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Abstract

Background and aim

Overground gait assessment is limited by the analysis of multiple strides or both spatiotem-
poral gait characteristics, while fixed speed treadmill walking restricts natural gait speed var-
iations. The Gait Real-time Analysis Interactive Lab (GRAIL)-based 6-minute walk test
(6MWT) enables 3D motion analysis and self-paced treadmill walking, and could provide
insight in gait alterations in patients with chronic obstructive pulmonary disease (COPD).
The aim of this study is to compare spatiotemporal gait characteristics between patients
with COPD and healthy elderly during the GRAIL-based 6MWT.

Materials and methods

Eighty COPD patients (60% male; 6217 years; FEV:56+19% predicted) and 38 healthy
elderly (63% male; 6216 years; FEV,:119+17% predicted) performed two GRAIL-based
6MWTs. Mean differences and coefficient of variation of spatiotemporal gait characteristics
were calculated using the trial with the largest walk distance. Sub-analyses were conducted
to account for walking speed differences between groups, and muscle strength and COPD
severity within the patient group.

Results

COPD patients showed increased temporal gait characteristics, decreased stride and step
lengths, and increased gait variability compared to healthy elderly (p<0.01). Stride length
variability remained increased in COPD after correction for walking speed (MD:0.98%,
Cl:0.36—1.61, p = 0.003). Reduced quadriceps strength did not translate into altered gait
characteristics, while COPD severity is associated with stride time (left MD:-0.02s, CI:-
0.04-0.01, p = 0.0083; right MD:-0.02s, CI:-0.04—0.01, p = 0.003).
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Discussion

COPD patients performed the GRAIL-based 6MWT differently compared to healthy elderly.
Further research should use other variability measures to investigate gait characteristics in
COPD, to assess subtle alterations in gait and to enable development of rehabilitation strat-
egies to improve gait, and possibly balance and fall risk in COPD. Other lower limb muscle
groups should be considered when investigating gait alterations in COPD.

Conclusion

COPD patients have different gait characteristics compared to healthy elderly. Independent
of walking speed, COPD patients demonstrate increased stride length variability during the
GRAIL-based 6BMWT compared to healthy elderly.

Introduction

Patients with chronic obstructive pulmonary disease (COPD) report walking as one of the
most problematic activity in daily life [1]. Patients 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 evaluation of treatment and as
a prognostic value, in which walking distances <350 m on the 6MWT are associated with
increased mortality [4]. In addition, patients with COPD demonstrate extrapulmonary mani-
festations affecting the muscular system, resulting in muscular dysfunction [5, 6] and most
probably in gait (walking) alterations.

Gait assessment could provide insight in the biomechanical factors associated with the
reduced walk distances in patients with COPD. To date, several studies have explored gait
in COPD [3, 7-10]. One study reported that gait alterations, such as limping and shuffling,
are associated with disease severity in COPD [11]. Patients with COPD also demonstrate
decreased cadence, shorter step lengths, increased time spent in double support and a lack of
increase in peak ankle dorsiflexion moment after the onset of breathlessness or leg tiredness
compared to healthy subjects, while walking at their comfortable speed [7-9]. Increased bal-
ance disturbances in mediolateral direction in patients with COPD were observed during the
6MWT [3]. Furthermore, patients with COPD walk with an larger step time and smaller step
width variability during fixed speed treadmill [12].

Most studies recorded gait in patients with COPD during overground walking, using accel-
erometry [3], a pressure sensitive mat [7], 2D or 3D motion capture systems [8, 9]. However,
the latter three methods can only assess a limited number of consecutive strides, due to space
and/or equipment constraints. Gait analysis using instrumented treadmills could be an alter-
native to overground gait analysis, as they require less laboratory space [13]. However, tread-
mill walking at fixed speeds restricts subjects to walk with speed variations, resulting in less
natural stride variability. Self-paced treadmill walking, involving a feedback-regulated tread-
mill that allows subjects to walk at their preferred speed, is suggested to be a suitable alternative
to fixed speed treadmill walking in gait analysis [13]. In addition, accelerometry enables the
recording of multiple strides, but cannot reliably capture the spatial gait characteristics [14].

The Gait Real-time Analysis Interactive Lab (GRAIL) enables self-paced treadmill walking
combined with 3D motion capture and could overcome the limitations in overground and
fixed speed treadmill walking. Previous studies observed similar spatiotemporal, kinetic and
kinematic gait characteristics in self-paced and fixed speed treadmill walking using the GRAIL
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system [13, 15]. Moreover, gait speed in self-paced treadmill was comparable to overground
walking when using a similar system as the GRAIL [14]. Spatiotemporal gait characteristics
can therefore be assessed accurately in patients with COPD over multiple consecutive strides
and during exercise testing, such as during a 6MWT. As patients with COPD are able to per-
form the SMWT using the GRAIL with minimal differences compared to the overground
6MWT [16], additional outcomes can be obtained to identify gait alterations within this popu-
lation. In addition, as the 6SMWT is a submaximal exercise test, challenging the body to walk at
speeds outside of the comfortable walking speed can reveal declines in gait or associations in
gait characteristics that are otherwise camouflaged at their comfortable walking speed [17].

The aim of the present study is to compare spatiotemporal gait characteristics between
patients with COPD and healthy elderly during the GRAIL-based 6MWT (with and without
adjustment for expected differences in walking speed; and within the patient sample after strat-
ification for quadriceps muscle strength or COPD severity, described as the degree of airflow
limitation). It was hypothesized that patients with COPD would demonstrate alterations in
their spatiotemporal gait characteristics as compared to healthy elderly.

Materials and methods
Study design

This cross-sectional study was conducted in CIRO, a centre of expertise for chronic organ failure
in Horn, the Netherlands. Patients with COPD, assessed by spirometry (Carefusion, San Diego,
CA, USA) according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) cri-
teria (post-bronchodilator Forced Expiratory Volume in one second /Forced Vital Capacity;
FEV/FVC ratio <0.70), were recruited at regular pre-rehabilitation assessment. Patients with
walking aids, chronic oxygen therapy, orthopaedic ailments and/or neuromuscular co-morbi-
dities affecting their walking patterns were excluded, as well as patients with a history of lung
cancer, asthma, sarcoidosis, tuberculosis and/or lung surgery. Healthy elderly were recruited
amongst healthy subjects who participated in previous trials [18], from co-workers or from
healthy relatives of patients. These healthy elderly subjects were included as the non-COPD
group (post-bronchodilator FEV/FVC ratio >0.70), if subjects did not have any self-reported
neuromuscular and/or orthopaedic ailments. Spirometry and electrocardiography were con-
ducted prior to the GRAIL-based 6MWT. Then, quadriceps muscle strength was measured (Bio-
dex 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]. Participants per-
formed thirty volitional maximal contractions at an angular velocity of 90 degrees per second.
This study (M13-1374) complied with the Declaration of Helsinki and was approved by the Med-
ical research Ethics Committees United (MEC-U) in the Netherlands. This study is registered at
the Dutch Trial Register (NTR4421). Written consent was obtained from all participants.

Assessment of gait

Each participant performed two 6MWT’s using the GRAIL (Motekforce Link, Amsterdam, the
Netherlands), a 3D motion capture system with a instrumented dual-belt treadmill and virtual
reality on a 180 degrees projection screen (Fig 1). Optical flow of the virtual reality environ-
ment was synchronised with the treadmill velocity. Subjects wore tight fitting shorts. Twenty-
five reflective markers were placed on anatomical landmarks of each participant according to
the Human Body Model (HBM) of the lower limb (Fig 2) [20]. The 3D marker trajectories
were collected (100 Hz) with a ten camera 3D motion capture system (Vicon Nexus, Oxford
Metrics Ltd., Oxford, UK) and processed in D-flow (Motekforce Link, Amsterdam, the Neth-
erlands). Ground reaction force data from heel contact to toe off were collected using
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Fig 1. The GRAIL system.

https://doi.org/10.1371/journal.pone.0190099.9001

integrated force plates (Forcelink, 12 channels, sample frequency 1000 Hz). Participants were
able to self-adjust treadmill speed via a feedback-regulated algorithm in D-flow (Motekforce
Link, Amsterdam, the Netherlands). One familiarisation session was performed in order to
become accustomed to self-paced treadmill walking and the virtual reality hallway environ-
ment. The first GRAIL-based 6MW'T was performed after the familiarisation session. Both the
familiarisation and the first GRAIL-based 6MWT were conducted during pre-rehabilitation
assessment. Patients performed the second GRAIL-based 6SMWT between pre-rehabilitation
assessment and the first week of pulmonary rehabilitation. Healthy elderly performed two
GRAIL-based 6MWTs within one day with at least 45 minutes of rest in between the two tests.
Perceived dyspnoea and fatigue were assessed before and after the GRAIL-based 6MW'T using
a BORG scale. Heart rate and pulse oxygen saturation (SpO2) levels were measured prior and
post each GRAIL-based SMWT using pulse oximetry (Nonin, Care Fusion, San Diego, USA).
The instructions of the GRAIL-based 6MWT were provided according to the European Respi-
ratory Society/ American Thoracic Society guidelines [21].

The GRAIL-based 6SMWT 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 deceleration of
the treadmill speed towards the end of the test (S1 Appendix). All steps were included for anal-
ysis. Gait parameters were determined using a custom program in Matlab (MathWorks Inc.,
Natick, USA. S2 Appendix). We computed the following spatiotemporal gait characteristics:
walking speed (m/s), cadence (steps/min), double support time (s), stride time (s), stride length
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Fig 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), tip of the first metatarsal (TOE) and the fifth metatarsal
heads (MT5).

https://doi.org/10.1371/journal.pone.0190099.9002

(m) and step width (m). Step time (s), stance time (s), swing time (s) and step length (m) were
computed for left and right separately. Double support time was calculated as the duration of
both feet on the force plates. Stride time was calculated as the time 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 direction.
Step width was defined as the distance between the toe marker in mediolateral direction
between both feet at heel strike. Step time was calculated as the time from one heel contact to
the contralateral heel contact. Stance time was calculated as the duration between heel strike
and toe off of the ipsilateral leg. Swing time was calculated as the duration between toe of and
heel strike of the ipsilateral leg. Step length was defined as the distance between the toe marker
in anteroposterior direction between both feet at heel strike (Fig 3).

To assess the magnitude of variability in spatiotemporal gait characteristics, coefficient of
variation ([standard deviation of the gait characteristic divided by the mean] x 100%) was
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Fig 3. Spatiotemporal gait characteristics.

https://doi.org/10.1371/journal.pone.0190099.9003

calculated for double support time, stride time, stride length, step width, step time, stance
time, swing time and step length. In addition, we included commonly reported parameters of
the 6MWT, such as 6MWD, mean walking speed, BORG dyspnoea score, BORG fatigue score,
SpO2 level and heart rate.

Statistical analyses

Sample size and power sample size calculations were based on outcomes of Annegarn et al. [3]
using the inter-stride trunk acceleration variability of patients with COPD and healthy elderly.
Thirty-five participants in each group would provide 90% power at alpha 0.05 (two-tailed) to
detect differences between patients with COPD and healthy elderly (63.2+14.0% and 73.7
+12.5%, respectively). As spatiotemporal gait characteristics during the GRAIL-based 6SMWT
have not been assessed, larger sample sizes were used for analyses.

All variables were checked for outliers (S3 Appendix) and normality distribution using the
Shapiro Wilk test. Differences between patients 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 patients and 14 healthy elderly with comparable walking distances was
performed to assess the differences between the groups independent of walking speed. To
assess possible influences of muscular dysfunction on gait, a second sub-analysis was con-
ducted to assess differences in spatiotemporal gait characteristics between patients with low
(isokinetic peak torque <70% predicted) and high (isokinetic peak torque >70% predicted)
quadriceps muscle strength in COPD. This value corresponded to the cut-off value of 2 stan-
dard deviations below the mean isokinetic peak torque for males and females in age group 60
years [19]. In the third sub-analysis, we compared spatiotemporal gait characteristics between
patients with mild to moderate COPD (GOLD I-II) and severe to very severe COPD (GOLD
III-IV). Mean values, mean differences (MD), standard deviations, coefficients of variation
and confidence intervals (CI) were calculated. A p-value below the conventional level of signif-
icance (p<0.01) was considered statistically significant. Statistical analyses were performed
using SPSS, version 22.0 (IBM, New York, USA).

Results
Demographics

A sample of 80 patients and 38 healthy elderly were analysed for this study. Baseline character-
istics of the study population are presented in Table 1. Majority of the patients had moderate
to severe COPD.

The GRAIL-based 6BMWT and spatiotemporal gait characteristics

Patients with COPD achieved on average a shorter 6 MWD compared to healthy elderly (494
+80m and 689+64m, p<0.001, respectively, Table 2). Oxygen saturation level decreased
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Table 1. Demographics of subjects.

Characteristics
Subjects, n

Age, years
Males, n

Weight, kg
Height, m

BMI, kg/m?
FEV4/FVC
FEV,% predicted
Never smoker, n
Former smoker, n
Current smoker, n
GOLD group, n |

Patients with COPD Healthy elderly p-value
80 38
62.3+7.2 62.1+6.3 0.718
48 (60.0) 24 (63.2)
75.9+16.9 79.3+13.0 0.273
1.70 +0.09 1.72+0.08" 0.182
26.3+5.1 26.8+3.1 0.444
0.41+0.11 0.77 +0.05" <0.001*
55.8+19.4 118.6 +16.51 <0.001*
1(1.3) 14 (36.8)
63 (78.8) 23 (60.5)
6 (7.5) 1(2.6)
10 (12.5)
35 (43.8)
29 (36.3)
6 (7.5)

Data are presented as mean + standard deviation or n (%), unless otherwise stated. COPD: chronic obstructive pulmonary disease; BMI: body mass index;
FEV,: forced expiratory volume in 1 s; FVC: forced vital capacity; GOLD: Global Initiative for Chronic Obstructive Lung Disease.
*: indicates a significant (p<0.01) difference between patients and healthy elderly.

T: indicates a non-normal distributed variable.

https://doi.org/10.1371/journal.pone.0190099.t001

significantly during the GRAIL-based 6MWT in patients (-2.7+4.3%, p<0.001) and exercise
induced oxygen desaturation was found in 20% of the patients (SpO,nadir < 88%). Patients
with COPD showed less increase in heart rate and experienced more dyspnoea and fatigue
after the GRAIL-based 6MWT compared to healthy elderly.

Patients with COPD demonstrated decreased cadence compared to healthy elderly (MD:
-17.36steps/min, CI:-21.10- -13.61, p<0.001, Table 3). Mean duration of temporal gait

Table 2. Best GRAIL-based 6MWT outcomes in patients with COPD and healthy elderly.

6MWD, m

Walking speed, m/s
Pre SpO,, %

Post SpO,, %

Pre HR, bpm

Post HR, bpm

Pre Dyspnoea, score
Post Dyspnoea, score
Pre Fatigue, score
Post Fatigue, score

Patients with COPD Healthy elderly p-value
n=280 n=238
493.5+79.7 689.3+64.3 <0.001*
1.4+0.2 1.9+0.2 <0.001*
95.1+1.5" 97.1+1.0" <0.001*
92.3+ 4.6 97.1+1.2" <0.001*
82.0+13.9 65.9+11.9 <0.001*
103.0 + 18.1* 98.6+22.7% 0.295
12+1.2" 0.2+0.3" <0.001*
48+23" 1.1+1.0% <0.001*
1.3+1.3" 0.3+0.4" <0.001*
45+23% 1.3+1.1% <0.001*

Data are presented as mean + standard deviation. COPD: chronic obstructive pulmonary disease. BMWD: 6-minute walk distance; SpO,: peripheral
capillary oxygen saturation; HR: heart rate; bpm: beats per minute.

*: indicates a significant (p<0.01) difference between patients with COPD and healthy elderly.

# indicates a significant (p<0.01) difference between pre and post values.

T: indicates a non-normal distributed variable.

https://doi.org/10.1371/journal.pone.0190099.t002
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Table 3. Spatiotemporal gait characteristics in patients with COPD and healthy elderly.

Mean values

Left

Right

Coefficient of variation

Left

Right

Data are presented as mean * standard deviation.

Cadence, steps/min
Double support time, s

Stride time, s
Stride length, m
Step width, m
Step time, s
Stance time, s
Swing time, s
Step length, m
Step time, s
Stance time, s
Swing time, s
Step length, m

Cadence, %

Double support time, %

Stride time, %
Stride length, %
Step width, %
Step time, %
Stance time, %
Swing time, %
Step length, %
Step time, %
Stance time, %
Swing time, %
Step length, %

*: significant difference between patients with COPD and healthy elderly (p<0.01).

T: indicates a non-normal distributed variable.

https://doi.org/10.1371/journal.pone.0190099.t003

Patients with COPD Healthy elderly p-value
n=80 n=38
118.6+10.3 136.0+8.0 <0.001*
0.28 +0.04 0.24+0.02 <0.001*
1.02+0.09 0.89+0.05 <0.001*
1.43+0.18 1.73+0.14 <0.001*
0.18+0.04 0.17+0.05 0.056
0.51+0.04 0.44+0.03 <0.001*
0.65 +0.06 0.56+0.03 <0.001*
0.37+0.04 0.33+0.02 <0.001*
0.71+0.09 0.86+0.07 <0.001*
0.51+0.05 0.44+0.03 <0.001*
0.65 +0.06 0.56+0.03 <0.001*
0.37+0.04 0.33+0.02 <0.001*
0.72+0.10 0.87+0.07 <0.001*
2.99+1.26" 2.65+0.73" 0.154
6.37 +1.90" 5.19+0.77 0.001*
1.97+0.77F 1.64+0.32 0.102
3.87+1.78" 2.03+0.54" <0.001*
13.97 +5.351 16.95 +7.661 0.011
2.54+0.82" 2.23+0.46" 0.087
2.94+1.05 2.36+0.547 0.002*
2.36+0.561 2.70+0.46" 0.580
435+1.85" 2.58+0.58 <0.001*
258 +0.821 2.26+0.50" 0.081
2.91+1.06" 2.34+0.53 0.003*
2.41+0.65" 2.28+0.47" 0.561
4.35+1.82" 2.61+0.61" <0.001*

characteristics was significantly longer in patients with COPD, while stride length was shorter.
No differences were found between left and right spatiotemporal gait characteristics. Patients
show increased variability in double support time (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 time (left 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 (left 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
statistical significant difference between the groups (MD: -2.98%, CI: -5.39- -0.57, p = 0.011).
The distribution of spatiotemporal gait characteristics for both groups are presented in S4
Appendix.

Sub-analyses

Sub-analysis of 14 patients and 14 healthy elderly subjects with comparable walking distances
was performed to assess differences between the groups independent of walking speed (MD:
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Table 4. Sub-analysis of the GRAIL-based 6MWT outcomes in groups with comparable walking speeds.

Patients with COPD Healthy elderly p-value
n=14 n=14

FEV,/FVC 44.3+10.1 77.7+58 <0.001
FEV,% 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+017 1.7+£0.1 0.701
Pre Sp0,, % 95.8+1.7 97.4+0.6" 0.003*
Post SpO5, % 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 Dyspnoea, score 1.1+0.97 0.2+0.3" 0.001*
Post Dyspnoea, score 5.0+ 22" 0.8+0.5* <0.001*
Pre Fatigue, score 0.9+0.97 0.3+0.5" 0.006*
Post Fatigue, score 4.8+2.4" 0.9+ 0.9 <0.001*

Data are presented as mean + standard deviation. COPD: chronic obstructive pulmonary disease. BMWD: 6-minute walk distance; SpO,: peripheral
capillary oxygen saturation; HR: heart rate; bpm: beats per minute.

*: indicates a significant (p<0.01) difference between patients and healthy elderly.

# indicates a significant (p<0.01) difference between pre and post values.

T: indicates a non-normal distributed variable.

https://doi.org/10.1371/journal.pone.0190099.t004

-10.2m, CI: -36.7-16.3, p = 0.437, Table 4). Heart rate, dyspnoea and fatigue scores signifi-
cantly differed in pre and post exercise testing within each group and between the groups.
Mean spatiotemporal gait characteristics in patients with COPD did not differ with healthy
elderly. Variability in gait characteristics showed differences in stride length. (MD: 0.98%, CI:
0.35-1.61, p = 0.003) and partly in step length (left MD: 1.07%, CI: 0.36-1.78, p = 0.005; right
MD: 1.10%, CI: 0.23-1.97, p = 0.014) between patients and healthy subjects (Table 5). No
asymmetry was found between left and right spatiotemporal gait characteristics. Distribution
of spatiotemporal gait characteristics for both groups are presented in S5 Appendix.

In the second sub-analysis, the influence of muscular dysfunction on gait characteristics
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 muscle strength were
conducted for males and females separately (Table 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 spatiotemporal gait
characteristics 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 limitation on gait character-
istics was assessed within the COPD group. Spatiotemporal gait characteristics were compared
between patients with mild-moderate COPD (68.9 + 1.9% predicted) and severe-very severe
COPD (38.0 + 8.0% predicted; Table 7). Mean swing time was significantly different between
the groups (left MD: -0.02s, CI: -0.04- -0.01, p = 0.003; right MD: -0.02s, CI:-0.04-0.01,

p = 0.003).

Discussion

This study demonstrates that patients with COPD have different spatiotemporal gait charac-
teristics as compared to healthy elderly during a self-paced treadmill based 6MWT. Patients
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Table 5. Sub-analysis of the spatiotemporal gait characteristics in groups with comparable walking speeds.

Patients with COPD Healthy elderly p-value
n=14 n=14
Mean values
Cadence, steps/min 128.40+£12.00 132.00 £ 4.86 0.306
Double support time, s 0.25+0.02" 0.24 +0.02 0.227
Stride time, 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
Left Step time, s 0.47 £ 0.04 0.46 £ 0.02 0.209
Stance time, s 0.59+0.04 0.57+£0.03 0.158
Swing time, 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 time, s 0.47 £0.04 0.45%0.02 0.213
Stance time, s 0.60 + 0.05 0.58 +0.03 0.180
Swing time, 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 variation
Cadence, % 2.81+0.84 2.44 +0.87" 0.104
Double support time, % 5.81+1.36 4.74+0.75 0.015
Stride time, % 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 +5.921 15.09 + 4.82 0.963
Left Step time, % 2.41+0817 1.93+0.27 0.178
Stance time, % 2.64 +0.90" 2.09+0.34 0.050
Swing time, % 2.35+0.70" 2.02+0.28 0.352
Step length, % 3.61+1.12 2.54+0.63 0.005*
Right Step time, % 2.43+0.85" 2.05+0.40 0.265
Stance time, % 2.62+0.89" 2.02+0.33 0.062
Swing time, % 2.35+0.73" 2.10+0.33 0.839
Step length, % 3.72£1.40" 2.62+0.67 0.014

Data are presented as mean + standard deviation. COPD: chronic obstructive pulmonary disease.
*: indicates a significant (p<0.01) difference between patients and healthy elderly.
T: indicates a non-normal distributed variable.

https://doi.org/10.1371/journal.pone.0190099.t005

achieved shorter walk distances with a lower cadence and increased duration of temporal gait
characteristics. Patients took shorter steps and showed increased variability in double support
time, stride length, stance time and step length. Sub-analysis showed that differences in mean
spatiotemporal gait characteristics are mainly attributed to differences in walking speed
between the groups. However, variability in stride length remained higher in patients with
COPD compared to healthy elderly in the sub-analysis of subject groups with comparable
walking speeds. Stratifying patients by quadriceps muscle strength did not distinguish differ-
ences in spatiotemporal gait characteristics. Patients with mild-moderate COPD showed
decreased swing time as compared to severe-very severe COPD.

This is the first study to investigate spatiotemporal gait characteristics during a self-paced
treadmill based 6MWT in patients with COPD using the GRAIL. Walking speed and cadence
were decreased in patients with COPD, which is in line with previous studies [3, 22, 23].
Reduced gait speed and cadence could reflect respiratory limitations associated with muscular
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Table 6. Spatiotemporal gait characteristics of patients within low and high muscle strength group.

Mean values

Left

Right

FEV,/FVC

FEV,% predicted
Isokinetic strength, Nm
Isokinetic strength % predicted
6MWD, m

Walking speed, m/s
Cadence, steps/min
Double support time, s
Stride time, s

Stride length, m

Step width, m

Step time, s

Stance time, s

Swing time, s

Step length, m

Step time, s

Stance time, s

Swing time, s

Step length, m

Male Female
Low muscle High muscle p-value Low muscle High muscle p-value
strength group strength group strength group strength group
n=18 n=25 n=18 n=8
37.92+10.57 42.95+12.06 0.163 41.29+12.27 ‘44.25 +11.91 0.549
51.12+15.66 58.59 + 19.60 0.189 56.27 + 22.88 53.80 + 14.94 0.783
102.57 £18.71 144.09 + 23.86 <0.001* 66.72 £ 8.00 97.60+12.11 <0.001#
60.39 9.38" 84.03+9.86" <0.001* 56.825.92 86.57 +7.88 <0.001"
484.61+73.87 518.75+ 84.64 0.177 488.61 +87.00 481.33+79.03 0.841
1.38 £ 0.21 1.49+0.24 0.117 1.40£0.25 1.38+0.24 0.832
113.60+9.30 118.39 + 11.077 0.143 123.01+9.55 119.47 +6.43 0.351
0.29+0.03 0.29 +0.04" 0.695 0.26 £ 0.05 0.29+0.04 0.170
1.06 +0.09 1.02+0.09 0.133 0.98 +£0.08 1.01+0.06 0.426
1.45+0.18 1.50+£0.18 0.330 1.36+0.18 1.38+0.21 0.803
0.19+0.05 0.20 £ 0.04 0.472 0.15+0.03 0.18+0.03 0.056
0.54 +0.05 0.51+0.04" 0.108 0.50 £ 0.04 0.51+0.03 0.549
0.67+0.05" 0.65 £ 0.06 0.220 0.62 +0.06" 0.65+0.04 0.149
0.39+0.04 0.37+£0.03" 0.083 0.36 £0.03 0.36+0.02" 0.617
0.73+0.09 0.74+0.11 0.749 0.69 +£0.09 0.69+0.11 0.992
0.53+0.05 0.51+0.05 0.175 0.49+£0.04 0.50+0.03 0.358
0.68+0.05" 0.66 + 0.06 0.159 0.63+0.06" 0.65 +0.04 0.201
0.38 +0.04 0.37 £0.03" 0.141 0.36 +0.03 0.36 +0.02 0.926
0.72+0.09 0.77 £0.10" 0.046 0.68+0.10 0.70+0.10 0.634

Data are presented as mean +* standard deviation.
*: indicates a significant (p<0.01) difference between males in low and high muscle strength.
#: indicates a significant (p<0.01) difference between females in low and high muscle strength.

T: indicates a non-normal distributed variable.

https://doi.org/10.1371/journal.pone.0190099.t006

dysfunction in COPD [22, 24, 25]. These gait alterations might be an adaptation 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 demands of the leg muscles and thus
allows for increased walking distance in patients with impaired lung function [26]. Increased
step width could be an adaptation to increase the base of support during the double support
phase of gait [9]. However, our results did not support differences in step width between
patients with COPD and healthy elderly.

Increased variability in double support time, stride length, stance time and step length were
found in patients with COPD as compared to healthy elderly. These findings show that pa-
tients are less consistent in their walking pattern during the GRAIL-based 6MWT. Step length
and stance time variability are increased in older adult fallers as compared to older adult non-
fallers [27, 28]. Increased gait variability in COPD could therefore be associated with an
increased fall risk within this population. Decreased step width variability in patients with
COPD as compared to healthy elderly subjects did not reach a statistical 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 indicate that patients are less able to
maintain stability, thus predisposing an individual to a fall [29, 30].
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Table 7. Spatiotemporal gait characteristics of patients within mild-moderate and severe-very severe COPD.

Mean values
FEV4/FVC
FEV,% predicted
6MWD, m
Walking speed, m/s
Cadence, steps/min
Double support time, s
Stride time, s
Stride length, m
Step width, m
Left Step time, s
Stance time, s
Swing time, s
Step length, m
Right Step time, s
Stance time, s
Swing time, s
Step length, m

Mild-moderate COPD Severe-very severe COPD p-value
n=45 n=35

47.98 + 8.55 32.98+8.86" <0.001"

69.70+13.24 37.98+8.04 <0.001"
507.05 + 87.98 480.55 + 65.70 0.141
1.45+0.25 1.37+0.18 0.093
120.54 + 10.84 116.12 +9.00 0.055
0.29+0.03 0.28 +0.04 0.234
1.00 + 0.09 1.04+0.08 0.048
1.44 +0.21 1.41+0.14 0.534
0.19+0.04 0.17 £0.04" 0.043
0.51+0.05 0.52 +0.04 0.088
0.64+0.06 0.66 + 0.06 0.315
0.36+0.04" 0.38+0.03 0.002"
0.72+0.10 0.70+0.08 0.332
0.50 +0.05 0.52+0.04 0.055
0.65+0.06 0.66 + 0.06 0.313
0.36 +0.04 0.38+0.03 0.003"
0.72+0.11 0.71+0.08" 0.186

Data are presented as mean + standard deviation.
*: indicates a significant (p<0.01) difference between mild-moderate COPD and severe-very severe COPD.

T: indicates a non-normal distributed variable.

https://doi.org/10.1371/journal.pone.0190099.t007

Variability in spatiotemporal gait characteristics was calculated as the coefficient of varia-
tion, describing the magnitude of variation in each spatiotemporal gait characteristic. When
examining the individual variations per gait characteristic, 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 tempo-
ral structure of variation into account could provide additional insight into the control of the
system while walking [31-34]. Future research might investigate temporal fluctuations of gait
characteristics in patients with COPD, to determine subtle alterations in gait in patients with
COPD and its associations with fall risk.

The first sub-analysis showed increased variability in stride length in patients with COPD
compared to healthy elderly, which indicates that patients with COPD are more variable in
their stride lengths irrespective of walking speed differences. Patients with COPD seem to dis-
play a larger distribution of variability in their gait characteristics as compared to healthy
elderly when walking at similar walking speeds. These patients experienced greater elevated
heart rates and report higher dyspnoea and fatigue scores for both pre and post values com-
pared to healthy elderly. These findings direct to the systemic consequences of COPD, result-
ing in muscular dysfunction and deconditioning [5, 35], in which pulmonary rehabilitation
has proven to enhance exercise performance in patients with COPD [36]. Patients with COPD
are more susceptible to fatigue [37], possibly explaining the increased fatigue scores in our
patients as compared to healthy elderly. Gait alterations in patients with COPD could result in
decreased exercise capacity and increased symptoms after the 6MWT. Therefore, gait training
could be incorporated within pulmonary rehabilitation programs to improve walking ability
and symptoms after exercise testing in COPD.
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Previous literature reported correlations between the severity of the disease and functional
exercise capacity [38, 39]. However, the current study does not provide evidence for influences
of COPD severity on spatiotemporal gait characteristics. Airflow limitation might not have
translated to alterations in mean spatiotemporal gait characteristics in COPD. This could be
explained by that patients were mostly diagnosed as GOLD II (moderate) and III (severe),
whereas patients with GOLD I (mild) and IV (very severe) were less represented in the disease
severity groups. Skeletal muscle dysfunction, in particular the quadriceps, is well recognized in
COPD and is associated with impaired functional capacity, such as the 6SMWT [40, 41]. Our
results however did not support differences in spatiotemporal gait characteristics between
patients with low and high quadriceps muscle strength. A possible explanation could be that
reduced quadriceps muscle strength is not directly related to impaired spatiotemporal gait
characteristics in COPD. Alternatively, more distal located lower limb muscles might be more
appropriate to be associated with gait characteristics. Previous studies have demonstrated the
importance of the triceps surae for propulsion during gait [42-45]. Weakness in ankle dorsi-
flexors and plantarflexors has been reported to be greater than weakness present in the quadri-
ceps of patients with COPD [46, 47]. In addition, patients with COPD demonstrate a lack of
increase in peak ankle dorsiflexion moment after a fatiguing treadmill protocol [9]. Patients
with COPD might therefore experience problems in lowering their forefoot after heel strike.
Future studies may examine the association between decreased muscle strength in other mus-
cle groups in the lower limbs and altered gait characteristics.

The current study has some limitations. First, subjects walked on a motorized treadmill,
which may impede natural walking pattern and its variability. However, previous studies have
reported equivocal findings [48-50]. Self-paced treadmill walking was used to provide a more
natural control of the walking speed [14, 51], while virtual reality environment could have cre-
ated a more realistic environment due to the use of a virtual environment enabling optic flow
[15]. In addition, self-paced treadmill walking has been validated for healthy subjects during
comfortable walking speed [14, 51]. Second, the sample size of female patients in the high
quadriceps muscle strength group is small. Consequently, these subjects might not be a com-
prehensive representation of female patients within the high muscle strength group.

In conclusion, patients with COPD have different spatiotemporal gait characteristics during
a self-paced treadmill SMWT compared to healthy elderly as assessed by the GRAIL. Indepen-
dent of walking speed, patients with COPD show increased stride length variability during the
GRAIL-based 6MWT. Reduced quadriceps strength does not translate into altered spatiotem-
poral gait characteristics, while COPD severity has impact on swing time. Further research
should investigate gait characteristics in patients with COPD using other variability measures,
to assess subtle alterations in gait and to enable development of rehabilitation strategies to
improve gait, and possibly balance and fall risk in these patients. In addition, other muscle
groups in the lower limbs should be taken into account when investigating gait alterations in
COPD.
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