AP, anteroposterior; V, ver�cal. All values were logarithmic transformed.

width, CoV of stride �me, CoV of stride length, CoV of step width, predictability in stride
length, and local divergence exponents of the CoMvel in mediolateral and anteroposterior
direc�on (p<0.05).

Discussion

The present study aimed to determine whether altered stride-to-stride fluctua�ons were
present in pa�ents with COPD compared to healthy elderly subjects during a self-paced
treadmill 6MWT. We hypothesized that pa�ents with COPD show increased amount of
variability, increased predictability within the pa�erns of fluctua�ons, and less stability of
movement pa�erns as compared to healthy elderly subjects. Our results demonstrated
that pa�ents with COPD achieved shorter walk distances than healthy elderly subjects,
with increased amount of stride length variability and predictability of stride length pat-
terns. These findings support the view that pa�ents with COPD have a reduced gait func-
�on in comparison with healthy elderly subjects. In the current study however, local dy-
namic stability of the center of mass did not seem to be affected in pa�ents with COPD.

Increases in the amount of variability have been associated with reduced gait func�on.
Increased amount of variability in gait parameters is associated with fall risk in the aging
popula�on [32, 33] and in pathological groups [34–36]. These changes may reflect less
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coopera�ve behavior between the different components of the locomotor system [19].
The present study showed an increased amount of stride-to-stride fluctua�ons in stride
length in pa�ents with COPD as compared to healthy elderly subjects. This is in line with
earlier findings in step �me in COPD [4].

Increased predictability (i.e. rigidity) of the locomotor system may be a sign of poor health
[19, 21, 37]. Our pa�ents displayed more predictable pa�erns of stride length fluctua�ons
as compared to healthy elderly subjects. This finding reflects a lower rate of new informa-
�on genera�on by the locomotor system and a more predictable behavior over �me [23].
Our finding is in agreement with reduced entropy values in other physiological signals in
COPD as compared to healthy individuals, including airflow and heart rate pa�erns [38].

Pa�ents with COPD are characterized by altera�ons in gait [2–4, 10, 39–41] and dimin-
ished func�oning [8]. However, the mechanisms for these changes are unclear and most
probably mul�factorial [42]. Skeletal muscle dysfunc�on, including muscle weakness and
impaired muscle metabolism [13, 42], and fa�gue [43] may be the reason for these im-
pairments and could be associated with the altera�ons in stride-to-stride fluctua�ons
in COPD. If true, the altered stride-to-stride fluctua�ons might be par�ally reversible fol-
lowing exercise-based pulmonary rehabilita�on, which has shown to increase lower-limb
muscle strength [44] and func�onal exercise capacity [5].

Falls in the aging popula�on have been associated with stride-to-stride fluctua�on mea-
sures [24, 33, 45]. Increased variability of stride lengths may increase the risk of falling
during walking, for example, due to errors in foot placement and/or center of mass dis-
placement [33]. Changes in the pa�erns within stride-to-stride fluctua�ons reflect the
underlying mechanism of the locomotor system. Within the aging popula�on, pa�ents
with COPD have a higher risk for falls [15]. Altera�ons in stride-to-stride fluctua�ons,
both the amount and pa�erns of these fluctua�ons, are therefore of interest to iden�fy
the rela�onship between stride-to-stride fluctua�on measures and fall risk in this specific
pa�ent popula�on. Once this rela�onship is established, the coefficient of varia�on and
sample entropy might be used as indicators for gait func�on and as targets for specific
training programs.

In the current study however, pa�ents with COPD did not demonstrate reduced local
dynamic stability compared to healthy elderly subjects. This is in contrast to reduced
local dynamic stability as found in the aging popula�on [27]. A possible explana�on could
be that our pa�ents were rela�vely in good condi�on and could have exhibited less gait
and balance impairments, as they were able to perform the self-paced treadmill 6MWT
without any stops or falls. Future studies are therefore recommended exploring stability
measures in pa�ents with COPD or exposing pa�ents to different walking condi�ons, as
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this measure has been proposed as an indicator for fall risk [24, 27].

Several limita�ons within this study should be men�oned. The first limita�on is that pa-
�ents in GOLD 1 and GOLD 4 categories were less represented in this study. Pa�ents
classified into GOLD stage 4 were not able to perform the self-paced, treadmill 6MWT
without any stops or using the handrails. Consequently, these pa�ents were excluded for
this study. Moreover, pa�ents classified into GOLD stage 1 are less likely to be referred for
pulmonary rehabilita�on. The pa�ents in this study do not reflect the heterogenic COPD
pa�ent popula�on within all GOLD stages. The second limita�on is that the effect of op�c
flow provided by the virtual reality environment was not examined in the specific pa�ent
or age group. This could have presented a challenge or helped those due to the increase in
visual informa�on during walking. However, a previous study assessed self-paced tread-
mill walking and virtual reality in healthy young adults [46]. The effects of virtual reality
on gait were too small to be relevant and subjects reported walking with virtual reality as
more similar to overground walking. The third limita�on is the adapta�on to self-paced
treadmill walking. Subjects walked a minimum of 3 minutes to familiarize with self-paced
treadmill walking. Due to the symptoms pa�ents with COPD experience and their limited
exercise capacity, they may not have been completely accustomed to adjust their walking
speed. Though self-paced treadmill walking has been studied in healthy subjects [29], it
has not been tested in this pa�ent or age group.

In conclusion, pa�ents with COPD demonstrate more variable stride lengths, while stride
length pa�erns were more predictable as compared to healthy elderly subjects during the
6MWT. These gait altera�ons may be associated with increased fall risk in pa�ents with
COPD. Further studies are recommended to iden�fy the clinical value of gait assessment
in COPD and its rela�on with falls in COPD.
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Abstract

Background The inherent stride-to-stride fluctua�ons during walking are altered in the
aging popula�on and could provide insight into gait impairments and falls in pa�ents with
chronic obstruc�ve pulmonary disease (COPD). Stride-to-stride fluctua�ons are quan�-
fied two ways: 1) variability of the fluctua�ons (e.g. standard devia�on) and 2) movement
pa�erns within the fluctua�ons. Our objec�ve was to inves�gate stride-to-stride fluctua-
�ons by evalua�ng the variability and movement pa�erns in lower limb joints of subjects
with COPD compared to non-COPD, control subjects.

Methods In this cross-sec�onal study, 22 subjects with COPD (aged 63±9 yrs.; FEV1 54±19
%pred.) and 22 non-COPD control subjects (aged 62±9 yrs.; FEV1 95±18 %pred.) walked
for 3 minutes on a treadmill while their gait was recorded. The amount of variability
(standard devia�on and coefficient of varia�on) and movement pa�erns (predictability
and consistency in organiza�on) were quan�fied for the range of mo�on or joint angle of
the hip, knee, and ankle, at three walking speeds (self-selected, FAST and SLOW). General
linear mixed models were used for analysis.

Results Control subjects had a more consistent organiza�on of the hip and knee joint
movement pa�erns compared to subjects with COPD (p=0.015 andp=0.019, respec�vely).
Further, control subjects adapted to speed changes by demonstra�ng more consistent
organiza�on of movement pa�erns with faster speeds whereas subjects with COPD did
not. Within the FAST walking speed, subjects with COPD demonstrated less consistent
organiza�on of knee and hip joint movement pa�erns as compared to non-COPD con-
trol subjects (p=0.025 and p=0.005, respec�vely). Amount of variability did not differ
between groups.

Conclusions Though subjects with COPD did not demonstrate decreased amount of vari-
ability, hip and knee joint movement pa�erns were less consistent in organiza�on during
walking. Reduced consistency in organiza�on of movement pa�erns may be a contribut-
ing factor to falls and mobility problems experienced by subjects with COPD.
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Introduc�on

Chronic obstruc�ve pulmonary disease (COPD) is characterized by progressive and per-
sistent expiratory airflow limita�ons associated with chronic inflamma�on of the airway
[1]. Pa�ents with COPD are limited in their func�onal mobility and demonstrate lower
limb muscle dysfunc�on [2, 3]. In addi�on, gait abnormali�es have been found in pa-
�ents with COPD, including loss of func�on at the ankle joint, slower cadence, shorter
step length, and narrower step width [4–8].

Gait abnormali�es can also be described by the inherent stride-to-stride fluctua�ons in
gait parameters during walking [9]. Tradi�onal methods quan�fy the variability, or the
amount, of stride-to-stride fluctua�ons (e.g. the standard devia�on or coefficient of vari-
a�on). Complementary to tradi�onal methods, other methods quan�fy movement pat-
terns within the stride-to-stride fluctua�ons, such as how repeatable the fluctua�ons
are within a walking bout. There are several methods available to quan�fy the move-
ment pa�erns within stride-to-stride fluctua�ons. Sample entropy quan�fies the pre-
dictability of the movement pa�erns, by measuring the probability that pa�erns will not
be followed by addi�onal similar pa�erns [10]. This method has been used to iden�fy ab-
normal heart rate characteris�cs in COPD [11]. The local divergence exponent measures
the consistency in the organiza�on of movement pa�erns over �me (referred to as local
dynamic stability) [12]. Less consistent organiza�on of movement pa�erns during walk-
ing have been found in fall-prone elderly subjects [13]. Quan�fying movement pa�erns
is important, as flexibility from stride-to-stride is needed to execute adapta�ons to the
changing environment while walking [14]. Disease and aging have been associated with
a loss of flexibility, reflected by either too rigid or too irregular movement pa�erns [15].

Stride-to-stride fluctua�ons have been studied scarcely in pa�ents with COPD. A few stud-
ies have reported reduced variability in step width, and increased variability in step �me
and stride lengths in pa�ents with COPD [7, 16]. Similar gait changes have been related
to increased fall risk in older adults [17, 18]. However, these spa�otemporal gait variables
provide only a snapshot of gait. Joint movements may provide a more global view of
the lower extremity movements [7]. Previous studies describe altered lower limb joint
movement pa�erns in older adults compared to young adults, and in pa�ents with pe-
ripheral arterial disease compared to healthy subjects [19, 20]. In addi�on, variability in
spa�otemporal gait variables is not always discrimina�ve between healthy older adults
and older adults with a cau�ous gait [21]. Therefore, quan�fying joint movement pa�erns
in pa�ents with COPD could provide addi�onal insight into gait altera�ons and might ex-
plain increased balance disturbances, fall risk, and mobility problems in this popula�on
[22, 23].

75



CHAPTER 5

5

The aim of this study was to inves�gate stride-to-stride fluctua�ons by evalua�ng the
variability and the movement pa�erns in lower limb joints while walking of subjects
with COPD compared to non-COPD, control subjects. We hypothesized that subjects
with COPD would demonstrate a more restricted and a less consistent organiza�on of
gait pa�erns compared to non-COPD control subjects, as reflected by decreased variabil-
ity, increased predictability, and reduced consistency in organiza�on in lower limb joint
movement. To reveal adapta�on needed to accommodate to altera�ons in demand, par-
�cipants were also asked to walk outside of their comfortable walking speed.

Material and methods

Par�cipants

In this cross-sec�onal 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 by spirometry, using a ra�o of forced
expiratory volume in one second to forced vital capacity (FEV1/FVC) of less than 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
considered healthy if they had an FEV1/FVC ra�o above 0.7. Par�cipants were excluded if
they presented with a history of injury or disease that affected their mobility or another
comorbidity that may affect the musculoskeletal, neurological, pulmonary, and/or car-
diovascular systems. The Ins�tu�onal Review Boards at both ins�tu�ons approved the
study. All par�cipants provided wri�en informed consent. In total, 22 subjects with COPD
and 22 non-COPD control subjects were included (Table 5.1). This sample size was based
upon a pilot study of stride-to-stride fluctua�ons of step length and step �me in subjects
with COPD prior to the current study.

Data collec�on

All par�cipants wore a �ght-fi�ng suit (i.e., wrestling singlet). Retroreflec�ve markers
were placed on bony landmarks of the body, bilaterally, according to a modified Helen
Hayes marker set [25]. Prior to data collec�on, par�cipants were asked to walk on a
treadmill in order to determine their self-selected walking speed (SSWS). The procedure
to assess the SSWS comprised of a walking trial in which if a subject indicated that a
speed was comfortable, the subject con�nued to walk at that speed for 1 minute and
then 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 con�nued un�l a comfortable speed was
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Table 5.1. Demographics of subjects used for analysis

Parameter Control
n=22

COPD
n=22 p-value

Age, years 62.1 (8.6) 62.7 (9.0) 0.825
Male/Female, n 6/16 13/9 0.033†

FEV1, L 2.4 (0.6) 1.8 (0.8) 0.011*

FVC, L 3.1 (0.7) 3.2 (1.1) 0.703
FEV1/FVC 0.78 (0.06) 0.55 (0.12) <0.001*

FEV1 % pred. 94.5 (17.7) 53.7 (18.5) <0.001*

Height, cm 165.0 (9.4) 172.5 (13.3) 0.038*

Weight, kg 73.6 (15.6) 94.5 (30.7) 0.007*

BMI, kg/m2 27.0 (4.9) 31.6 (8.7) 0.049*

SLOW, m/s 0.75 (0.13) 0.68 (0.21) 0.230
SSWS, m/s 0.93 (0.16) 0.85 (0.26) 0.230
FAST, m/s 1.12 (0.19) 1.02 (0.31) 0.230

Note: Data are presented as mean (SD) or as frequencies. Abbrevia�ons: FEV1, forced expiratory volume in 1
second; FVC, forced vital capacity; BMI, body mass index; SSWS, self-selected walking speed.
*: Significant difference between groups.
†: An associa�on was found between gender and group (X2(1)=4.539, p=0.033).

found, which was similar to the par�cipant’s normal pace. This procedure may have taken
up to fi�een minutes, in which subjects also became accustomed to treadmill walking
itself. The SSWS corresponded to the par�cipant’s normal pace, for example, when they
would walk from the car into a building. Then, par�cipants were given a minimum five-
minute rest to prevent fa�gue. Par�cipants completed 3.5-minute trials at their SSWS,
in which data were recorded during the last three minutes. Par�cipants completed two
addi�onal trials at -20% (SLOW) and +20% (FAST) of their SSWS. The order of the la�er
two walking speeds was randomized for all par�cipants. Par�cipants rested a minimum
of two minutes to recover between trials.

Three-dimensional marker trajectories were collected with a high-speed mo�on capture
system (Mo�on Analysis Corp., Santa Rosa, CA; 60 Hz) while par�cipants walked on a
treadmill (Figure 5.1). Unfiltered three-dimensional marker data were used to calculate
sagi�al joint angle �me series for the ankle, knee, and hip (Visual 3D, C-Mo�on, Inc.,
Germantown, MD). The range of mo�on (RoM) was calculated for every right and le�
step from the joint angle �me series using custom Matlab program (Mathworks, Inc.,
Na�ck, MA) (Figure 5.2). Generated �me series for RoM data was cut to 162 steps. This
was based upon the par�cipant with the lowest number of steps of all trials. To quan�fy
the variability of fluctua�ons, standard devia�ons, and coefficients of varia�on were cal-
culated from the RoM �me series. To quan�fy the movement pa�erns, RoM �me series
were subjected to predictability analysis (see descrip�on below). In addi�on, the right leg
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Calibrated cameras triangulate the posi�on of each marker based on the reflec�on of infrared light
back to the camera lens off the retroflec�ve marker. The posi�ons of markers were used to calculate
joint angles and range of mo�on of the joints.

joint angles from the ankle, knee and hip were subjected to consistency of organiza�on
analysis (see descrip�on below).

Sample entropy was used to assess the predictability of the RoM �me series. The method
to compute sample entropy has been described elsewhere [10]. Briefly, sample entropy
compares pa�erns within the �me series to determine the probability that the same
pa�ern will not appear again in the �me series. A sample entropy value near zero re-
flected a near perfect predictable �me series of RoM values, whereas, a sample entropy
value extending toward infinity reflected a completely random �me series of RoM values.
A decrease in predictability has possible associa�ons with a loss of flexible adapta�on.
Sample entropy was calculated using the m parameter, the number of data points that
are to be compared (m=2), the r parameter, the similarity criterion (r=0.25) and the N pa-
rameter, the length of the en�re data set (N=162), on the RoM �me series for each joint
(see Supplementary Material 5.A for jus�fica�on of parameter selec�on) [10].

Lower limb joint angles were subjected to consistency of organiza�on analysis (i.e. local
dynamic stability) [26]. To describe this analysis, imagine drawing a circle on a piece of
paper over and over in a con�nuous fashion. Likely each itera�on of the circle does not
perfectly overlap the last circle. The further apart each itera�on is, the less consistent
the path is over �me; whereas, if each itera�on closely mimicked the itera�on before,
the path would be considered highly consistent. Similarly, this is true of the movement
of the joint in space. Briefly, the joint angle �me series was reconstructed into a mul�di-
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Figure 5.2. A graphic representa�on of the joint angle and range of mo�on �me series of the right
ankle of a healthy subject. Notes: A) Represents a selec�on of the joint angle �me series of the
ankle (0-25 seconds). The asterisks reflect the maximum and minimum value of the joint angle
in one stride, (e.g. the range of mo�on in one stride; RoM). B) Represents the RoM �me series
calculated over the en�re joint angle �me series.

mensional space and the distances between these points were calculated as a func�on
of �me and averaged over all data point pairs to obtain the average logarithmic rate of
divergence (Figure 5.3). The slope of the divergence curve provided an es�mate of the
local divergence exponent, which quan�fies the separa�on of the joint angle trajectories
over �me. A higher value of the local divergence exponent indicates a less consistent
organiza�on of movement pa�ern [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 devia�on and coefficient of varia�on,
and predictability of RoM �me series between groups (COPD vs. controls) and over the
three walking speed condi�ons (SLOW, SSWS, and FAST). A linear mixed model was used
to determine group and speed differences of the consistency of organiza�on in each joint
angle (ankle, knee, hip). This method enables the determina�on of differences within
and between groups while accoun�ng for correla�on due to repeated measurements
and adjus�ng for poten�ally confounding variables. All interac�ons between group and
speed were inves�gated. Adjustments for mul�ple comparisons were made using the
simula�on technique. In all models, the actual speed at each (SLOW, SSWS and FAST) was
used as a covariate so comparisons could be made between speed groups independent of
the star�ng speed. Mean differences (MDs) between groups or speeds, 95% confidence
intervals (CIs), and effect sizes (Cohen’s d)[30] were calculated. All sta�s�cal analyses
were conducted in SAS (SAS ins�tute, Inc., Cary, NC). A significance level of 0.05 was set
a priori.
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Figure 5.3. A graphic representa�on shows the ankle joint angle �me series of a healthy subject in
two dimensions and the calcula�on of the local divergence exponent (figure adapted from [12, 20]).
Notes: A) The phase portrait of a representa�ve ankle joint angle (angle vs. angular velocity). B) A
close-up view of one por�on of the phase portrait where the divergence of neighboring trajectories
is outlined. Distances between points were calculated as a func�on of �me. 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 strides (grey line). To reconstruct the angles in a mul�-dimensional space, �me delay of 10
points[28] and embedding dimension (ankle and knee: 7; hip: 6 dimensions)[29] were calculated
and used. Each joint angle �me series was normalized to 100 data points per stride.

Results

Variability of fluctua�ons

A significant interac�on between group and speed for mean ankle RoM and mean hip
RoM was found (p=0.016 and p=0.035, respec�vely, see Figure 5.4 and Figure 5.5, and
Supplementary Material 5.B for addi�onal informa�on). COPD and control subjects seem
to have a similar ankle and hip RoM at slow speed, however, only control subjects seem
to increase their RoM with faster speeds.

Knee RoM standard devia�on demonstrated a main effect of speed for both groups com-
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Figure 5.4. Boxplots of the gait parameters of the ankle joint between subjects with COPD (light
grey) and control subjects (dark grey). A) Mean ankle range of mo�on; B) standard devia�on of
the ankle range of mo�on; C) coefficient of varia�on of the ankle range of mo�on; D) predictability
of the ankle range of mo�on; E) consistency in the organiza�on of the ankle joint angle. Note:
Centerlines show the medians, do�ed centerlines show the means; box limits indicate the 25th
and 75th percen�les; whiskers extend to the most extreme data points not considered outliers;
outliers are plo�ed using the ‘+’ symbol.

bined (p=0.015, see Figure 5.6). Knee RoM was more variable in the FAST condi�on com-
pared to SSWS (p=0.01, see Table 5.2) and SLOW condi�on (p=0.049, Table 5.2).

Similar to standard devia�on, knee RoM coefficient of varia�on demonstrated a signif-
icant main effect of speed (p=0.010). Walking at the FAST speed was more variable in
knee RoM compared to SSWS (p=0.01, d=0.64) and SLOW speed (p=0.02). A main ef-
fect of speed on hip RoM coefficient of varia�on was found (p=0.036). Walking at the
FAST speed was more variable in hip RoM compared to SSWS (p=0.046) and SLOW speed
(p=0.033).

Movement pa�erns within the fluctua�ons

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=0.016). During the FAST condi�on, hip
RoM was more predictable compared to SSWS (p=0.0495) and SLOW speed (p=0.01). No
interac�ons were found.
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Table 5.2. Significant adjusted post-hoc analyses

Parameter Comparison Mean 95% CI Effect p-value
difference size

Standard devia�on FAST vs. SSWS 0.40 0.08-0.72 0.63 0.010*

of knee RoM
FAST vs. SLOW 0.46 0.00-0.92 0.51 0.049*

Coefficient of varia�on FAST vs. SSWS 0.01 0.00-0.02 0.64 0.010*

of knee RoM
FAST vs. SLOW 0.01 0.00-0.03 0.57 0.022*

Coefficient of FAST vs. SSWS 0.01 0.00-0.01 0.51 0.046*

varia�on of hip RoM
FAST vs. SLOW 0.01 0.00-0.02 0.54 0.033*

Predictability of hip RoM FAST vs. SSWS -0.11 -0.23-0.00 0.50 0.0495*

FAST vs. SLOW -0.20 -0.37- -0.04 0.62 0.010*

Consistency in organiza�on COPD vs. 0.11 0.01-0.21 0.91 0.025*

of knee joint angles controls at FAST
Consistency in organiza�on COPD vs. 0.15 0.03-0.28 1.07 0.005*

of hip joint angles controls at FAST
Consistency in organiza�on FAST vs. SSWS 0.10 0.00-0.19 0.85 0.045*

of hip joint angles in COPD
Consistency in organiza�on FAST vs. SLOW 0.11 0.00-0.23 0.85 0.045*

of hip joint angles in COPD

Note: Data are presented as mean difference. Abbrevia�ons: RoM, range of mo�on; SSWS, self-selected walk-
ing speed; COPD, chronic obstruc�ve pulmonary disease; CI Confidence Interval.
*: Significant difference between condi�ons or groups.
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Figure 5.5. Boxplots of the gait parameters of the hip joint between subjects with COPD (light grey)
and control subjects (dark grey). A) Mean hip range of mo�on; B) standard devia�on of the hip
range of mo�on; C) coefficient of varia�on of the hip range of mo�on; D) predictability of the hip
range of mo�on; E) consistency in the organiza�on of the hip joint angle. Note: Centerlines show
the medians, do�ed centerlines show the means; box limits indicate the 25th and 75th percen�les;
whiskers extend to the most extreme data points not considered outliers; outliers are plo�ed using
the ‘+’ symbol.

A significant interac�on between group and speed was found in the consistency in the
organiza�on of the knee (p=0.015) and hip (p=0.019) joint angle. Non-COPD, control sub-
jects increased consistency in organiza�on (e.g. lower local divergence exponent values)
in the hip and knee angle movement pa�erns as speed increased, while subjects with
COPD did not demonstrate as much improvements. In the FAST condi�on, subjects with
COPD showed significantly reduced consistency in organiza�on of the knee joint angle as
compared to non-COPD, control subjects (p=0.025) and for the hip joint angle (p=0.005).
Within the COPD group, hip joint angles demonstrated reduced consistency in organiza-
�on (e.g. greater local divergence exponent values) in the FAST condi�on as compared
to the SSWS and SLOW speed (p=0.045 and p=0.045, respec�vely).
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Figure 5.6. Boxplots of the gait parameters of the knee joint between subjects with COPD (light
grey) and control subjects (dark grey). A) Mean knee range of mo�on; B) standard devia�on of
the knee range of mo�on; C) coefficient of varia�on of the knee range of mo�on; D) predictability
of the knee range of mo�on; E) consistency in the organiza�on of the knee joint angle. Note:
Centerlines show the medians, do�ed centerlines show the means; box limits indicate the 25th
and 75th percen�les; whiskers extend to the most extreme data points not considered outliers;
outliers are plo�ed using the ‘+’ symbol.

Discussion

The present study aimed to inves�gate stride-to-stride fluctua�ons by evalua�ng the vari-
ability and movement pa�erns in lower limb joints while walking of subjects with COPD
as compared to non-COPD, control subjects. We hypothesized that subjects with COPD
would demonstrate more restricted and less consistent organiza�on of movement pat-
terns, as reflected by a reduced variability of fluctua�ons, increased predictability, and
reduced consistency in the organiza�on of joint movement pa�erns within the stride-to-
stride fluctua�ons. In addi�on, it was hypothesized that this would become more appar-
ent at walking speeds that differed from the SSWS.

Data par�ally supported our hypothesis. In agreement, subjects with COPD demonstrated
less consistent organiza�on of the knee and hip joint angles as compared to control sub-
jects. However, control subjects adapted to speed changes by demonstra�ng more con-
sistent organiza�on of movement pa�erns with faster speeds than subjects with COPD
did. During FAST walking, subjects with COPD, compared to controls, showed less con-
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sistency in the organiza�on of both knee and hip joint angles, sugges�ng that gait insta-
bility impairments in the locomotor system becomes apparent when accommoda�ng to
increase in task demands. In contrast to our hypothesis, no differences between groups
were found for the variability of fluctua�ons, nor predictability.

Healthy joint angle movement pa�erns represent a coordinated locomotor system able
to make flexible adapta�ons to demands placed on the body during walking [9]. Sub-
jects with COPD might have been unable to select the required response when forced
to accommodate to altera�ons in task demands (e.g. a change from SSWS) [20]. Re-
duced consistency in the organiza�on of joint movement pa�erns suggests the presence
of neuromuscular deteriora�on in the locomotor system, reflec�ng less healthy move-
ment pa�erns [20]. Reduced consistency in the organiza�on of movement pa�erns dur-
ing walking are present in subjects with peripheral arterial disease [20] and fall-prone
elderly subjects [13].

In those with COPD, reduced consistency in the organiza�on of the joint movement pat-
terns could be related to extrapulmonary manifesta�ons, such as skeletal muscle dysfunc-
�on present in COPD [2]. A loss of muscle mass and strength in the lower limb muscles
has been found in subjects with COPD, including the quadriceps, the �bialis anterior and
gastrocnemius [31, 32]. Altera�ons in these skeletal muscles are especially important be-
cause these muscles are essen�al for walking and adjus�ng to task and environmental
demands. Therefore, reduced strength in the lower limb muscles could be associated
with gait altera�ons and its stride-to-stride fluctua�ons [4–7, 16]. In addi�on, the lack of
ability in subjects with COPD to adjust the movement pa�erns with changes in walking
speed , may be associated with an increased suscep�bility for balance disturbances and
falls present in this pa�ent popula�on [22, 23].

Subjects in the current study did not demonstrate a more restricted gait, as reflected by a
reduced variability of fluctua�ons, as compared to control subjects. A possible explana-
�on could be that variability is a measure of magnitude and may not be sensi�ve enough
to changes in fluctua�ons between groups, unless these changes are dras�c or have a
lot of outliers [33]. Our results showed that subjects with COPD did not differ in pre-
dictability of movement pa�erns from control subjects, whereas the consistency in the
organiza�on of movement pa�erns was different between the groups. A possible expla-
na�on could be that predictability and consistency measures quan�fy different aspects
of movement pa�erns; both related to the flexibility of the locomotor system as found in
healthy subjects. In addi�on, conflic�ng results have been reported on sample entropy
in COPD. Yentes et al. [7] reported that predictability in step �me and step width was
not sensi�ve to differen�ate subjects with COPD from non-COPD subjects. However, dif-
ferences between pa�ents and healthy subjects were reported in heart rate and airflow
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pa�erns [11, 34]. Less consistency in the organiza�on of movement pa�erns was found in
various pa�ent popula�ons as compared to healthy older adults [12, 13, 20], however this
measure has not been applied in subjects with COPD. As exis�ng knowledge of variabil-
ity of and pa�erns within stride-to-stride fluctua�ons in subjects with COPD is limited,
these measures should be used to complement each other to gain further insight into
gait altera�ons in COPD.

The pa�erns of the joint movement pa�ern within the strides differed between the groups,
as measured by the consistency in the organiza�on of movement pa�erns. There are two
likely explana�ons for these differences: 1) biomechanical limits of the joint movement
and 2) the nature of the data that was used in each method. First, the anatomy of the hu-
man body limits the RoM. Consequently, the RoM is less variable due to the anatomical
limits of the minimum and maximum that a joint can move. However, within the move-
ment from minimum to maximum, the joint angle can be variable and fluctuate, and may
provide informa�on about the joint movement pa�ern that the RoM does not take into
account. Second, only con�nuous joint angle data demonstrated differences between
groups as compared to the discrete, RoM data. Discrete �me series (i.e. �me series of
dis�nct events within the gait cycle) are more appropriate for the calcula�on of sam-
ple entropy. Therefore, RoM �me series was used for this analysis [14]. The consistency
in organiza�on analysis was calculated using the con�nuous data of joint angles, as this
is more tradi�onal for this measure. Consequently, consistency measures in joint angle
�me series may be more appropriate to differen�ate gait altera�ons in COPD from con-
trols subjects. Further research is warranted to iden�fy appropriate measures to assess
movement pa�erns in COPD and the clinical importance of these measures.

The present study supports the effect of walking speed on both the variability and move-
ment pa�erns of stride-to-stride fluctua�ons [35–41]. Variability of fluctua�ons 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.
However, no consistent rela�onship was found for the variability of stride-to-stride fluc-
tua�ons and walking speed, as studies reported a nega�ve linear rela�onship [35, 39] or a
U-shaped rela�onship [37, 41]. One study by Kang and Dingwell [42] reported, though not
sta�cally significant, a trend of higher mean standard devia�ons in knee and hip flexion-
extension, and ankle plantarflexion-dorsiflexion, in older adults with increasing walking
speed (from preferred walking speed to +20% of preferred walking speed). This is sim-
ilar to the changes in RoM observed in present study. A possible explana�on could be
that faster walking speeds poses increased difficulty for the subject, which resulted in
increased variability at FAST walking speed. Similar to variability, walking speed alters
movement pa�erns within stride-to-stride fluctua�ons [36–40]. Our findings showed in-
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creased predictability of the hip RoM during FAST walking, while Costa et al. [36] found
highest predictability values during walking at a normal speed. A possible explana�on
for these differences may lie in the difference between overground, as used by Costa et
al. [36], and treadmill walking, as used in the present study. In addi�on, previous studies
reported reduced consistency in the organiza�on of gait movement pa�erns with increas-
ing walking speeds [38, 40]. This contrasts with our findings, as no clear trend was found
in the consistency in the organiza�on of the joint angles over the walking speeds. How-
ever, differences in walking speed might have affected these results, as our par�cipants
walked at their SSWS, whereas one other study based the walking speed on fast walking
determined during the 6-minute walk test [40], while another study scaled the walking
speed to the leg length and pendulum dynamics [38].

This study has some limita�ons. The use of FEV1/FVC ra�o of <0.70 as confirmatory of
airflow obstruc�on may misclassify some individuals in the current study. However, all
subjects in the COPD group also had a physician diagnosis of COPD. In addi�on, a poten�al
effect of the male to female ra�o, height, weight and body mass index on the study results
should be men�oned, as differences were found between COPD and control subjects. In
the current study, we did not record if subjects with COPD took a bronchodilator prior to
their visit to our research facility. In addi�on, subjects with COPD have a reduced walking
capacity due to the pathophysiology of the disease. The dura�on of treadmill walking is
therefore limited, resul�ng in shorter data lengths per trial in which the biological com-
plexity of the movement pa�ern could not be captured. However, sample entropy and
local divergence exponents are quite robust against different data lengths and tend to
respond be�er to short data lengths [10, 43]. Another limita�on is the speed perturba-
�ons of 20% of the par�cipant’s SSWS may not have been challenging enough. There-
fore, measures to assess the amount of variability and pa�erns within the stride-to-stride
fluctua�ons to iden�fy gait impairments may not have surfaced in subjects with COPD.
In addi�on, treadmill walking differs from overground walking. The treadmill might have
opposed a constraint on the par�cipants by limi�ng the fluctua�ons in walking that are
normally present in overground walking [44]. Li�le differences in joint angles have been
reported between treadmill and overground walking [45]. However, it is possible that
the stride-to-stride fluctua�ons of the data were affected by the use of the treadmill, as
differences in stride-to-stride fluctua�ons in spa�otemporal gait parameters have been
reported between overground and treadmill walking [16, 46–48]. Another limita�on is
the poten�ally heterogeneous sample of subjects with COPD in this study. The present
study included a sample size of 44 (22 subjects per group). Therefore, further studies
involving a larger popula�on are suggested to determine addi�onal parameters for gait
impairments in subjects with COPD. Contrac�le fa�gue occurs during exercise in some
subjects with COPD and may be a limi�ng factor in exercise tolerance [3]. Subjects that
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experience exercise limita�ons by fa�gue may have presented more gait impairments as
compared to subjects who are mainly limited by dyspnea. However, dyspnea and fa�gue
were not assessed in the present study. Future studies are therefore recommended to
inves�gate the associa�on between the heterogeneity in COPD and gait impairments.
Furthermore, the observa�ons could not be related to COPD itself, as body composi-
�on changes and differences in muscle mass of lower extremi�es may have affected the
stride-to-stride fluctua�ons in subjects with COPD and control subjects. Body composi-
�on and muscle strength of the lower extremi�es have not been assessed in the current
study. Research in the contribu�on of body composi�on and muscle strength are there-
fore recommended for future studies.

Conclusions

Though subjects with COPD did not demonstrate decreased amount of variability, sub-
jects with COPD show reduced consistency in the organiza�on of hip and knee joint angle
pa�erns across the walking speeds. Reduced consistency in the organiza�on of the hip
and knee joint movements might be a contribu�ng factor to falls and mobility problems
experienced by subjects with COPD.
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Supplementary Material

Parameter selec�on for sample entropy

The rela�ve consistency of the group averages were examined for several combina�ons
of parameters, r (the similarity criterion) and m (length of the data segment being com-
pared), see Figure 5.A.1, as proposed by Yentes et al. [1]. For the present study, r was
chosen as 0.25 x standard devia�on of the �me series, as this parameter was the most
consistent, and an m of 2 was chosen.
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Figure 5.A.1. Sample entropy as a func�on of tolerance level (r) when m=2. The le� panel reflects
the SLOW walking speed, the middle panel reflects the self-selected walking speed and the right
panel reflects the FAST walking speed. The top reflects the ankle range of mo�on, the middle
reflects the knee range of mo�on and the bo�om reflects the hip range of mo�on. SampEn: sample
entropy.
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Stride-to-stride fluctua�ons between groups
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Abstract

Background and aim Pulmonary rehabilita�on (PR) improves lower-limb muscle func-
�on in pa�ents with chronic obstruc�ve pulmonary disease (COPD). However, it remains
unclear whether pa�ents improve gait characteris�cs, in par�cular stride-to-stride fluc-
tua�ons that are associated with fall risk. This study aims to iden�fy whether and to what
extent PR affects posi�vely gait characteris�cs in COPD.

Methods In this prospec�ve observa�onal study, 44 COPD pa�ents (aged: 62 ± 7 years;
FEV1: 56 ± 20 % predicted) performed self-paced, treadmill 6-minute walk tests (Gait
Real-�me Analysis Interac�ve Lab) before and a�er PR, while spa�otemporal parameters
and center of mass posi�on were recorded (100 Hz, Vicon Nexus). Standard devia�on,
coefficient of varia�on, predictability (sample entropy), and consistency in organiza�on
(local divergence exponent) were calculated. Sub-analysis was performed to iden�fy gait
differences between good and poor responders (<30 m change in 6-minute walk dis-
tance).

Results Pa�ents demonstrated shorter stride �mes (p=0.001) and improved lower-limb
muscle func�on (p<0.001) following PR. The good responders had a greater increase in
stride length (p<0.001) and a greater decrease in stride �me (p<0.001) compared to the
poor responders.

Discussion/ConclusionCurrent PR improved stride �me in pa�ents, while movement pat-
terns within stride-to-stride fluctua�ons did not change. Training programs specifically
targe�ng balance issues and gait func�on may be beneficial in improving gait character-
is�cs in COPD.
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Introduc�on

Walking has been reported as a problema�c ac�vity in daily life in pa�ents with chronic
obstruc�ve pulmonary disease (COPD) [1, 2]. Pa�ents with COPD are characterized by gait
altera�ons as compared to healthy older adults [3–7]. These gait altera�ons, in par�cu-
lar changes in the inherent stride-to-stride fluctua�ons, have been associated with non-
communicable diseases [8, 9], and falls in the aging popula�on [10–13]. Moreover, stride-
to-stride fluctua�ons may represent the capability of the locomotor system to make flexi-
ble adapta�ons during walking, characterized by a healthy amount of, and pa�erns within
these fluctua�ons [14]. Altera�ons in the amount and pa�erns of stride-to-stride fluctua-
�ons, whether too rigid or too random, are associated with aging, disease and falls [6, 9,
10, 15]. In addi�on, gait deficits have been suggested to be an intrinsic risk factor for fall
risk in COPD [16], indica�ng the clinical value of gait assessment in COPD. Improved in-
sight into gait deficits in pa�ents with COPD may direct future training programs focusing
on gait func�on.

Gait func�on has been associated with muscle capacity in older adults, sugges�ng a link
between lower-limb muscle weakness and altered gait [17, 18]. Exercise training has a
beneficial effect on gait characteris�cs in older adults, including increased walking speed,
cadence, stride length and shorter stride �mes [19]. Lower-limb muscle dysfunc�on and
impaired exercise capacity are o�en reported in COPD [3, 20]. However, pulmonary reha-
bilita�on (PR) has proven to be an effec�ve interven�on for improving lower-limb muscle
func�on and exercise capacity in pa�ents with COPD [21–23]. Consequently, PR may have
beneficial effects on gait characteris�cs in pa�ents with COPD. However, whether and to
what extent PR improves gait characteris�cs in pa�ents with COPD is currently unknown.
In addi�on, improvements in gait characteris�cs may differ between pa�ents with COPD
as their responses to PR are differen�al [24, 25].

Within PR for COPD, the 6-minute walk test (6MWT) is used to evaluate response to treat-
ment [26]. It has been shown that the 6-minute walk distance (6MWD) and gait character-
is�cs can be obtained during a self-paced, treadmill 6MWT in COPD [4, 27]. In the present
study, we aimed to iden�fy whether a comprehensive PR program affects gait character-
is�cs in pa�ents with COPD during a self-paced, treadmill 6MWT. Pa�ents with COPD are
able to walk faster during the 6MWT a�er PR [26]. Consequently, it is hypothesized that
stride length will increase, whereas stride �me and step width will decrease. In addi�on,
we hypothesized that the amount of stride-to-stride fluctua�ons will decrease, and the
pa�erns within stride-to-stride fluctua�ons will be less predictable and more consistent
in the organiza�on a�er PR, resul�ng in improved movement pa�erns. Response to PR
is heterogeneous in COPD, we therefore hypothesized that good responders will demon-
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strate more improvements in gait characteris�cs as compared to poor responders.

Experimental sec�on

Study popula�on

This study included 44 pa�ents with COPD who were referred for a PR program in the
specialized rehabilita�on center CIRO in Horn, the Netherlands. COPD was diagnosed
according to the GOLD guidelines, including a post-bronchodilator spirometry (Master-
Screen Body, Carefusion, Houten, the Netherlands) [28]. Pa�ents with COPD were eligible
if they were between 40-85 years of age and clinically stable evaluated by the physician.
In addi�on, electrocardiography was conducted during pre-rehabilita�on assessment and
evaluated by the physician. Pa�ents were excluded when they presented other lung dis-
eases (e.g. asthma, lung cancer, sarcoidosis, tuberculosis or lung fibrosis), neuromuscu-
lar or orthopedic ailments affec�ng their gait, and/or if they used supplemental oxygen
and/or walking aids. The study was approved by the Medical Research Ethics Commi�ees
United, the Netherlands (M13-1374) and registered in the Dutch Trial Registers (NTR4421).
This study complied with the Declara�on of Helsinki. All pa�ents gave wri�en informed
consent prior to par�cipa�ng this study.

Study design

This was a prospec�ve, observa�onal trial. Pa�ents underwent a rou�ne 3-day pre reha-
bilita�on assessment [29], in which pa�ents performed, amongst other things, a maximal
incremental cycle test during which peak work rate was determined. Pa�ents performed
a constant work rate test at 75% of the determined peak work rate and regular 6MWTs. In
addi�on, a careful characteriza�on of the extra-pulmonary features and comorbidi�es of
pa�ents with COPD were performed, which determined the applica�on of various treat-
ments: physical exercise training, occupa�onal therapy, dietary counselling, psychosocial
counselling, educa�on and exacerba�on management.

The pre-rehabilita�on assessment was followed by a PR program in line with the Amer-
ican Thoracic Society/European Respiratory Society Statement on PR [23]. PR consisted
of 40 sessions that could be offered inpa�ent (8 weeks for 5 days/week) or outpa�ent (8
weeks for 3 days/week; followed by 8 weeks for 2 days/week). Physical exercise training
was the cornerstone of the PR program, comprising of exercises to strengthen muscle
groups in the upper and lower extremi�es, treadmill walking and sta�onary cycling. All
exercises were performed at moderate-to-high intensity to obtain an overload training
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s�mulus, conform the FITT principles as described by the American College of Sports
Medicine [30]. The training intensity increased during the PR period, based on dyspnea
and fa�gue symptom scores. In addi�on, all pa�ents underwent flexibility exercises, gen-
eral physical exercise for lower and upper extremi�es, and daily supervised 30-min out-
door walks [25]. The program was implemented by an interdisciplinary team including
a chest physician, respiratory nurse, die�cian, occupa�onal therapist, physiotherapist,
psychologist, and social worker.

Finally, a 2-day rou�ne outcome assessment was conducted to evaluate the effects of
the PR program for each pa�ent. The response of PR on func�onal exercise capacity was
assessed using the overground 6MWT [26]. Func�onal mobility was assessed using the
Timed Up and Go test (TUG test) [31]. Body composi�on was assessed using dual energy
X-ray absorp�ometry (Prodigy, DEXAtech Benelux B.V., Ridderkerk, the Netherlands) [32].
Quadriceps muscle func�on (peak strength and endurance) was evaluated with a Biodex
system 3 (Biodex Medical Systems Inc., New York, US). Pa�ents performed thirty voli�onal
maximal knee extensions at an angular velocity of 90° per second, while seated upright
and with the hip joint in 90° of flexion [33].

Experimental setup

Before and a�er PR, pa�ents were instructed to walk on a split-belt instrumented tread-
mill within a virtual reality environment of a hallway (Gait Real-�me Analysis Interac�ve
Lab, GRAIL, Motek Medical B.V., the Netherlands). A Vicon mo�on tracking system with
10 Bonita cameras (Vicon Nexus, Oxford, UK) was used to track markers at 100 Hz [4].
These markers were placed on anatomical landmarks of the pa�ent, according to the
Human Body Model of the lower-limb (HBM1) [34]. Force plate data were sampled at
1000 Hz in synchroniza�on with the mo�on capture system. Self-paced treadmill walk-
ing was enabled via a built-in controller algorithm that regulates the belt’s speed, as de-
scribed in [4]. Pa�ents performed one familiariza�on session. Then, two GRAIL-based
6MWTs were performed between pre-rehabilita�on assessment and the first week of
PR. Perceived dyspnea and fa�gue (Borg scale), heart rate and pulse oxygen satura�on
levels were measured prior and post each 6MWT [27]. Pa�ents performed two addi�onal
GRAIL-based 6MWTs between the last week of PR and the outcome assessment.

Data analyses

The GRAIL-based 6MWT with the longest walk distance for each subject in pre and post
PR was used for analyses. The first 60 seconds (to minimize start-up effects) and the last
15 seconds (to minimize decelera�on effects of the treadmill) were excluded. Marker and
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force plate date were processed in custom MATLAB so�ware (Mathworks Inc., Na�ck,
USA), as previously described [4].

All data-analysis of gait was performed on 444 consecu�ve steps per trial, based on the
lowest number of steps of all GRAIL-based 6MWTs (ranged 444-684). Gait characteris-
�cs can be evaluated by compu�ng spa�otemporal gait parameters (stride �me, stride
length and step width) and movement pa�erns of the center of mass of the subject’s
body. Stride �me was calculated as the �me from one heel contact to the next ipsilateral
heel contact. Stride length was defined as the distance between the toe marker and the
ipsilateral toe marker at each heel contact in the anteroposterior direc�on, accounted
for treadmill speed. Step width was defined as the distance between the toe markers
in mediolateral direc�on between both feet at heel strike. The center of mass velocity
(CoMvel) was computed using the posi�on of the four pelvis markers.

The amount of stride-to-stride fluctua�ons in gait parameters was quan�fied by the stan-
dard devia�on and coefficient of varia�on of spa�otemporal gait parameters (CoV = [stan-
dard devia�on/mean]). Increased standard devia�on and CoV values reflect a disturbed
gait, as has been found in aging and disease [15].

The pa�erns within stride-to-stride fluctua�ons were assessed using various measures,
including sample entropy and local divergence exponent (See Supplementary Material
6.A for further descrip�on of the calcula�on of these measures) [8, 35, 36]. In short,
sample entropy is a measure of predictability in the �me series [36]. Sample entropy was
calculated using m=2, r=0.2 and n=444. Reduced sample entropy values reflect a more
predictable gait pa�ern, which has been associated with a less healthy locomotor system
[37]. Stride �me sample entropy seemed to be a product of the parameter selec�on,
therefore only stride length and step width sample entropy were reported.

The CoMvel was subjected to consistency analysis, in which the local divergence exponent
is calculated. The method to compute this has been described elsewhere [35]. Increased
local divergent exponents reflected less consistent organiza�on of movement pa�erns of
the pa�ent during walking, which has been found in falls and disease [9, 10, 35]. Briefly,
the center of mass velocity �me series was reconstructed into a mul�dimensional space
and the distances between these points were calculated as a func�on of �me and aver-
aged over all data points to obtain the average logarithmic rate of divergence. The slope
of the divergence curve provided an es�mate of the local divergence exponent, which
quan�fies the separa�on of the center of mass trajectories over �me.
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Sta�s�cs

Data are presented as mean difference (95% Confidence Interval) unless otherwise stated.
Differences in the 6MWT outcome parameters and gait characteris�cs between pre and
post PR were compared using either paired sample T-tests or nonparametric Wilcoxon
signed-rank tests. A sub-analysis was performed on good and poor responders. The min-
imal important difference of 30 m has been used to differen�ate poor responders (<30
m improvement) and good responders (≥30 m improvement) to PR in the GRAIL-based
6MWT [26, 38]. Either independent sample T-tests or nonparametric Mann-Whitney U
tests were conducted to assess the differences between poor responders and good re-
sponders at baseline and the amount of changes a�er PR. All sta�s�cal analyses were
performed in SPSS Sta�s�cs so�ware 22.0 (IBM, New York, USA). The level of significance
for all analyses was set at p≤0.01.

Results

Baseline subject characteris�cs

Pa�ents had mild to severe COPD (Table 6.1). Mean body mass index (BMI) was 26.9
± 5.2 kg/m2. Pa�ents performed the TUG test in 8.8 ± 1.3 seconds (Table 6.2). Mean
quadriceps muscle strength was 71 ± 14 % predicted. Pa�ents walked 512 ± 67 m during
the best overground 6MWT, corresponding to 80 ± 10 % predicted, and 506 ± 75 m during
the best pre-rehabilita�on GRAIL-based 6MWT (Table 6.3). Most pa�ents achieved their
largest distance during the second 6MWT in both overground and GRAIL se�ng, 68% and
66%, respec�vely.

Changes a�er pulmonary rehabilita�on

Fat-free mass and fat-free mass index, quadriceps muscle strength and endurance, and
overground 6MWD increased significantly a�er PR (Table 6.2). The GRAIL-based 6MWD
increased with 30 m a�er PR (95% CI: 14-46 m, p<0.001; Table 6.3). Mean stride �me
reduced a�er PR (MD: -0.02 s, 95% CI: -0.03-0.01 s, p=0.001). Pa�ents with COPD did
not demonstrate significant changes in the standard devia�on, CoV or predictability of
spa�otemporal gait parameters, neither a change in consistency in the organiza�on of
center of mass pa�erns was found a�er PR.
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Table 6.1. Pa�ent demographic characteris�cs at baseline

Parameter Pre-pulmonary rehabilita�on
n=44

Age, years 62.2 (7.5)
Gender M/F, n 25/19
Weight, kg 76.5 (16.6)
Height, m 1.68 (0.18)
BMI, kg/m2 26.9 (5.2)
FEV1/FVC 0.42 (0.12)
FEV1 % predicted 55.88 (19.73)
GOLD group, n I 6 (13.6%)

II 18 (40.9%)
III 17 (38.6%)
IV 3 (6.8%)

Never smoker, n 1 (2.3%)
Former smoker, n 41 (93.2%)
Current smoker, n 2 (4.6%)
Pack years 41.55 (20.6)

Note: Data are expressed as mean (SD) or number (%). Abbrevia�ons: BMI, body mass index; FEV1, forced
expiratory volume in 1 s; FVC, forced vital capacity; GOLD, Global Ini�a�ve for Chronic Obstruc�ve Lung Disease.

Good versus poor responders

Twenty-four pa�ents (55%) achieved an improvement of 30 meters or more on the GRAIL-
based 6MWT, which qualified them as good responders. At baseline, no differences in
6MWT outcomes and gait characteris�cs were found between good and poor respon-
ders, except for mean step width, which was significantly lower in the good responders
at baseline (Table 6.3 and Table 6.4). The good responders had a significantly greater
improvement in 6MWD, both overground and using the GRAIL, compared to the poor re-
sponders (Figure 6.1). The good responders had a significantly greater increase in stride
length and a greater decrease in stride �me as compared to the poor responders (MD:
0.14 m, 95% CI: 0.09 - 0.19 m, p<0.001; MD: -0.05 s, 95% CI: -0.07- -0.03, p<0.001,
respec�vely). No differences were found in the change in CoV of spa�otemporal gait
parameters between the groups a�er PR. The change in predictability in spa�otemporal
gait parameters and the change in local dynamic stability of the CoMvel did not reach a
sta�s�cally significant difference a�er PR.
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Table 6.2. Clinical outcomes before and a�er pulmonary rehabilita�on
Pre pulmonary
rehabilita�on

Post pulmonary
rehabilita�on

Test Parameter n Value n value p-value

Body Total FM, kg 43 27.3 (9.2) 43 27.1 (8.6) 0.745
composi�on Total FFM, kg 43 47.8 (9.5)* 43 48.7 (9.7) <0.001†

FFMI, kg/m2 43 16.8 (2.4) 43 17.1 (2.4) <0.001
Quadriceps Peak torque, N/m 38 106 (33) 38 114 (35) <0.001
muscle func�on Peak torque, % predicted 38 71 (14) 38 77 (14) <0.001

Total work, J 38 1978 (625) 38 2220 (669)* <0.001†

Work fa�gue, % 38 43 (11) 38 39 (9)* 0.048†

TUG test Time, s 44 8.8 (1.3) 44 8.7 (1.1) 0.653
Overground 6MWD, m 44 512 (67) 44 535 (71) 0.003
6MWT Walking speed, m/s 44 1.42 (0.18) 44 1.5 (0.2) 0.003

SpO2 rest, % 44 94 (2) 44 95 (2)* 0.760†

SpO2 end, % 44 88 (6)* 44 87 (6) 0.055†

HR rest, bpm 44 85 (14) 44 80 (14) 0.014
HR end, bpm 44 115 (17) 44 117 (17) 0.318
Dyspnea rest, score 44 1.2 (1.1)* 44 1.0 (1.0) 0.243†

Dyspnea end, score 44 5.6 (2.0)* 44 5.1 (2.2) 0.108†

Fa�gue rest, score 44 1.3 (1.5)* 44 1.1 (1.2)* 0.172†

Fa�gue end, score 44 5.0 (2.5) 44 4.3 (2.4) 0.030

Note: Data are expressed as mean (SD). Abbrevia�ons: FM, fat mass; FFM, fat free mass; FFMI, fat free mass
index; TUG, Timed Up and Go; 6MWT, 6-minute walk test; 6MWD, 6-minute walk distance; SpO2, pulse oxygen
satura�on level; HR, heart rate; bpm, beats per minute.
*: Non-parametric value.
†: Non-parametric Wilcoxon signed-rank test.
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Table 6.3. The 6MWT outcomes and gait parameters during the GRAIL-based 6MWT before and
a�er pulmonary rehabilita�on

Pre pulmonary
rehabilita�on

Post pulmonary
rehabilita�on

Test Parameter n value n value p-value

6MWT 6MWD, m 44 506 (75) 44 537 (82) <0.001
Walking speed, m/s 44 1.43 (0.19) 44 1.48 (0.23) 0.056
SpO2 rest, % 44 96 (2) 44 95 (2) 0.357
SpO2 end, % 44 92 (5)# 44 93 (4)* 0.773†

HR rest, bpm 44 82 (16) 44 80 (15) 0.252
HR end, bpm 44 104 (20) 44 103 (21) 0.599
Dyspnea rest, score 44 1.2 (1.1)* 44 1.0 (0.9)* 0.120†

Dyspnea end, score 44 5.3 (2.2)* 44 4.6 (2.2)* 0.019†

Fa�gue rest, score 44 1.2 (1.2)* 44 1.1 (1.1)* 0.487†

Fa�gue end, score 44 4.6 (2.3) 44 4.4 (2.4) 0.494
Gait Mean stride �me, s 44 1.02 (0.08) 44 1.00 (0.08) 0.001

Mean stride length, m 44 1.45 (0.19) 44 1.48 (0.18)* 0.037†

Mean step width, m 44 0.18 (0.05) 44 0.18 (0.05) 0.101†

SD stride �me, s 44 0.02 (0.01) 44 0.02 (0.01) 0.599†

SD stride length, m 44 0.05 (0.02) 44 0.04 (0.03) 0.036†

SD step width, m 44 0.02 (0.01) 44 0.02 (0.001) 0.916†

CoV stride �me 44 0.02 (0.01)* 44 0.02 (0.01)* 0.889†

CoV stride length 44 0.03 (0.02)* 44 0.03 (0.03)* 0.024†

CoV step width 44 0.15 (0.07)* 44 0.15 (0.05)* 0.363†

SE stride length 44 1.17 (0.17)* 44 1.21 (0.17)* 0.037†

SE step width 44 1.43 (0.04)* 44 1.43 (0.05)* 0.825†

LDE CoMvel-ML 44 2.83 (0.17) 44 2.77 (0.19)* 0.031†

LDE CoMvel-V 44 2.78 (0.14) 44 2.79 (0.14) 0.828
LDE CoMvel-AP 44 2.75 (0.15) * 44 2.70 (0.15) 0.018†

Note: Data are expressed as mean (SD). Abbrevia�ons: 6MWT, 6-minute walk test; 6MWD, 6-minute walk
distance; SpO2, pulse oxygen satura�on level; bmp, beats per minute; SD, standard devia�on; CoV, coefficient
of varia�on; SE, sample entropy; LDE, local divergence exponent; CoMvel, center of mass velocity; ML, medio-
lateral direc�on; V, ver�cal direc�on; AP, anteroposterior direc�on.
*: Non-parametric value.
†: Non-parametric Wilcoxon signed-rank test.
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Figure 6.1. Changes in 6MWD in good and poor responders following pulmonary rehabilita�on (PR)
in the overground and GRAIL condi�on. Note: The good responders are depicted in black dots and
the poor responders in grey dots.

Discussion

This study aimed to evaluate whether, and to what extent, a comprehensive PR pro-
gram affects gait characteris�cs in pa�ents with COPD during the GRAIL-based 6MWT.
Pa�ents with COPD demonstrated shorter mean stride �mes during the post PR GRAIL-
based 6MWT. No changes in the amount of, and pa�erns within stride-to-stride fluctu-
a�ons were found in pa�ents following PR. In addi�on, good responders to PR showed
improvements in mean stride �me and stride length as compared to poor responders.
No differences in stride-to-stride fluctua�ons were found between these groups a�er
PR. The present findings suggest that a comprehensive PR program does improve walk-
ing speed in pa�ents with COPD, whereas stride-to-stride fluctua�ons did not change.
Research on gait impairments in COPD and iden�fying training modali�es that improve
gait func�on in COPD are therefore recommended.

Gait assessment may be of clinical value as gait abnormali�es have been reported in pa-
�ents with COPD, including reduced cadence, reduced stride length and increased double
support �me as compared to healthy subjects [3–7]. Though PR has proven to increase
gait speed in pa�ents with COPD [39], a comprehensive analysis of gait characteris�cs
a�er PR is lacking. In the current study, pa�ents with COPD improved their walk dis-
tance during the GRAIL-based 6MWT a�er PR, which also reached a clinical significant
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improvement [26]. This improvement in walking distance was achieved by a reduced
mean stride �me, and thus faster walking speeds. Moreover, pa�ents with COPD tended
to take longer strides contribu�ng to an increased 6MWD. However, stride length changes
were not found to be sta�s�cally significant.

Stride-to-stride fluctua�ons in gait may represent the capability of the locomotor system
to make flexible adapta�ons during walking [14]. Healthy subjects are characterized by
a healthy amount of, and pa�erns within stride-to-stride fluctua�ons [40]. These stride-
to-stride fluctua�ons are associated with fall risk and may deteriorate with aging and
disease [4, 6, 9, 10, 12, 41, 42]. In community dwelling older adults, improvements in
stride-to-stride fluctua�ons can be achieved following physical training [43, 44]. Exercise
training is a key element in PR [23] and demonstrated to improve skeletal muscle func�on
[22, 45, 46]. As skeletal muscles are important components of the locomotor system for
walking, PR was hypothesized to have beneficial effects on the amount of fluctua�ons,
predictability and consistency of movement pa�erns in pa�ents with COPD. In the current
study, pa�ents with COPD did not demonstrate less variable gait characteris�cs, less pre-
dictable pa�erns of gait characteris�cs and increased consistency of the center of mass
movement pa�erns. Pa�ents did show increased fat-free mass (e.g. muscle mass), and
lower-limb muscle strength and endurance. The combina�on of individualized strength,
interval and endurance training resulted in improvements in lower-limb muscle func�on.
However, these improvements do not necessarily translate into improvements in stride-
to-stride fluctua�ons in pa�ents with COPD.

Interven�ons to improve walking have tradi�onally been mul�factorial (i.e. strength-
ening, endurance and flexibility programs). These interven�ons focus on improving the
physiologic capacity in body systems (i.e. musculoskeletal and cardiopulmonary systems)
that contribute to walking, but do not include task specific exercises necessary to make
use of the physiological capacity in body systems for walking (e.g. integrate movement
and posture to improve efficiency of the physiological capacity) [47]. Therefore, task-
oriented exercise training of walking could be beneficial to improve gait func�on, and
more specifically in stride-to-stride fluctua�ons in COPD.

Response to PR differs in pa�ents with COPD [25]. The current study showed that 55%
of the pa�ents were good responders in terms of improved func�onal exercise capacity
during the GRAIL-based 6MWT (≥30 m), with an average increase in the 6MWD of 66 m
a�er PR. The poor responders showed a decrease of 12 m during the GRAIL-based 6MWT
a�er PR. The difference in step width at baseline was minimal between the groups and
a�er PR this was minimal between the groups. This difference was not considered as
clinically relevant. The good responders were therefore considered similar to the poor
responders in terms of mean gait characteris�cs. Larger increase in mean walking speed
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for the good responders was accompanied by a shorter mean stride �me and longer mean
stride lengths.

In contrast to mean spa�otemporal gait parameters between the good and poor respon-
ders, the change in the amount of, and pa�erns within, stride-to-stride fluctua�ons did
not reach significance. This could par�ally explained by that exercise training in PR was
not specifically targeted to systems that contribute to balance and gait control. Other
parameters may have contributed to the faster walking speed in the good responders.
The good responders tended to start with lower dyspnea and fa�gue levels compared to
the poor responders during the post PR GRAIL-based 6MWT. Interes�ngly, some poor re-
sponders showed improvements in lower-limb muscle func�on. This indicates that other
factors may be associated with decreased walking speed, such as higher fa�gue levels
prior to the post PR GRAIL-based 6MWT. Furthermore, differences in ven�lator reserve
may be important. However, this was not assessed in the present study.

The present study has some limita�ons. Externally-paced treadmill walking affects gait
parameters and its stride-to-stride fluctua�ons. The GRAIL system, however, enables self-
paced treadmill walking, using a feedback-controlled algorithm to adapt treadmill speed
to the user while walking. The GRAIL has shown to increase walking speed variability [48],
thereby sugges�ng that self-paced treadmill walking allows for a more natural control of
walking speed [49]. Pa�ents with COPD who were most severely limited in their mobility
and therefore using a walking aid were not eligible for the GRAIL test. It would be inter-
es�ng to inves�gate whether altera�ons in gait characteris�cs are present for pa�ents
with more severe COPD, especially given the trend that lower-limb muscle weakness is
more prevalent with more severe COPD [50]. Another limita�on is that the assessment
of lower-limb muscle strength and endurance in our study only targeted the quadriceps
muscles. Reduced muscle strength has also been observed in the distal muscles of the
lower-limbs [51]. Future studies should include the assessment of distal lower-limbs to
gain a be�er understanding of distal lower-limb muscle dysfunc�on and gait characteris-
�cs in pa�ents with COPD.

It was postulated that exercise training, and in par�cular changes in lower-limb muscle
func�on, could have posi�ve effects on gait characteris�cs in COPD. This was par�ally
confirmed by the findings of the present study, as walking speed increased. However,
stride-to-stride fluctua�ons did not improve following PR. The current PR program was
not specifically aimed to improve gait func�on and balance in pa�ents with COPD. More-
over, in contrast to the study by Wang et al. [44], our study did not incorporate balance
training specifically in PR. Consequently, this might explain the lack of changes in stride-
to-stride fluctua�ons. It may be important to present exercises targe�ng to various sys-
tems for balance control and in different situa�ons. We therefore propose to perform

109



CHAPTER 6

6

future research on gait and balance training in PR for pa�ents with COPD. To date, differ-
ent modali�es of gait training are available, including perturba�on training and dual task
training [52, 53], that could be used to assess the effect of gait and/or balance training on
gait characteris�cs in COPD. In par�cular, improvements in stride-to-stride fluctua�ons
will be important, as these measures are associated with increased fall risk in older adults
and the high incidence of fall risk present in COPD [11].

Conclusions

This study showed that pa�ents with COPD demonstrate shorter stride �mes during the
GRAIL-based 6MWT a�er a comprehensive PR program. Though improvements in ex-
ercise capacity, body composi�on and quadriceps strength were found in pa�ents with
COPD following PR, stride-to-stride fluctua�ons did not improve. In addi�on, differences
in mean gait characteris�cs were found between good and poor responders, while stride-
to-stride fluctua�ons were not discrimina�ve. These findings indicate that the current PR
does not alter stride-to-stride fluctua�ons in pa�ents with COPD. Addi�onal training pro-
grams specifically targe�ng balance and gait func�on may be beneficial in improving gait
characteris�cs in pa�ents with COPD.
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Supplementary Material

Measures to quan�fy the pa�erns within stride-to-stride
fluctua�ons

Sample entropy quan�fies predictability and describes the predictability of gait cycles.
The method to compute this has been described previously [1]. A perfectly repeatable
�me series would reflect a sample entropy value of approximately 0, while a completely
random �me series would reflect a sample entropy value extending towards infinity. The
rela�ve consistency of the group averages was examined for several combina�ons of in-
put parameters of the tolerance radius r and vector length m [1]. The r was chosen as
0.2*standard devia�on of the �me series and m was chosen as 2 for this study (Fig-
ure 6.A.1). In contrast to stride length and step width �me series, stride �me sample
entropy seems to be a product of the parameter selec�on. Sample entropy values tended
to direct to predictability in stride �me with increasing r. Predictability of stride �me it-
self could not be determined. Stride �me sample entropy was therefore not included for
sta�s�cal analysis.

Consistency in the organiza�on of movement pa�erns was calculated by compu�ng the
local divergence exponent, which quan�fies the exponen�al rate of divergence of ad-
jacent trajectories in state space and has been described elsewhere [2]. A lower local
divergence exponent reflects a more consistent organiza�on of movement pa�erns. An
embedding dimension of 6 was used for the mediolateral, 7 for the anteroposterior and
6 for the ver�cal direc�on. The CoMvel data were normalised to 100 samples in length
per stride. A �me delay of 10 samples was chosen as all the �me series had the same
frequency. The slope of the divergence curve provided an es�mate of the local diver-
gence exponent. The local divergence exponent was calculated over the CoMvel in three
direc�ons. To overcome non-sta�onari�es, velocity �me series was used to es�mate con-
sistency of movement pa�erns [2].
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Figure 6.A.1. Sample entropy as a func�on of step length (A, B) and step width (C, D) for r=0.1-0.3,
m=2 (le� panel) and m=3 (right panel).
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Overview of findings

The current thesis addressed the assessment of func�onal exercise capacity and gait char-
acteris�cs in pa�ents with chronic obstruc�ve pulmonary disease (COPD). A self-paced,
treadmill 6-minute walk test (6MWT) may provide addi�onal advantages over the over-
ground condi�on in clinical prac�ce. The 6MWT on the Gait Real-�me Analysis Interac�ve
Lab (GRAIL) was found to be reproducible and valid in assessing the walk distance in both
pa�ents with COPD and healthy non-COPD subjects (Chapter 2). During the GRAIL-based
6MWT, pa�ents with COPD demonstrated increased dura�on of temporal gait charac-
teris�cs, decreased stride length and increased amount of stride-to-stride fluctua�ons
as compared to non-COPD individuals (Chapter 3). The amount of fluctua�ons in stride
length remained increased in COPD a�er correc�on for walking speed differences be-
tween the groups. However, reduced quadriceps strength was not associated with gait
impairments, and COPD severity was only associated with swing �me. Addi�onal analy-
ses were performed to assess the underlying pa�erns within stride-to-stride fluctua�ons
in gait characteris�cs during the GRAIL-based 6MWT, which might unravel subtle alter-
a�ons in gait that could not be assessed using tradi�onal methods (Chapter 4). During the
6MWT, pa�erns within stride length fluctua�ons were more predictable in pa�ents with
COPD as compared to non-COPD subjects. Hip and knee joint movements were found
to be locally less stable (i.e. less consistent organiza�on of movement pa�erns) in pa-
�ents with COPD when walking at three different walking speeds on a treadmill (Chapter
5). In addi�on, pulmonary rehabilita�on resulted in pa�ents taking faster steps, while no
changes were observed in the amount of, and pa�erns within stride-to-stride fluctua�ons
(Chapter 6). The current thesis provides a basis for further research in gait impairments in
COPD in rela�on to balance and fall risk. These findings complement the understanding
of gait impairments in COPD, which is important as COPD is recognized as a mul�systemic
disease affec�ng func�onal ac�vi�es such as walking.

Gait altera�ons in pa�ents with COPD

The ability of pa�ents with COPD to perform ac�vi�es of daily life necessary for indepen-
dent living declines as their COPD progresses. Pa�ents with COPD are therefore, more
likely to experience disability [1]. Walking is a problema�c ac�vity in daily life in pa�ents
with COPD [2]. Though gait abnormali�es have been associated with COPD severity [3], a
thorough understanding of gait impairments in COPD and their associa�ons with clinical
parameters is lacking.
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Pa�ents with COPD present with spa�otemporal gait altera�ons during the GRAIL-based
6MWT as compared to non-COPD subjects (Chapter 3 and Chapter 4). During the 6MWT,
pa�ents demonstrate slower cadence and shorter stride lengths, whereas temporal gait
characteris�cs are increased [4]. These findings corroborate findings from previous stud-
ies, as pa�ents with COPD have a reduced gait speed and a lower cadence measured over
both short distances and during overground 6MWTs [5, 6]. However, when accoun�ng
for the differences in walking speed between the groups, pa�ents were characterized
with both increased stride length and amount of stride length fluctua�ons as compared
to non-COPD subjects [7]. Yentes et al. [8] reported altered amount of stride-to-stride
fluctua�ons in step �me and step width in pa�ents with COPD while walking at different
walking speeds. Increased amount of stride-to-stride fluctua�ons may indicate a less co-
opera�ve behavior between the different components of the locomotor system, e.g. the
central nervous system, muscles and joints, reflec�ng reduced gait func�on [9]. This may
explain why pa�ents with COPD report walking as problema�c ac�vity in daily life.

The temporal organiza�on of gait variability (i.e. the pa�erns within stride-to-stride fluc-
tua�ons in gait parameters) has been suggested to contain important informa�on about
the quality of movement [10]. Healthy individuals are characterized by a healthy move-
ment variability, which may reflect a flexible locomotor system that is capable to adapt
while walking. Less than healthy movement variability characterize a locomotor system
that is overly rigid and unchanging, whereas greater than healthy variability character-
izes a noisy and unstable locomotor system [9]. Both situa�ons may characterize a lo-
comotor system that is less adaptable to perturba�ons, as seen with aging, disease and
individuals with increased fall risk [11–15]. Pa�ents with COPD demonstrate altered pat-
terns within stride-to-stride fluctua�ons during the GRAIL-based 6MWT as compared to
non-COPD subjects (Chapter 4). Pa�erns within stride length fluctua�ons are more rigid
in pa�ents with COPD compared with non-COPD subjects. Similar pa�erns have been
found in major physiological signals, such as airflow and heart rate pa�erns in COPD, in-
dica�ng imbalances in its regula�on [16]. In addi�on, knee and hip joint pa�erns were
locally less stable in pa�ents with COPD during treadmill walking across three different
walking speeds (Chapter 5). Consequently, pa�ents with COPD display less consistent
organiza�on of movement pa�erns in the lower extremi�es. Moreover, non-COPD sub-
jects adjusted local dynamic stability of the movement pa�erns with increasing walking
speed, whereas pa�ents with COPD did not [17]. When walking at a faster pace, pa�ents
with COPD showed reduced local dynamic stability as compared to non-COPD subjects.
These findings further strengthen the idea that pa�ents with COPD have a less healthy
gait func�on. This is in agreement with results reported in pa�ents with peripheral arte-
rial disease, who demonstrated less stable movement pa�erns as compared to healthy
control subjects [15], indica�ng deteriora�on in the locomotor system of these pa�ents.
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Furthermore, joint kinema�cs and kine�cs are altered in pa�ents with COPD as described
previously by Yentes et al. [18]. Pa�ents with COPD experience difficul�es in lowering the
forefoot a�er heel strike as compared to non-COPD subjects. Consequently, gait alter-
a�ons are present in COPD at the joint level and could reflect impairments in other gait
parameters. Deteriora�on in the pa�erns within stride-to-stride fluctua�ons indicates
the presence of a less healthy locomotor system in pa�ents with COPD, which could be
related to func�onal limita�ons and increased fall risk in this pa�ent group.

The 6MWT has proven to be an established clinical measure to determine func�onal ex-
ercise capacity, assess prognosis, and evaluate response to treatment [19]. Furthermore,
the 6MWT is used for prescribing walking exercises for pa�ents with COPD [20, 21]. The
6MWT is o�en used in clinical prac�ce. Consequently, gait assessment combined with
the 6MWT may be of added clinical value. The findings in this thesis support previous
studies repor�ng reduced gait func�on in pa�ents with COPD as compared to non-COPD
subjects [3, 5, 6, 8, 18, 22–25]. The differences in gait characteris�cs between pa�ents
with COPD and non-COPD control subjects were however small. This warrants for further
research on methods to iden�fy gait impairments in COPD and in turn the treatment of
gait impairments in COPD.

More challenging gait protocols might be beneficial to assess gait impairments in COPD,
than the ones that have been described in this thesis. Indeed, challenging condi�ons
beyond normal walking for pa�ents with COPD (e.g. faster or slower walking than the
preferred-walking speed) may evoke altera�ons in gait characteris�cs more dras�cally
[26]. A twenty percent change in the preferred walking speed as described in Chapter 5,
may not be challenging enough to iden�fy altera�ons in gait characteris�cs in pa�ents
with COPD. Larger changes in walking speed have been reported in the literature [27].
In addi�on, perturba�on based gait assessment, the use of sudden expected mechanical
perturba�ons during walking, is an emerging field in older adults to improve stepping
response and fall risk [28]. Examples for perturba�on based gait assessment are move-
able floor pla�orms, ground surface changes, or treadmill belt accelera�ons or decelera-
�ons. Studies on perturba�on based gait assessment showed improvements in reac�ve
response to perturba�ons and reduc�on in falls in older adults [29–32]. Similar training
and assessment protocols might be of interest in pa�ents with COPD, as pa�ents with
COPD demonstrate gait impairments and are at increased risk for falls.

When cogni�ve and motor tasks are performed simultaneously, they compete for a�en-
�onal resources [33] and informa�on-processing neural pathways [34]. This may cause
a decrease in the performance of one or both task (e.g. cogni�ve motor interference).
Pa�ents with COPD exhibited a greater increase in stride �me variability than control
subjects during dual task walking, indica�ng a clinical issue as such deficit increases the
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risk of falls [35]. Therefore, future research should examine various protocols to iden-
�fy its clinical value for diagnos�c, training and evalua�on of treatment purposes for gait
impairments in COPD.

Mechanisms of gait impairments in COPD

Gait altera�ons in COPD can be a�ributed to chronic respiratory limita�ons and the sys-
temic comorbidi�es of the disease. COPD limits ven�la�on resul�ng in dynamic hyper-
infla�on when expiratory �me is not sufficient to enable lung emptying [36, 37]. This
imposes constrains on �dal volume, leading to the increased sensa�on of dyspnea, the
most common ac�vity-limi�ng symptom of COPD. The level of dyspnea is correlated to
the intensity of the pa�ent’s ac�vity. Consequently, the pa�ent with CODP tends to pro-
gressively reduce its physical ac�vity.

Systemic inflamma�on is involved in the pathogenesis of most systemic effects of COPD
[38], including skeletal muscle dysfunc�on [39]. Structural adapta�ons in muscles have
been reported in COPD, in par�cular in the lower extremity of pa�ents [40]. Sarcope-
nia and muscle atrophy, decreased capillary and mitochondrial density, and a shi� from
slow-twitch (type I) aerobic muscle fibers towards fast-twitch (type II) anaerobic muscle
fibers, result in reduced oxida�ve and increased glycoly�c capacity [41, 42]. The shi� in
fiber type can par�ally explain decreased endurance and a higher suscep�bility to mus-
cle fa�gue and weakness in pa�ents with COPD. In addi�on, physical inac�vity leads to
mechanical unloading that contributes to skeletal muscle abnormali�es and dysfunc�on,
such as loss of skeletal mass, size and strength, which ul�mately lead to muscle atrophy.
Indeed, pa�ents with COPD are characterized by reduced quadriceps muscle strength
and endurance (Chapter 3), confirming muscle weakness in thigh musculature in COPD
[43]. In addi�on, muscle weakness of the ankle dorsi flexors and plantar flexors has been
reported as well in pa�ents with COPD [44, 45]. These muscle abnormali�es indicate an
overall decline in both the contrac�le and oxida�ve capacity of lower-limb muscles in pa-
�ents with COPD, resul�ng in impaired func�onal exercise capacity and possibly gait func-
�on. However, mean spa�otemporal gait parameters did not differ between pa�ents with
COPD with reduced quadriceps muscle strength and those with high quadriceps muscle
strength (Chapter 3).

Walking is a motor task requiring coordina�on of many muscles. For instance, the hip
and knee extensors provide body support in early stance and the ankle plantar flexors
are the primary contributors in late stance. Forward propulsion (defined as horizontal
accelera�on of the body center of mass) in walking is provided by the hip and knee ex-
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tensors in early stance and ankle plantar flexors in late stance. In addi�on, the plantar
flexors are essen�al to walking subtasks such as swing ini�a�on and power genera�on
in healthy walking [46–48]. Furthermore, sensorimotor factors, such as body sway, re-
ac�on �me and propriocep�on, have been considered as likely factors that may explain
gait variability in the general older popula�on aged 60-86 years old [49]. These factors
have not been assessed in the current thesis. Future studies should therefore be directed
to iden�fying specific contributors to gait and gait impairments in pa�ents with COPD.
Another explana�on for the lack of influence of quadriceps muscle strength on gait char-
acteris�cs could be that pa�ents with COPD are very heterogeneous and the number of
subjects was small in the subgroups described in Chapter 3. Therefore, this analysis may
lack sta�s�cal power to differen�ate gait characteris�cs between the subgroups.

Balance and falls in COPD

Falls are common among older individuals and can have devasta�ng effects on overall
func�on, health related quality of life and life expectancy. Chronic condi�ons, including
COPD, have been associated with a higher risk for falls [50]. Pa�ents with COPD are 55%
more likely to have an incident record of a fall than non-COPD subjects [51], which is
associated with a worsening of dyspnea percep�on as related to health related quality
of life [52]. The causes of falls are mul�factorial, however, most of them happen during
walking [53]. Impaired gait func�on is therefore one of the main risk of falls in older
adults [54]. Consequently, it is not surprising that gait impairments in COPD have been
suggested to be related to impaired balance control, and in turn with increased fall risk
in COPD [55–59].

Several gait parameters have been associated with falls, including changes in stride-to-
stride fluctua�ons [11, 49, 60–63]. Walking reflects the displacement of the center of
mass of the human body and the center of mass displacement in the mediolateral direc-
�on has been related to stability and falls [64]. Indeed, pa�ents with peripheral arterial
disease have less stable joint movements during walking [15], and it has been suggested
to be a valid measure to es�mate the probability of falling [11, 61]. However, pa�ents
with COPD did not demonstrated reduced local dynamic stability of the center of mass
displacement during the GRAIL-based 6MWT (Chapter 4), whereas local dynamic stability
in the lower extremity was reduced in pa�ents with COPD. Reduced long-range correla-
�ons have been suggested to be related to balance, especially in mediolateral direc�on.
In addi�on, lower walking intensity and increased varia�on in mediolateral trunk move-
ments were observed in pa�ents with COPD during an overground 6MWT [5]. Increased
varia�on in mediolateral trunk movements in COPD suggests larger balance disturbances
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during the 6MWT in these pa�ents. This may at least par�ally contribute to the rela�ve
high energe�c costs of a 6MWT in COPD [65]. Moreover, this may also explain par�ally
why pa�ents with COPD experience abnormali�es with walking and increased risk for falls
[2, 52]. Similar devia�ons in gait were previously observed in frail elderly, who fell at least
once during the last year or who used walking aids [63]. Furthermore, increased stride
length variability in pa�ents with COPD (Chapter 3 and Chapter 4) has been suggested to
be associated with increased fall risk and balance disturbances in the aging popula�on
[62].

Risk factors for falls such as lower limb muscle weakness and deficits in func�onal perfor-
mance and postural control are common in individuals with COPD. In general, the use of
propriocep�on is of primary importance during balance control. Pa�ents with COPD, es-
pecially those with inspiratory muscle weakness, increased their reliance on ankle muscle
propriocep�ve signals and decreased their reliance on back muscle propriocep�ve signals
during balance control, resul�ng in a decreased postural stability compared to healthy
controls [66]. Furthermore, pa�ents with COPD have worse sta�c and func�onal bal-
ance in comparison with non-COPD subjects [67]. The ability to maintain stable is cri�cal
for func�onal independence in ac�vi�es in daily living, mobility and for avoiding falls. It
seems that falls and gait are associated. Therefore, addi�onal studies are recommended
to iden�fy a mechanis�c link between gait impairments and falls in pa�ents with COPD.

The effects of pulmonary rehabilita�on on gait
characteris�cs in COPD

The goals of pulmonary rehabilita�on (PR) include minimizing symptom burden, max-
imizing exercise performance, promo�ng autonomy, increasing par�cipa�on in every-
day ac�vi�es, enhancing health-related quality of life, and effec�ng long-term health-
enhancing behavior change [68]. PR has demonstrated improvements in symptoms, ex-
ercise tolerance, and health related quality of life in pa�ents with COPD. Exercise capac-
ity in pa�ents with COPD is impaired and exercise training as part of a comprehensive
pulmonary rehabilita�on program is used to improve muscle func�on in COPD [69–71].
Chapter 6 provided evidence of increased quadriceps muscle strength, muscle endurance
and fat free mass in pa�ents with COPD following PR. In addi�on, pa�ents with COPD
showed improvements in func�onal tests, such as the �med up and go test and both the
overground and GRAIL-based 6MWT. Pa�ents reported less fa�gue at the overground
6MWT a�er PR, while a larger distance was covered. During the GRAIL-based 6MWT, pa-
�ents reported lower end values of dyspnea a�er PR as compared to before PR. These

125



CHAPTER 7

7

findings confirm that PR improves func�onal exercise capacity and symptoms in COPD.

Chapter 6 showed that pa�ents walked faster during the GRAIL-based 6MWT a�er PR,
with reduced mean stride �me and a trend of increased stride length. On the contrary of
what was hypothesized, an increase in quadriceps muscle strength and whole body fat
free mass did not translate to improvements in the stride-to-stride fluctua�ons in pa�ents
with COPD. Consequently, PR does not directly relate to a be�er locomotor system, as has
been found in community dwelling older adults following an exercise training program
[72]. In addi�on, the response to PR may vary substan�ally between pa�ents with COPD,
and individual pa�ents may respond differently on various types of outcome measures
[73]. When pa�ents with COPD were divided into good responders and poor responders
based on the improvement in walk distance on the GRAIL, differences were found in the
overground 6MWD. Walking speed was higher in the good responders, with shorter stride
�mes and larger stride lengths. However, differences in the stride-to-stride fluctua�ons
in gait characteris�cs were not observed. This indicates that improvements in walking
distance and gait speed following PR, does not necessarily translate into improvements
in the stride-to-stride fluctua�ons in gait in pa�ents with COPD.

The current training program of the PR targeted large muscle groups of the body and
was not aimed at smaller muscle groups that have a significant contribu�on to gait and
balance func�on. This could explain par�ally why less improvement in stride-to-stride
fluctua�ons was found a�er PR in pa�ents with COPD. Though pa�ents with COPD had
treadmill-based exercise training, gait training was not provided in the current training
program, e.g. dual task or perturba�on based training. This might explain why pa�ents
with COPD were not exposed to challenging environments that could have improved their
locomotor system towards more healthy gait variability and its fluctua�ons, that is more
likely to adapt to changes on the body.

General exercise interven�ons (combina�ons of strength, balance and aerobic exercises)
have generally resulted in moderate reduc�ons (14-17%) in falls incidence among older
adults [74–76]. These exercise interven�ons o�en lack specificity to the balance recover
mechanisms that are needed following balance loss, such as compensatory stepping,
counter rota�on or grasping ac�ons [62, 77]. Balance maintenance requires a complex
interac�on of several mechanisms and improved balance control in one task might not be
of benefit during other tasks [78]. Therefore, training aimed more specifically at balance
recovery mechanisms may provide addi�onal insight and benefit for falls reduc�on and
preven�on in general. This could be of interest in pa�ents with COPD, as previous studies
documented impairments in clinical and laboratory measures of balance in pa�ents with
COPD compared to non-COPD control subjects and the associated between balance and
fall risk [52, 55, 57, 66, 79–82]. The current training program during PR did not specifi-
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cally provide balance training to pa�ents with COPD. Therefore, balance training might
be considered as an addi�onal training modality in pa�ents with COPD that could be of
interest to improve gait func�on as well.

Is the GRAIL-based 6-minute walk test a replacement for
the overground 6-minute walk test in pa�ents with COPD?

Exercise intolerance is an important clinical feature in pa�ents with COPD, as it correlates
with impaired quality of life [83, 84]. In clinical prac�ce, the 6MWT is a measure to eval-
uate func�onal exercise capacity in pa�ents with COPD [19]. The 6MWT is recommended
to be administered in a flat corridor of at least 30 meters by the American Thoracic Soci-
ety and European Respiratory Society, whereas externally paced treadmill tes�ng is not
recommended [85]. Two studies [86, 87] were men�oned that reported 13-20% lower
distances covered on a treadmill as compared to overground. This discrepancy could be
explained by poor walking efficiency during treadmill walking in subjects unaccustomed
to this ac�vity. However, the GRAIL uses the novel approach of a virtual reality-based self-
paced treadmill, which integrates a self-paced algorithm to regulate the treadmill’s speed
[88]. Consequently, subjects are able to select and change their own walking speed. It
has been reported to result in long-term fluctua�ons that resemble those as seen dur-
ing overground walking [89]. In addi�on, small differences between self-paced treadmill
walking in a virtual reality and walking in a conven�onal gait lab were reported previously
[88]. To account for this ma�er, subjects are recommended to undergo a familiariza�on
session prior to the two GRAIL-based 6MWTs to become accustomed to the GRAIL.

The GRAIL requires limited space and provides a safe environment for the pa�ent. This is
in contrast to the overground 6MWT that requires at least 30 meters in a clinical se�ng,
in which the pa�ent might be disturbed by passers-by or have limited space to turn. In
addi�on, the GRAIL’s track layout and length are similar for all subjects on subsequent
occasions, as these factors affect performance on the test as well [19]. Furthermore,
subjects have reported walking with the virtual reality as more similar to overground
walking [90], further encouraging the use of this system.

Based on the main outcome parameter of the 6MWT, there is s�ll a discrepancy in the
walk distances between the overground and GRAIL 6MWT. Pa�ents tend to walk less far
on the GRAIL as compared to overground (Chapter 2). Furthermore, the GRAIL would not
be available to all clinical sites, as this system is more expensive as compared to the simple
overground 6MWT. However, the GRAIL enables addi�onal possibili�es that could not be
assessed in a clinical se�ng during an overground 6MWT. Con�nuous strides and gait
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pa�erns could be evaluated using the 3-dimensional mo�on analysis and force plates,
obtaining spa�otemporal, kinema�c and kine�c parameters. Moreover, all steps taken
by the subject could be recorded, which is of importance to obtain an accurate insight of
the walking ability of the pa�ent, in par�cular during exercise tes�ng.

Based on Chapter 2, we can conclude that the GRAIL is a promising system to assess the
6MWD reliably and validly in pa�ents with COPD and non-COPD subjects as compared
to previous studies [86, 87]. Though the GRAIL underes�mates the walk distance cov-
ered overground, the GRAIL should be considered if the walking ability of the pa�ent is
impaired and a thorough assessment of the pa�ent’s gait is needed.

Further implica�ons of the GRAIL

Clinical gait analysis is a well-established instrument for the objec�ve assessment of gait.
Such analysis allows to iden�fy specific gait abnormali�es to recommend treatment pro-
gram and monitor the effect of a treatment. The GRAIL system has been used for gait
assessment in various pa�ent popula�ons, including COPD [4], cerebral palsy [91], dia-
be�c peripheral neuropathy [92], and stroke [93]. Within a safe environment, mul�ple
gait cycles can be obtained, increasing data reliability [94], and allows for the evalua�on
of stride-to-stride fluctua�ons and changes over �me.

The GRAIL may present challenging condi�ons to the pa�ent by induced gait perturba-
�ons, as well as the manipula�on of visual and propriocep�ve feedback. Consequently,
these challenging environments to examine func�onal gait may be a more revealing method
to assess movement pathologies and fall risk. The GRAIL is therefore a promising tool for
training purposes and clinical gait analysis in the field of rehabilita�on. Exercises can be
individualized to the pa�ent’s ability and real-�me feedback on gait characteris�cs can
be provided. In addi�on, different aspects of gait and balance can be addressed using
various challenging condi�ons. As a result, the ability of pa�ents to adapt their gait can
be assessed, providing informa�on on compensatory mechanisms [95].

It has been shown that balance and gait training on the GRAIL is feasible in pa�ents a�er
stroke [96]. Consequently, GRAIL-based training may benefit pa�ents with COPD as well.
Given the high risk of falls and disability associated with altered stride-to-stride fluctua-
�ons [11, 60–63, 97], research on challenging condi�ons and gait analysis in COPD are rec-
ommended. This may provide evidence and guidance for future training modali�es, such
as dual task interven�ons and perturba�ons based training, in pulmonary rehabilita�on
programs. In addi�on, the GRAIL can be used for real-life mimicking tasks as pa�ents with
COPD experience problems during ac�vi�es in daily life. Furthermore, the symptoms of
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COPD, including fa�gue and dyspnea, o�en interfere with ac�vi�es of daily life, leading
to a significant reduc�on in quality of life [98–102]. Therefore, research on the influence
of fa�gue or dyspnea on gait characteris�cs and balance disturbances is highly valuable.
Given the increased energy expenditure in pa�ents with COPD during ac�vi�es in daily
life [103], the assessment of walking economy using the GRAIL may be considered.

Limita�ons

Some limita�ons should be acknowledged when interpre�ng the results of this thesis.
This thesis presented the first results on obtaining the 6MWD using the GRAIL-system,
which combined self-paced treadmill walking with 3D mo�on analysis within a virtual re-
ality environment. The effect of op�c flow provided by the virtual reality environment
was not examined in the specific pa�ent or age group. This could have presented a chal-
lenge or helped those due to the increase in visual informa�on during walking. A previ-
ous study assessed self-paced treadmill walking and virtual reality in healthy young adults
[90]. The effects of virtual reality on gait were too small to be relevant and subjects re-
ported walking with virtual reality as more similar to overground walking.

In addi�on, the adapta�on to self-paced treadmill walking might have been difficult to
pa�ents with COPD. Due to the symptoms pa�ents with COPD experience and their lim-
ited exercise capacity, they may not have been completely accustomed to adjust their
walking speed, especially during prolonged exercise tes�ng such as during the 6MWT.
However, pa�ents walked a minimum of 3 minutes to familiarize with self-paced tread-
mill walking. Different regula�on methods were observed to control the treadmill speed
in pa�ents with COPD and non-COPD subjects. However, due to prac�cal issues and the
physical condi�on of the pa�ents in par�cular, we did not prolong or add addi�onal fa-
miliariza�on sessions. In addi�on, self-paced treadmill walking has only been studied in
healthy subjects [89] and in pa�ents with cerebral palsy [88].

Walking speed is of influence on gait characteris�cs and is an important factor to con-
trol when interpre�ng the data [27, 104, 105]. Nowadays, there are different op�ons
to assess gait while walking on a treadmill. For instance, walking at a fixed speed, at a
preferred walking speed or self-paced walking. When comparing different groups, re-
searchers should consider comparing the groups at a comparable walking speed or while
each group is walking in a similar condi�on (e.g. at their preferred walking speed or in a
similar challenging condi�on). A clear ra�onale should be presented and a careful con-
sidera�on is necessary a priori.

Pa�ents with COPD included in the studies were mainly categorized as GOLD II and III. We
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acknowledge that it has implica�ons on the generalizability of our findings. This limita�on
was foremost due to prac�cal issues, such that pa�ents with COPD in GOLD I were less
o�en referred to pulmonary rehabilita�on, whereas pa�ents with COPD in GOLD IV were
not able to walk independently, without walking aids, on the treadmill for a prolonged
period of �me.

Spa�otemporal variability measures have strong to moderate construct, predic�ve, con-
vergent, and predic�ve validity of falling, whereas most measures to quan�fy the pa�erns
within stride-to-stride fluctua�ons do not [11]. Therefore, future studies should provide
evidence for the theore�c framework of movement variability and health as has been
proposed by Stergiou et al. [106, 107]. In par�cular, stride-to-stride fluctua�ons have not
been inves�gated in pa�ents with COPD. Pa�ents with COPD are at increased risk for falls
and falls o�en occur during walking. Therefore, pa�ents with COPD might benefit from
research on iden�fying parameters for gait impairments in this specific popula�on.

Recommenda�ons for future studies and clinical prac�ce

While this thesis provides new insights in gait characteris�cs in pa�ents with COPD, sev-
eral important ques�ons remain to be inves�gated. Pa�ents with COPD demonstrate
func�onal limita�ons and gait altera�ons; they also show reduced balance control and
increased fall risk. However, the underlying mechanisms and rela�onship between these
parameters have not been inves�gated thoroughly. This thesis provided the first results
on gait altera�ons in COPD using extensive parameters that have been associated with
fall risk and balance disturbances in other popula�ons. Future studies are therefore rec-
ommended to iden�fy the interrela�onships between these parameters in COPD.

As research in gait in COPD has gained interest, clinical relevant changes in gait character-
is�cs in this specific pa�ent popula�on should be inves�gated to provide clinical support
when assessing gait func�on in COPD. Though, meaningful changes in the amount of
stride-to-stride fluctua�ons have been reported in older adults [108], it has not been re-
ported in measures of the pa�erns within stride-to-stride fluctua�ons. This remains to be
explored and determined in the aging popula�on as well as in pathological popula�ons
such as COPD.

Another ques�on that needs to be addressed is the effect of gait and/or balance train-
ing on gait characteris�cs in pa�ents with COPD. Research on whether the effects of gait
training on gait func�on is beneficial or not should be performed. Limited research has
been conducted in assessing gait stride-to-stride fluctua�ons following a certain train-
ing program. This calls for future studies in providing insight into the effects of different
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training modali�es on gait stride-to-stride fluctua�ons in the aging popula�on and patho-
logical popula�ons including COPD.

Walking impairments may arise more strongly when exposing pa�ents with COPD to per-
turba�ons during walking. Moreover, impaired ability to respond accordingly to pertur-
ba�ons could be associated with increased fall risk in this pa�ent popula�on. Slipping and
tripping during walking are the most common causes of falls among older adults, which
represent failures to adapt to changes and challenges in the environment [28]. Future
recommenda�ons are to explore the rela�onship between dynamic balance and gait in
pa�ents with COPD. For example, to study the effects of perturba�on based exercises on
pa�ents with COPD.

Concluding remarks

This thesis demonstrated that pa�ents with COPD have altered spa�otemporal gait char-
acteris�cs and stride-to-stride fluctua�ons as compared to non-COPD subjects. The amount
of stride-to-stride fluctua�ons in stride length and stride length regularity showed to be
sensi�ve to differen�ate pa�ents with COPD and non-COPD subjects during the GRAIL-
based 6MWT, when accoun�ng for walking speed differences between the two groups.
Local dynamic stability in the hip and knee joint is reduced in pa�ents with COPD when
walking at different walking speeds and pa�ents demonstrated fewer changes in local
dynamic stability as compared to non-COPD subjects. Though the current training pro-
gram in pulmonary rehabilita�on improves skeletal muscle func�on and exercise capac-
ity, it does not result in improvements in the locomotor system in terms of gait variability.
Therefore, addi�onal training programs in pulmonary rehabilita�on, e.g. training specif-
ically designed for improving gait func�on, might be beneficial to gain improvements in
mobility, balance and falls in pa�ents with COPD. The GRAIL has proven to be of clinical
value and may be used for future studies on gait func�on in COPD.
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SUMMARY

Chronic obstruc�ve pulmonary disease (COPD) is characterized by persistent airflow lim-
ita�on, which causes symptoms of breathlessness and fa�gue. Moreover, COPD is rec-
ognized as a mul�systemic disease, affec�ng the neuromuscular system as well. Pa�ents
with COPD have a reduced func�onal exercise capacity and limited mobility as the disease
progresses. Consequently, pa�ents become limited in ac�vi�es of daily living. Walking
is a problema�c ac�vity in pa�ents’ daily life. This could be associated with gait impair-
ments in pa�ents with COPD, who present with balance disturbances and increased risk
for falls. The current thesis addresses gait characteris�cs in pa�ents with COPD, to gain
more insight into gait altera�ons in COPD, and the effect of pulmonary rehabilita�on on
gait characteris�cs in this pa�ent popula�on.

Three-dimensional mo�on analysis is considered as the gold standard for gait assess-
ment. The Gait Real-�me Analysis Interac�ve Lab (GRAIL) system combines 3-dimensional
mo�on analysis, instrumented treadmill walking and virtual reality environment projected
on a 180 degrees cylindrical screen. This novel system enables self-paced treadmill walk-
ing; the treadmill speed changes according to the subject’s posi�on on the treadmill. The
6-minute walk test (6MWT) is a self-paced test and is commonly used in clinical prac�ce
to measure func�onal exercise capacity, assess prognosis and evaluate response to treat-
ment in pa�ents with respiratory diseases. In addi�on, the 6MWT is used for health care
decision making. The GRAIL system may therefore be an appropriate measure to assess
the 6-minute walk distance. Chapter 2 demonstrated that pa�ents with COPD walked
further in the second GRAIL 6MWT. In addi�on, the GRAIL system is a valid and repro-
ducible method to assess the walk distance during the 6MWT in pa�ents with COPD and
non-COPD subjects. The GRAIL system slightly underes�mates the walk distance as com-
pared to the overground 6MWT in pa�ents with COPD. However, this system seems to
provide walk distances closest to the overground 6MWT as compared to previous stud-
ies on treadmill-based 6MWTs. Consequently, the GRAIL system is a promising system to
assess the 6-minute walk distance in pa�ents with COPD and non-COPD subjects.

Different parameters are used to describe gait characteris�cs. The inherent fluctua�ons
in gait characteris�cs can be evaluated in two ways: 1) via the variability of stride-to-stride
fluctua�ons (objec�fied as standard devia�on or coefficient of varia�on [CoV]), in which
previous fluctua�ons are considered as independent from previous fluctua�ons, 2) via
the pa�erns within stride-to-stride fluctua�ons that can iden�fy the underlying control of
gait characteris�cs. Both methods have been used to differen�ate groups, such as fallers
and non-fallers, or healthy from unhealthy subjects. In addi�on, stride-to-stride fluctua-
�ons can be calculated over spa�otemporal gait parameters (distance-�me parameters),
the mo�on of the center of mass, and kinema�cs (joint mo�on). Chapter 3 addresses the
spa�otemporal gait characteris�cs in pa�ents with COPD and non-COPD subjects during
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the GRAIL-based 6MWT. Pa�ents with COPD demonstrate reduced walking speeds and
stride lengths, and increased step �mes as compared to non-COPD subjects. The CoV of
stride-to-stride fluctua�ons was altered in pa�ents with COPD, including stride length, as
compared to non-COPD subjects. A sub analysis of subjects with similar 6MWDs demon-
strated that the CoV in stride length remained increased in pa�ents with COPD. These
findings suggest that pa�ents with COPD performed the GRAIL-based 6MWT differently
compared to non-COPD subjects.

Pa�ents with COPD present with airway obstruc�on and o�en lower-limb muscle dys-
func�on. These factors may have a significant impact on func�onal exercise capacity in
pa�ents with COPD. Consequently, reduced lower-limb muscle strength may have a nega-
�ve effect on gait characteris�cs in COPD. Consequently, differences in gait characteris�cs
between pa�ents with COPD with low quadriceps muscle strength and those with higher
quadriceps muscle strength were assessed. Chapter 3 did not provide evidence for this
reasoning. In addi�on, a reduced lung func�on has been considered a major problem in
performing ac�vi�es of daily living. Pa�ents experience dyspnea during func�onal ac�v-
i�es and this sensa�on increases with a prolonged dura�on or intensity of this ac�vity.
This chapter addresses the associa�on between gait parameters and lung func�on as ex-
pressed by the forced expiratory volume in one second, used for stra�fying the degree
of airflow limita�on in pa�ents with COPD. Swing �me seemed to be associated with a
worse lung func�on.

Chapter 4 describes the stride-to-stride fluctua�ons in spa�otemporal gait characteris-
�cs and the center of mass movement in pa�ents with COPD during the GRAIL-based
6MWT. Pa�ents with COPD demonstrated increased mean stride length, increased vari-
ability in stride length, and increased regularity of pa�erns within stride length fluctua-
�ons as compared to non-COPD subjects when accoun�ng for walking speed differences
between the groups. These findings implicate that pa�ents with COPD exhibit gait al-
tera�ons as compared to non-COPD subjects. These gait altera�ons may be associated
with increased fall risk and reduced balance control in pa�ents with COPD. Though local
dynamic stability of the center of mass did not differ between COPD and non-COPD sub-
jects when accoun�ng for walking speed differences, further studies are recommended
to iden�fy the rela�on between func�onal clinical parameters and gait characteris�cs.

In addi�on to spa�otemporal gait parameters, joint kinema�cs (joint angles) can be quan-
�fied via 3-dimensional mo�on analysis. Joint kinema�cs are more global parameters
than spa�otemporal gait parameters, and could be altered in pa�ents with COPD as com-
pared to non-COPD subjects. Moreover, walking speed different from the preferred self-
selected walking speed of the subject, may elicit gait altera�ons even further. Chapter
5 describes joint kinema�cs in the lower extremi�es between pa�ents and non-COPD
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subjects, while walking at different walking speeds; at self-selected walking speed, +20%
and -20% of the self-selected walking speed. Pa�ents with COPD demonstrated reduced
local dynamic stability in the knee and hip joint pa�erns across the walking speeds. Re-
duced local dynamic stability has been related to increased fall risk in older adults. This
measure has also been suggested as a poten�al early indicator for fall risk. Therefore,
reduced local dynamic stability in joint movement pa�erns in COPD, might be associate
with increased balance issues and fall risk present in this pa�ent popula�on.

The effect of pulmonary rehabilita�on on gait characteris�cs of pa�ents with COPD is
discussed in Chapter 6. A rou�ne pre-rehabilita�on assessment was conducted to deter-
mine amongst other things the physical condi�on, extra-pulmonary features and comor-
bidi�es, before a�ending a comprehensive pulmonary rehabilita�on program consis�ng
of 40 sessions supervised by an interdisciplinary team. Finally, a two-day outcome as-
sessment was conducted to evaluate the effects of the rehabilita�on program for each
pa�ent. Exercise training is a highly important component of pulmonary rehabilita�on to
strengthen muscle groups in the upper and lower extremi�es. Therefore, various training
methods are embedded in the pulmonary rehabilita�on program, including endurance,
strength and interval training. This chapter showed that pa�ents with COPD significantly
improve the walked distance a�er pulmonary rehabilita�on, with faster walking speeds
and stride �mes. While quadriceps muscle strength and endurance increased and func-
�onal exercise capacity improved following pulmonary rehabilita�on, no improvements
in stride-to-stride fluctua�ons of the locomotor system were found in pa�ents with COPD.
In addi�on, differences in mean gait characteris�cs were found between good and poor
responders, while stride-to-stride fluctua�ons were not discrimina�ve. These findings
indicate that the current PR does not alter stride-to-stride fluctua�ons in pa�ents with
COPD. Addi�onal training programs specifically targe�ng balance and gait func�on may
be beneficial in improving gait characteris�cs in pa�ents with COPD.

In Chapter 7, the main findings of this thesis are discussed in light of current literature.
This thesis shows that pa�ents with COPD demonstrate altered gait characteris�cs dur-
ing the self-paced treadmill 6MWT and while walking at different speeds. Furthermore,
pulmonary rehabilita�on improves lower-limb muscle func�on and func�onal exercise
capacity in COPD. However, changes in gait characteris�cs, in par�cular those that are
related to fall risk, were not found a�er pulmonary rehabilita�on. The current thesis
therefore provides a basis for further research in gait impairments in COPD in rela�on to
balance and fall risk. These findings complement the understanding of gait impairments
in COPD, which is important as COPD is a mul�systemic disease affec�ng func�onal ac-
�vi�es such as walking. In addi�on, this chapter describes the limita�ons of the current
thesis and recommenda�ons for future studies. We recommend to perform addi�onal
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studies on iden�fying mechanisms contribu�ng to reduced gait func�on in COPD, iden-
�fying diagnos�c and monitoring tools to assess gait characteris�cs in COPD, and evalu-
a�ng the rela�onship of gait altera�ons with respect to balance disturbances and falls in
COPD.
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Chronische obstruc�eve longziekte (COPD) wordt gekenmerkt door aanhoudende luchtwe-
gobstruc�e, met symptomen zoals kortademigheid en vermoeidheid. Daarnaast wordt
COPD geassocieerd met extra-pulmonale manifesta�es, waaronder skeletspier dysfunc-
�e. Zowel de func�onele inspanningscapaciteit als mobiliteit neemt af naarmate de ernst
van COPD toeneemt. Pa�ënten met COPD ervaren beperkingen in de uitvoering van ac-
�viteiten in het dagelijks leven. Wandelen is een problema�sche ac�viteit in het dagelijks
leven van pa�ënten met COPD. Dit is mogelijk geassocieerd met verstoringen in het gang-
patroon, naast het feit dat pa�ënten met COPD meer balansverstoringen en een groter
valrisico hebben in vergelijking met gezonde personen. Dit proefschri� richt zich op het in
kaart brengen van het gangpatroon van pa�ënten met COPD, om zodoende meer inzicht
te krijgen in de problema�ek van het gangpatroon van pa�ënten met COPD, en het effect
van longrevalida�e op het gangpatroon binnen deze popula�e.

Driedimensionale bewegingsanalyse wordt als de gouden standaard gezien voor gang-
beeldanalyse. De Gait Real-�me Analysis Interac�ve Lab (GRAIL) combineert driedimen-
sionale bewegingsanalyse met gëınstrumenteerde loopbanden binnen een virtuele omgev-
ing. Dit systeem ontleent zich ook voor het zelf aansturen van de loopbandsnelheid.
De 6-minuten wandeltest (6MWT) wordt in de klinische prak�jk gebruikt om de inspan-
ningscapaciteit van pa�ënten met COPD te evalueren. Het GRAIL-systeem kan mogelijk
gebruikt worden voor het uitvoeren van de 6MWT. Hoofdstuk 2 toont aan dat het GRAIL-
systeem een valide en reproduceerbaar instrument is om de 6MWT uit te voeren in
pa�ënten met COPD en niet-COPD personen. Ondanks dat het GRAIL systeem de wan-
delafstand ten opzichte van de reguliere grond 6MWT onderschat, benadert dit systeem
de reguliere grond wandelafstand in tegenstelling tot voorgaande studies waar de 6MWT
op een loopband werd uitgevoerd. Bovendien verleent het GRAIL-systeem om het gang-
beeld in kaart te brengen om beter inzicht te verkrijgen in de verstoringen in het gangpa-
troon van pa�ënten met COPD.

Het gangbeeld kan middels verschillende parameters worden beschreven. De inherente
fluctua�es in het gangpatroon kunnen op twee manieren in kaart worden gebracht: 1)
middels de mate van variabiliteit, waarin elke fluctua�e ona�ankelijk is van voorgaande
fluctua�es, 2) middels de patronen in de temporale fluctua�es, om de onderliggende
controle van het gangbeeld in kaart te brengen. Beide methoden worden gebruikt om
groepen van elkaar te onderscheiden, waaronder vallers van niet-vallers, en gezonde per-
sonen van personen met een aandoening. De fluctua�es kunnen berekend worden over
de spa�o-temporele parameters, het massamiddelpunt van het lichaam en de kinemat-
ica (beweging van de gewrichten). Hoofdstuk 3 beschrij� de spa�o-temporele gangpa-
rameters van pa�ënten met COPD in vergelijking met het gezonde niet-COPD personen
�jdens de GRAIL 6MWT. Pa�ënten met COPD leggen een kortere wandelafstand af en ver-
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tonen grotere staplengtes, en langere stap�jden in vergelijking met niet-COPD personen.
Pa�ënten met COPD vertonen een grotere mate van variabiliteit in de schredelengte in
vergelijking met niet-COPD personen. Een subanalyse van personen met een vergelijk-
bare 6-minuten wandelafstand toont aan dat de variabiliteit in schredelengte verhoogd
blij� in pa�ënten met COPD. Deze bevindingen suggereren dat pa�ënten met COPD de
GRAIL 6MWT anders uitvoeren dan personen zonder COPD.

Pa�ënten met COPD vertonen luchtwegobstruc�e en spierdysfunc�e. Deze factoren wor-
den geassocieerd met de inspanningscapaciteit in pa�ënten met COPD. Skeletspier dys-
func�e hee� mogelijk een nega�ef effect op het gangbeeld in COPD. Dit hee� geleid
tot de analyse van het gangbeeld tussen pa�ënten met lage quadriceps spierkracht en
pa�ënten met een hoge quadriceps spierkracht. Hoofdstuk 3 beves�gt deze ra�onale
echter niet. Daarnaast verhindert een verslechterde longfunc�e het uitvoeren van ac-
�viteiten in het dagelijks leven. Pa�ënten ervaren kortademigheid �jdens het uitvoeren
van ac�viteiten en deze kortademigheid kan toenemen naarmate de ac�viteit langer du-
urt of de intensiteit van de ac�viteit toeneemt. InHoofdstuk 3wordt de mogelijke associ-
a�e tussen luchtwegobstruc�e en gangbeeld �jdens de GRAIL 6MWT onderzocht. Uit de
resultaten blijken dat de �jd in de zwaaifase wordt geassocieerd met een verslechterde
longfunc�e in COPD.

In Hoofdstuk 4 worden de patronen in de fluctua�es van spa�o-temporele parameters
en het massa middelpunt van het lichaam in pa�ënten met COPD �jdens de GRAIL 6MWT
onderzocht. Pa�ënten met COPD vertonen veranderingen in schredelengte in vergelijk-
ing met niet-COPD personen. De gemiddelde schredelengte, de mate van fluctua�es in
schredelengte, en patronen in fluctua�es van schredelengte zijn meer rigide in pa�ënten
met COPD wanneer gecorrigeerd wordt voor het verschil in wandelsnelheid tussen de
groepen. Dit duidt op verstoringen in het gangpatroon van pa�ënten met COPD. Deze
veranderingen in het gangbeeld zijn mogelijk geassocieerd met een verhoogde valrisico
en verminderde balanscontrole in pa�ënten met COPD. Ondanks dat de lokale stabiliteit
van het massamiddelpunt van het lichaam niet aangedaan is in pa�ënten met COPD wan-
neer gecorrigeerd wordt voor het verschil in wandelsnelheid, wordt aangeraden om ver-
volgonderzoek te richten op het iden�ficeren van de rela�e tussen func�onele klinische
parameters en gangbeeld parameters.

Gewrichtshoeken van de onderste extremiteiten zijn meer globale parameters dan spa�o-
temporele parameters en zouden mogelijk aangedaan zijn in pa�ënten met COPD. Wan-
neer personen buiten de eigen voorkeurssnelheid wandelen, kan dit leiden tot grotere
veranderingen in het gangpatroon. Hoofdstuk 5 beschrij� de gewrichtshoeken in de on-
derste extremiteiten van pa�ënten en niet-COPD personen, terwijl de deelnemers op
verschillende snelheden hebben gewandeld. Pa�ënten met COPD worden gekenmerkt
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door een verminderde stabiliteit in de bewegingspatronen van de knie en heup over de
verschillende wandelsnelheden in vergelijking met niet-COPD personen. In de algemene
popula�e, wordt een verminderde stabiliteit geassocieerd met een verhoogd valrisico.
Dit duidt mogelijk op een rela�e tussen een verminderde stabiliteit in de bewegingspa-
tronen van het lichaam en de verhoogde balansverstoringen en valrisico in de COPD
pa�ëntenpopula�e.

In Hoofdstuk 6 wordt het effect van longrevalida�e op het gangpatroon van pa�ënten
met COPD beschreven. Pa�ënten met COPD hebben een longrevalida�e programma
ondergaan van 40 sessies. Fysieke training, waaronder duur, kracht en interval train-
ing, is een belangrijk component binnen de reguliere longrevalida�e. Longrevalida�e
hee� geresulteerd in een verbeterde wandelafstand in pa�ënten met COPD. Pa�ënten
vertonen een snellere wandelsnelheid en schrede�jd. Bovendien zijn de spierkracht en
uithoudingsvermogen in de quadriceps spieren toegenomen. Echter vertonen pa�ënten
met COPD geen veranderingen in de fluctua�es van de gangparameters na longrevali-
da�e. Dit betekent dat de huidige longrevalida�e programma tot dusver niet tot ver-
beteringen in de variabiliteit van het bewegingsapparaat in pa�ënten met COPD leidt.
Daarnaast werden verschillen in gemiddelde spa�otemporale parameters aangetoond
tussen pa�ënten die verbeteren �jdens de revalida�e en pa�ënten die niet-tot nauweli-
jks verbeteren. Echter werden er geen verschillen gevonden in de variabiliteit in het
gangpatroon tussen deze subgroepen. Addi�onele trainingsprogramma’s gericht op bal-
ans en loopfunc�e zouden mogelijk tot verbeteringen kunnen leiden in het gangbeeld in
pa�ënten met COPD.

In Hoofdstuk 7 worden de bevindingen van het proefschri� besproken en tegen het licht
gehouden met de huidige literatuur. Dit proefschri� laat zien dat pa�ënten met COPD
veranderingen in het gangpatroon vertonen �jdens de 6MWT op het GRAIL systeem en
het wandelen op verschillende wandelsnelheden. Daarnaast hee� longrevalida�e een
posi�eve invloed op spierfunc�e van het onderlichaam en de inspanningscapaciteit in
pa�ënten met COPD. Echter, hee� longrevalida�e geen invloed op de gangparameters,
die geassocieerd worden met balansverstoringen en een verhoogd valrisico. In dit hoofd-
stuk worden de zwakheden van het proefschri� besproken en worden aanbevelingen
voor toekoms�g onderzoek gedaan. Toekoms�g onderzoek kan zich richten op het iden-
�ficeren van de onderliggende mechanismen die een rol spelen in een verslechterd gang-
beeld in COPD, het iden�ficeren van diagnos�sche en monitorings-instrumenten om het
gangbeeld van pa�ënten met COPD in kaart te brengen, en het evalueren van de rela�e
tussen veranderingen in het gangbeeld met balansverstoringen en valrisico in COPD.
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This thesis includes a series of scien�fic studies to broaden our knowledge on gait char-
acteris�cs of pa�ents with chronic obstruc�ve pulmonary disease (COPD). In the current
chapter, these studies and their outcomes are posi�oned in a broader societal and eco-
nomical context to transfer the scien�fic knowledge described into clinical prac�ce, and
to translate the findings into future perspec�ves.

Relevance

COPD is highly prevalent and is expected to further increase in the coming decades. COPD
is a leading cause of morbidity and mortality worldwide. Moreover, COPD has a major
societal and economic burden, due to factors such as frequent exacerba�ons and the
presence of comorbidi�es in pa�ents with COPD. COPD has a significantly impact on a
pa�ent’s quality of life and those caring for the pa�ent. In addi�on, the decline in res-
piratory func�on characterizes COPD and is associated with progressive symptoms and
func�onal impairment.

Pa�ents with COPD suffer from skeletal muscle dysfunc�on and func�onal limita�ons,
which have a significant effect on the pa�ents’ daily life. Skeletal muscle dysfunc�on and
func�onal limita�ons worsen with increasing disease severity. Func�onal limita�ons re-
sult in reduced independence and quality of life in pa�ents with COPD. Consequently,
ac�vi�es of daily life, such as walking, become increasingly more difficult to perform.
Furthermore, pa�ents with COPD are at increased risk for falls as compared to non-COPD
individuals. As falls o�en occur during walking, it is important to gain a be�er understand-
ing of gait impairments in COPD. Consequently, improved insight into gait impairments in
COPD can contribute to developing assessment tools to evaluate gait func�on and pro-
viding interven�ons to reduce gait impairments in pa�ents with COPD.

Target groups

Health care professionals

The results of this thesis are primarily important for health care providers, such as respi-
ratory physicians and physiotherapists. Increasingly more studies report gait altera�ons
in pa�ents with COPD as compared to non-COPD individuals and the current findings
presented in this thesis strengthen previous findings on gait altera�ons in COPD. While
gait assessment is currently not incorporated in clinical prac�ce for COPD, it may be a
promising tool to improve pa�ent’s care. Therefore, this thesis contributes to the in-
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creasing awareness of the extra-pulmonary manifesta�ons of COPD, including reduced
mobility and gait func�on. It discusses the opportuni�es of gait analysis and its clinical
implica�ons in the respiratory field. Iden�fying gait impairments in pa�ents with COPD
is important to determine appropriate diagnos�c tools to assess gait func�on in this pop-
ula�on. In addi�on, gait characteris�cs that are associated with fall risk are of clinical
interest and gait analysis in COPD may help deciding treatment methods for those with
impaired gait func�on. Consequently, gait assessment and gait training may become an
essen�al part of disease management in COPD.

Pa�ents with COPD

Pa�ents do not directly benefit from the studies described in this thesis. However, this
thesis sheds light on gait assessment and evalua�on of gait func�on a�er pulmonary
rehabilita�on in COPD. On the long term, pa�ents may profit from a be�er understanding
of gait impairments in COPD. Diagnos�c tools for gait impairments may be developed
and training programs directed to improve gait func�on in COPD may be introduced in
the treatment of pa�ents. Such gait training exercises could be integrated in pulmonary
rehabilita�on programs to provide personalized care to each pa�ent.

This thesis showed that pa�ents with COPD benefit from a comprehensive pulmonary re-
habilita�on program. More specifically, lower-limb muscle strength and endurance, body
composi�on, mobility, func�onal exercise capacity and walking speed improve following
pulmonary rehabilita�on. These findings are in line with the current literature on the
benefits of pulmonary rehabilita�on for pa�ents with COPD.

Ac�vi�es and products

The findings of this thesis have led to several ac�vi�es in the field of exper�se. The re-
sults of this thesis have been presented at various symposia and congresses, including
the European Respiratory Society Congress in 2014 (Munich, Germany), 2015 (Amster-
dam, the Netherlands), and 2016 (London, United Kingdom); the SMALLL congress in
2015 (Maastricht, the Netherlands) and 2017 (Leuven, Belgium); the World Congress of
Biomechanics in 2018 (Dublin, Ireland); and the Netherlands Respiratory Society Sympo-
sium in 2015. Furthermore, the findings have been translated into original manuscripts,
published in interna�onal scien�fic journals. Results have been presented at different
mee�ngs at CIRO, Maastricht University, Maastricht University Medical Centre and other
ins�tu�ons. These ac�vi�es have led to a pilot study aimed at gait perturba�on in pa-
�ents with COPD. To gain exper�se from a renowned center in gait variability, this has led
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to an interna�onal collabora�on to study the underlying pa�erns within gait fluctua�ons
in COPD, at the Center for Research in Human Movement Variability at the University of
Nebraska in Omaha (US). This thesis may inspire future research in understanding gait
characteris�cs in pa�ents with COPD and determining methods to evaluate and improve
gait func�on in COPD.

Future perspec�ves

The findings in the current thesis might be important for researchers in the field. This the-
sis described altera�ons in gait characteris�cs of pa�ents with COPD. This has led to new
research ques�ons, which are presented in the discussion chapter. The presented find-
ings create new opportuni�es and calls for future studies. Studies into gait impairments
in COPD in various condi�ons are needed, and inves�ga�ons in the underlying causes
of gait impairments and its rela�on to balance and fall risk in COPD are recommended.
Furthermore, studies into methods (e.g. exercise, gait or balance training) to improve
gait characteris�cs in pa�ents with COPD is of interest to improve gait func�on in these
pa�ents.

In addi�on, gait analysis was conducted using three dimensional mo�on capture systems,
the gold standard for gait assessment. In the near future, studies may inves�gate the use
of portable and less expensive systems to quan�fy and monitor gait characteris�cs in
COPD. This creates the opportunity to evaluate and monitor gait in pa�ents with COPD in
their home environment. In turn, gait assessment may become more accessible in clinical
prac�ce, enabling implementa�on of gait assessment in standard care for COPD.
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jouw geduld en vertrouwen.

Ik ben dankbaar voor mijn copromotor, Kenneth, voor zijn begeleiding, steun en vertrouwen
in de afgelopen jaren. Ik kon met mijn wetenschappelijke en persoonlijke vragen al�jd bij
jou terecht. De PhD mee�ngs die je hebt gëıntroduceerd waren zeer waardevol. Jouw
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speciale dank gaat uit naar de afdeling longfunc�e, radiologie en biometrie. Jullie flex-
ibiliteit en inzet voor de onderzoeksme�ngen waardeer ik zeer. Daarnaast wil ik de col-
lega’s bedanken die zelf aan het onderzoek hebben deelgenomen en / of enthousiaste
vrijwilligers hebben aangeleverd.
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en Vasilis. Jullie maakten promoveren toch zoveel leuker. Ik denk met veel plezier terug
aan de leuke momenten die we samen hebben gedeeld (etentjes, bruilo�en, kraambe-
zoeken, congressen en de wall-sit challenge). In het bijzonder wil ik Jeannet bedanken
voor haar hulp bij het uitvoeren van de onderzoeksme�ngen. Anouk en Jeannet, ik ben
blij dat onderzoek met de GRAIL wordt voortgezet in CIRO.
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kamer 2.220, met wat veranderingen in de samenstelling, en eindigde in kamer 2.200.
Ik heb een geweldige �jd met jullie gehad. Bedankt voor de leuke werksfeer. Jullie in-
teresse, kri�sche vragen en behulpzaamheid hebben mij al�jd erg geholpen �jdens mijn
promo�eonderzoek. Paul wil ik bedanken voor de technische ondersteuning, het pro-
grammeren en de leuke gesprekken over het goede leven. Ook Harry wil ik bedanken
voor het feit dat je mij al�jd uit te brand hielp als ik computerproblemen had.

De studenten die hebben bijgedragen aan mijn onderzoek. Bedankt voor jullie hulp met
het includeren van proefpersonen, het verrichten van de onderzoeksme�ngen en het
meedenken. Ik wens jullie veel succes toe in jullie toekomst.

Mijn huidige collega’s bij Orthopedie Groot Eindhoven, dank voor jullie geduld en inter-
esse in de voortgang van dit proefschri�. Ik ben blij dat ik deze nieuwe uitdaging mocht
aangaan �jdens het afronden van mijn promo�eonderzoek. Met veel plezier ga ik dageli-
jks naar mijn werk. In het bijzonder wil ikMariekebedanken voor haar steun en luisterend
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jullie steun. Ik kijk elke keer uit naar het volgende moment dat wij samen komen om bij te
kletsen. Fabienne, jouw nuchterheid en grappige opmerkingen waardeer ik ontze�end.
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Bedankt voor de interesse in de voortgang van mijn proefschri� en de gezellige etentjes
om mijn gedachten af te leiden.
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Toos, Mathieu, Maarten en Lidia, bedankt voor jullie interesse in de voortgang van dit
proefschri�. Ik waardeer het ontze�end dat jullie al�jd voor ons klaar staan.

親愛的爸爸、媽媽，

在一個陌生國家展開新生活並非易事。我在您們身上學懂努力不懈，從而達到今日的成就。

感激您們一直支持，經常準備家常菜為我打氣。謝謝您們無條件的愛。

Lieve Hoi-Yan, Felix, Karleun, Tiffany, Che-Yan en Huy. Jullie gaven mij alle ruimte om
mijn promo�eonderzoek af te ronden. Ik ben dankbaar dat ik al�jd bij jullie terecht kan.
Ik heb het getroffen met zo’n leuke familie!

Lieve Mar�jn, �jdens mijn promo�eonderzoek stond je al�jd voor mij klaar. Op de mo-
menten waarop ik het even niet meer zag zi�en, kon je mij ook geruststellen en weer aan
het lachen maken. Woorden schieten tekort hoeveel je voor mij betekent. Ik hoop voor
jou ook zo’n goede steun te zijn �jdens het afronden van jouw promo�eonderzoek. Ik
kijk uit naar wat we samen nog meer gaan beleven!
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