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Objective: To investigate the interday test–retest
reliability of volitional and non-volitional measurements of isometric quadriceps strength using a
strain-gauge in people with severe to very severe
chronic obstructive pulmonary disease.
Design: Cross-sectional study. Volitional quadriceps
measurements consisted of isometric maximal voluntary contractions. Non-volitional measurements
were obtained during magnetic potentiated twitch
stimulations of the femoral nerve.
Setting: Research centre laboratory.
Participants: Twenty-four individuals with severe to
very severe chronic obstructive pulmonary disease
(percentage of predicted forced expiratory volume
in 1 s, 37% predicted).
Results: Maximal voluntary contractions and potentiated twitch stimulations measures demonstrated
excellent interday test–retest relative reliability
(ICC 0.97 and 0.80, respectively), while absolute
reliability measures were different between techniques (SEM 1.4 kg, CV 3.2%, MDC 3.9 kg vs SEM 1.5
kg, CV 12.2%, MDC 4.2 kg for maximal voluntary
contractions and potentiated twitch stimulations,
respectively).
Conclusion: The results supports that maximal voluntary contraction and potentiated twitch stimulation measurements of isometric quadriceps strength
are reliable in people with severe to very severe chronic obstructive pulmonary disease as evident excellent relative reliability using both techniques, although the former technique appears to have better
absolute reliability.
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Q

uadriceps muscle dysfunction has been recognized as one of the most important systemic
manifestations of chronic obstructive pulmonary
disease (COPD), intimately linked with everyday
physical activity (1), exercise intolerance (2), healthrelated quality of life (3), healthcare service use (4)

LAY ABSTRACT
In people with chronic obstructive pulmonary disease
(COPD), measuring the strength of the thigh muscle is
highly recommended as it can provide valuable information about the clinical impact and the prognois of the disease. However, it is important that measurements are
reliable, that is, that they are accurate, reproducible,
and consistent from one testing occasion to another. In
this study, people with COPD performed static maximal
thigh muscle contractions against a fixed resistance at a
knee angle of 90°. The results indicate that measuring
maximal contractions performed by the patient themselves (volitional) or those achieved by stimulating the
femoral nerve in the thigh (non- volitional), could reliably be used to assess thigh muscle strength in people
with COPD, although the former technique seems to be
most reliable.

and mortality (5, 6). A corollary of the prognostic and
clinical importance of quadriceps muscle dysfunction
in COPD is that it is recommended to assess quadriceps
muscle strength in this group of people (6). Such an
assessment could be performed using either volitional,
effort-dependent manoeuvres or non-volitional techniques, such as electrical or magnetic stimulations of the
femoral nerve (7, 8). The recent American Thoracic
Society (ATS)/European Respiratory Society (ERS)
statement on limb muscle dysfunction in COPD (6),
recommended that isometric measurements of quadriceps muscle strength using strain-gauges should
be favoured over other alternative strategies, due to its
simplicity, availability and the quality of information
provided (6, 9). However, while volitional, effortdependent manoeuvres are the most clinically feasible
way of measuring quadriceps strength (8), it is perhaps
not suitable for all persons, as it relies on the motivation and full cooperation of the individual performing
the test (7). Thus, the use of non-volitional strategies,
such as magnetic stimulation of the femoral nerve, to
evaluate quadriceps strength have received increasing
attention during the last decade and has been used to
document the effects of different exercise modalities
on muscle strength as well as on quadriceps fatigability
in people with COPD (10–14).
Irrespective of whether volitional or non-volitional
measurement techniques are used to assess quadriceps
muscle strength, the reliability of these techniques
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needs to be established before they can be implemented
and used in clinical practice. In people with moderate COPD (forced expiratory volume in 1 s (FEV1)
65 ± 21%), isometric (maximal voluntary contraction;
MVC) measurement using a strain gauge has demonstrated excellent interday test–retest reliability (15),
while the reliability of non-volitional techniques are
yet to be fully determined among people with COPD.
Other than a reported within-subject test–retest coefficient of variation (CV) of 5 ± 6%, reported in a previous
study by Saey et al., to the best of our knowledge, no
test–retest reliability assessment of magnetic stimulation of the femoral nerve has been reported previously.
Furthermore, the potential reliability of volitional and
non-volitional measurements of quadriceps strength
in people with more severe disease has not been well
documented, and is yet to be determined. Establishing
the reliability of these measurements in people with
more severe disease is of importance, considering
that the prevalence of quadriceps weakness increases
with increasing disease severity. For example, the
prevalence rate of muscle weakness is approximately
20% in people with mild and moderate COPD and over
40% in more severe disease (16). Thus, the primary
objective of this study was to determine absolute and
relative interday test–retest reliability of isometric
volitional (MVC) and non-volitional (TWp) assessment
of isometric quadriceps muscle force in people with
severe to very severe COPD. We hypothesized that
both measurement strategies would demonstrate excellent relative reliability, as evidenced by an intraclass
correlation coefficient (ICC) > 0.75.
METHODS
Participants and study design
A total of 24 individuals with stable COPD, 40 years of age or
older, who had a cumulative (current or past) smoking history of
> 10 pack years and a post-bronchodilator FEV1 ≤ 50% predicted
(17) were included. Exclusion criteria were: a recent exacerbation
(< 6 weeks prior to study participation), neuromuscular and/or
orthopaedic disorders that compromised participation in testing,
recent cancer, unstable cardiac disease/cardiac stimulator, current
asthma, low body-weight or obesity (body mass index < 20 or
> 30 kg/m2), resting O2-pulse saturation < 85% or a daily dose
> 10 mg of systemic prednisone. For the purpose of interday
test and retest comparisons, participants attended our research
laboratory on 2 occasions during 1 week (minimum 48 h apart).
All test procedures were conducted independently by the same
assessor, who had approximately 5 years’ experience with quadriceps muscle testing in patients with COPD. In addition, test
conditions (time of day, setting, setup of equipment, instructions,
etc.) were identical between test occasions. All participants provided written informed consent, and the research was approved by
the local ethics committee (CER: 21111). Recruitment and data
collection were performed from November 2014 to June 2016.
For purposes of characterization, pulmonary function assessment
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was performed in accordance with recommended guidelines
(18, 19), and assessment of body composition was performed
by bioelectrical impedance (InBody520, Body Composition
Analyzer, Biospace, Seoul, Korea). Also, the COPD assessment
test (20) was used to evaluate the impact of COPD in daily life
and the level of physical activity was assessed with the Voorips
physical activity questionnaire (21), previously used in COPD
(11, 22) (higher score = more active).
Volitional and non-volitional assessment of quadriceps strength
Isometric MVC was assessed using a fixed strain gauge dynamometer with a signal analogue force transducer and amplifier
(Biopac MP150; Biopac Systems, Goleta, CA, USA). The fixed
strain gauge was positioned to be perpendicular to the leg and
parallel to the floor. Magnetic stimulation of the femoral nerve of
the dominant leg was performed using a 70-mm figure-of-eight
coil powered by 2 coupled magnetic stimulators (Magstim 200
monopulse Bistim; Magstim Co. Ltd, Whitland, Dyfed, UK) (8,
23). Participants were seated in a semi-reclined chair (N-K 330
Exercise table; N-K Products, Elsinore, CA, USA) that provided
a 90° knee joint angle and approximately 120° of hip extension
to facilitate stimulations of the femoral nerve, as used previously
(15, 24). Arms were held crossed in front of the chest throughout testing. At first, to locate the optimal stimulation position,
twitches were administered at various locations in the vicinity of
the femoral triangle with the stimulator intensity set at 50–70%
of maximum output. To ensure that maximal twitches were delivered with the magnetic stimulator, a ramp stimulation protocol
was performed at the beginning of every session, consisting of 1
unpotentiated twitch stimulation (TWu) stimulation at increasing
intensities (30, 50, 60, 70, 80, 85, 90, 95 and 100% of stimulator
output). Supramaximality of the stimulation (i.e. a plateau in
twitch force) was assumed if the change in the force of the contractions from the last 2 stimulator intensities (95–100%) were
smaller than the mean CV%, the latter calculated, as described by
Shechtman (25, 26). Thereafter, participants performed 3 MVCs,
each lasting approximately 5 s, with each MVC separated by
30 s of rest. A single twitch was manually administered by the
assessor at a stimulator intensity of 100% at the end of the 5 s
contraction and another with the leg relaxed 5 s after the MVC
manoeuvre (26, 27) in order to determine the superimposed
(TWsup) and the potentiated TWp twitch stimulations force. The
percent activation during the MVC manoeuvre was quantified
by comparing the superimposed twitches with the potentiated
twitches, taking into account the force level at the time for
stimulation: % voluntary activation = (1 – TWsup * (quadriceps
strength at stimulation/MVC force)/TWp) *100 (26). The mean
of the highest (peak) value of 2 reproducible manoeuvres from
3 attempts (allowing no more than 10% variance) was used for
analysis for both MVC and TWp measurement.
Sample size
In order to detect an ICC greater than 0.75 with a confidence
interval width of 0.3, based on a study by Tofari et al. (26) on
the interday test–retest reliability of volitional and non-volitional
assessment of quadriceps muscle force in healthy younger
adults, we estimated that 24 participants would be necessary
(28). All measurements were planned to be performed by a
single assessor, during 2 occasions (test–retest). A convenient
sampling method was used for recruitment of participants, i.e.
people with COPD at our regional hospital, who, after screening
of their medical records appeared to fulfil inclusion criteria,
were contacted by a research nurse and invited to participate.
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Analyses
Interday test–retest relative reliability (i.e. day 1 vs day 2) of
MVC and TWp force was determined via calculation of ICCs
using a 2-way random single measure ICC procedure (ICC 2.1).
ICC values were interpreted as < 0.4 = poor, 0.4–0.75 = fair to
good and > 0.75 = excellent, as previously used in COPD (15).
The limits of agreement between measures taken on 2 days
was established using Bland–Altman plots (29) for all measurements. For each measure, the proportion of data points within
1.96 standard deviations (SD) of the mean difference between
test–retest values was used to describe agreement. Pearson correlation coefficients between absolute test–retest differences and
individual test–retest mean values were also calculated in order
to detect any heteroscedasticity in the data. This was performed
considering that the amount of error of measurement should
be uncorrelated to the size of the measured value in order to
properly estimate ICCs (30). Furthermore, in addition to measuring ICCs (relative reliability), measures of absolute reliability
were included in the analysis, including the standard error of
measurement (SEM), and the (CV%) (25). In order to facilitate
the interpretation of reliability results, the minimal detectable
change (MDC) was also calculated as described by Beckerman
et al. (31). Pearson correlation coefficients were calculated to
assess the relationship between volitional and non-volitional
quadriceps strength. R values in the range 0.0–0.1 were considered trivial, 0.1–0.3, small, 0.3–0.5, moderate, 0.5–0.7, large,
0.7–0.9, very large and 0.9–1.0, extremely large (15, 32). The
mean TWp/MVC ratio will be used to determine the validity of
the twitch measurements (8). A level of 0.05 was considered
valid for statistical significance. For data management and statistical analysis, the IBM Statistical package for Social Science
(SPSS) version 23.0 was used.

RESULTS
Baseline characteristics of included participants are
presented in Table I. One assessor performed all measurements; all 24 participants had complete data for test
and retest occasions, giving a total of 48 observations
(24 pre–24 post) for MVC and TWp measurements,
respectively. The majority were male, had severe airway obstruction, a medium total body fat free mass
just below 70%, a low level of physical activity, and a
medium impact of the disease in their daily life (mean
COPD Assessment Test (CAT) score < 20). No evidence of heteroscedasticity was found, as evident by
insignificant Pearson correlation coefficients between
the magnitude of SEM and the size of the measured
values (MVC: r = 0.03, p = 0.89, TWp: r = 0.13, p = 0.56,
respectively). Thus, the requirements for applying
ICCs analyses were adequate. All participants reached
a plateau in torque during the ramp stimulation protocol, as evidenced by the fact that the change from the
last 2 stimulator intensities (95–100%) of the ramp
protocol (range –4 to 11%) was smaller than the mean
CV% for the resting twitch (13%) (p > 0.05) and percentage activation was 94% (4.4%). The mean TWp/
MVC ratio for fully potentiated twitches was 0.42 (0.27
for un-potentiated twitches). These results, which are
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Table I. Participants’ characteristics in patients with chronic
obstructive pulmonary disease (COPD) (n = 24)
Age, years, mean (SD)
Sex, % males, n (%)
Pack years, years, mean (SD)

66 (6)
19 (79)
53 (28)

Body mass index, kg/m2, mean (SD)
Fat free mass, kg, mean (SD)
Dominant leg muscle mass, kg, mean (SD)
FEV1/FVC, mean (SD)
FEV1,%, mean (SD)
FEV1, l, mean (SD)
FVC, %, mean (SD)
FVC, l, mean (SD)
FRC, %, mean (SD)
RV, %, mean (SD)
DLCO, %, mean (SD)
MVV, l, mean (SD)
Physical activity, score, mean (SD)
CAT, score, mean (SD)

24 (4)
46 (9)
6.9 (1.6)
35.2 (8.3)
36 (9)
0.97 (0.31)
81.9 (24.3)
2.82 (0.79)
142 (23)
163 (31)
45 (11)
38.7 (12.3)
4.7 (3.2)
19.5 (7.2)

SD: standard deviation; FVC: forced vital capacity; FEV1: forced expiratory
volume in 1 second; FRC: functional residual capacity; RV: residual volume;
DLCO: diffusion capacity for carbon monoxide; MVV: maximal voluntary
ventilation; CAT: COPD Assessment Test.

consistent with previous publication on the topic (8),
support the validity of the twitch measurements.
Mean values for test and retest days, including
relative and absolute interday reliability estimates
(ICC, SEM, CV%, MDC), are shown in Table II. ICC
values for both measurement techniques were above
0.75, thus indicating excellent relative reliability. No
differences existed between test and retest values for
MVC (0.5 kg, 95% CI –0.4 to 1.2 kg, p > 0.05) while,
for TWp, the retest value was lower than the test value
(–1.0 kg, 95% CI –0.1 to –1.9 kg, p < 0.05). This test–
retest differences in TWp was mainly explained by 2
individuals with a mean test–retest difference of –5.7
kg (0.8), i.e. beyond the 95% CI limits of agreement
of the mean difference between test–retest values (Fig.
3). If removing the data from these subjects absolute
reliability data for TWp became similar to those of
MVC with no significant differences between test–retest (–0.6 kg, 95% CI –1.3 to 0.1 kg, p > 0.05). These
individuals also had a significant difference during the
ramp stimulation protocol between test–retest, at 90,
95 and 100% of stimulator intensity (mean difference
2.1, 1.4 and 1.6 kg, respectively, all p < 0.05), which
was not seen for the whole group (mean difference 0.2
Table II. Mean values for volitional and non-volitional measures
of quadriceps muscle strength (kg) including measures of relative
and absolute reliability
Relative reliability Absolute reliability
Test
Retest
Measure Mean (SD) Mean (SD) ICC
95% CI
SEM CV% MDC
MVC, kg 26.9 (7.7)
TWp, kg 11.1 (3.2)

27.3 (7.6)
10.0 (3.5)

0.97
0.80

0.92–0.99
0.59–0.91

1.4
1.5

3.2
12.2

3.9
4.2

*Test vs retest, p < 0.05.
SD: standard deviations; CI: confidence interval; CV: coefficient of variation;
ICC: intraclass correlation coefficient; MDC: minimal detectable change; MVC:
maximal voluntary contraction; SEM: standard error of measurement; TWp:
potentiated twitch stimulations.
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Fig. 1. Correlation between potentiated quadriceps twitch force and
maximal voluntary quadriceps force. MVC: maximal voluntary contraction;
TW: twitch.

kg at all intensities, all p > 0.05). Fig. 1 demonstrates
the correlation between volitional and non-volitional
quadriceps force measurements taken from the first
test, while Figs 2 and 3 demonstrate test–retest BlandAltman analyses for MVC and TWp, respectively.
DISCUSSION
The main finding of the present study was that the
interday test–retest reliability of volitional assessment
of isometric quadriceps muscle maximal strength in
people with COPD with severe to very severe airway
obstructions was highly satisfactory, as evident by
excellent relative as well as low absolute measures of
reliability. Non-volitional assessment of quadriceps
strength also demonstrated excellent relative reliability,
while absolute measures of reliability were high.

Fig. 2. Bland-Altman plot of individual retest-test variation in maximal
voluntary quadriceps strength and individual mean values of maximal
voluntary quadriceps strength measurements across test and retest
visits (n = 24).

www.medicaljournals.se/jrm

Fig. 3. Bland-Altman plot of individual variation and individual mean
values of potentiated twitch quadriceps strength measurements across
test and retest visits (n = 24). Grey circles indicate the 2 individuals with a
mean difference of –5.7 kg (0.8), i.e. beyond the 95% confidence interval
limits of agreement of the mean difference between retest–test values.

Volitional assessments of quadriceps muscular
strength in people with COPD have recently been found
to be highly reliable in people with moderate airflow
obstructions (15). Our findings indicate that this measurement strategy is also reliable in people with more
severe airway obstructions. Establishing the reliability
in people with more severe disease is of importance,
considering that the prevalence of muscle weakness is
higher in this population in comparison with people
with mild or moderate airway obstruction (40% vs
20%, respectively) (16). The relative (ICC = 0.97) and
absolute reliabilities (MDC 3.9 kg or 14.4% of MVC)
found in our study were consistent with those reported
in people with less severe COPD (ICC = 0.96, MDC
18.0%) (15). Our findings were also consistent with
those made in healthy adults (26), with regard both to
measures of relative (ICC 0.97 vs 0.98) and absolute
reliability (CV% 3.2% vs 4.5%). To confirm if a maximal activation has occurred, TWsup on an ongoing MVC
manoeuvre was used with the underlying premise that,
if the muscle is not maximally activated, the superimposed twitch will result in an increase in force above that
of the volitional force (33). In our sample, we calculated
that the voluntary activation was 94%, thus indicating
that the observed MVC was close to a true MVC. The
observed % voluntary activation in the present study
was similar (94% vs 93%) to that previously observed
among healthy young adults (26).
The strong relationship between TWp and MVC
observed in our data (r = 0.79) was in line, albeit
slightly lower, with that previously reported in people
with COPD in studies by Polkey et al. (8) (r = 0.85)
and Rodrigues et al. (r = 0.86) (15), while larger than
reported by Saey & Troosters (14) (r = 0.61) and Ju

JRM

Journal of Rehabilitation Medicine

JRM

Journal of Rehabilitation Medicine

JRM

Muscle strength measures in COPD

& Chen (34) (r = 0.40), in patients with COPD or
Hamnegård et al. (35) in healthy subjects (r = 0.40).
The test–retest difference in MVC (0.46 kg) in the
present trial was lower than that reported by previous
investigators (1.0–1.1 kg) (15, 34).
In line with previous reports (15, 34), our data supports the recommendations of the ATS/ERS on using
isometric measurements for assessing quadriceps
muscle strength (6), demonstrating high relative and
absolute reliability across disease severities (15, 34).
Thus, indicating that this technique could be a reliable method, which, in due course, could be used in
the clinical setting. However, before implementing
MVC measurements of isometric strength becomes a
reality in clinical practice, there is a need to establish
and validate predictive normal values for isometric
quadriceps strength (15). Furthermore, even though
the quadriceps muscle is important, the reliability of
MVC measurements also needs to be established for
other muscle groups.
Non-volitional techniques are alternative and complementary strategies to assess muscle strength. Factors
such as the site of the stimulation, the positioning of
the person (e.g. supine/reclined), the experience of the
tester and the body characteristics may all compromise
the quality of these measurements (8, 34, 35). For example, submaximal stimulations have been reported to
be more likely in overweight patients and/or those with
a thicker skinfold (34, 35), while the positioning of the
person affects the length of the tested muscle and hence
the results (36). With regard to the experience of the
tester, the assessor in the present trial was experienced
in both MVC and TWp measurements. Similar to volitional assessments, the interday relative reliability was
also excellent for TWp (ICC 0.80), comparable to that
found recently among healthy young men (mean age
23.5 years, ICC 0.82) (26). The interday mean difference in TWp (1.0 kg) observed in the present trial
is similar to the reported intraday difference in nonvolitional isometric quadriceps strength measurements
in COPD (TWp 0.9 kg) (34). Despite these encouraging
reliability data, the coefficient of variation was slightly
larger in our sample (CV% 12.2%) than previously
reported in healthy young men (CV% 6.8–11.8%) (26,
37). As the ICC was fairly similar (0.80 vs 0.82), the
difference in CV% across studies can be explained
mainly by the larger variation in our sample in relation to mean TWp forces compared with the study on
healthy adults (26). In addition, the test–retest variation
(approximately 10%), as well as the MDC, was large,
which probably reduces the ability to detect a real
change. Furthermore, as TWp measurements could also
be used to determine the presence of contractile fatigue
after a training session (i.e. a reduction in quadriceps
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force of ≥ 15% after training) (24), further research
is also warranted to determine the reliability of TWp
measurements in these situations. Even though the use
of magnetic stimulation is unlikely to offer significant
advantages for people who are able to perform a MVC,
this technique could be used in patients who could be
prohibited from performing a true MVC; e.g. patients
in the intensive care unit, although this would require
un-potentiated stimulations, not potentiated stimulations as assessed in this study (8).
Study limitations
The reduction in TWp force on retest days was unexpected. This phenomenon could be explained by
2 individuals, in whom the mean reduction in TWp
forces at retest exceeded the 95% limits of agreement
as illustrated in the Bland-Altman plot (Fig. 3). A likely explanation for this is that the positioning of the
stimulation probe was different between occasions on
these individuals, despite all the care that was taken to
ensure a stable positioning from one measurement to
the other. This statement is supported by the large differences in force elicited during the ramp stimulation
protocol between occasions. Nevertheless, as these individuals negatively affected both measures of relative
and absolute reliability for TWp measurements, these
findings are a limitation of the study and emphasize
the importance of standardized testing procedures to
achieve reliable measurements. Another potential limitation was that the sample consisted mainly of men, and
that a convenient sampling method was used, which
could reduce the external validity of our findings.
Conclusion
In summary, the results obtained from this study indicate that volitional and non-volitional assessment
strategies of isometric quadriceps force using a straingauge seem to be reliable in people with severe to very
severe COPD, but that MVC measurements seem to
have better absolute reliability in this population.
REFERENCES
1. Osthoff AK, Taeymans J, Kool J, Marcar V, van Gestel AJ.
Association between peripheral muscle strength and daily
physical activity in patients with COPD: a systematic literature review and meta-analysis. J Cardiopulm Rehabil
Prev 2013; 33: 351–359.
2. Hamilton AL, Killian KJ, Summers E, Jones NL. Muscle
strength, symptom intensity, and exercise capacity in
patients with cardiorespiratory disorders. Am J Respir Crit
Care Med 1995; 152: 2021–2031.
3. Mostert R, Goris A, Weling-Scheepers C, Wouters EF, Schols AM. Tissue depletion and health related quality of life
in patients with chronic obstructive pulmonary disease.
Respir Med 2000; 94: 859–867.

J Rehabil Med 50, 2018

A. Nyberg et al.

4. Decramer M, Gosselink R, Troosters T, Verschueren M,
Evers G. Muscle weakness is related to utilization of health
care resources in COPD patients. Eur Respir J 1997; 10:
417–423.
5. Swallow EB, Reyes D, Hopkinson NS, Man WD, Porcher
R, Cetti EJ, et al. Quadriceps strength predicts mortality
in patients with moderate to severe chronic obstructive
pulmonary disease. Thorax 2007; 62: 115–120.
6. Maltais F, Decramer M, Casaburi R, Barreiro E, Burelle Y,
Debigare R, et al. An official American Thoracic Society/
European Respiratory Society statement: update on limb
muscle dysfunction in chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 2014; 189: 15–62.
7. Man WD, Moxham J, Polkey MI. Magnetic stimulation for
the measurement of respiratory and skeletal muscle function. Eur Respir J 2004; 24: 846–860.
8. Polkey MI, Kyroussis D, Hamnegard CH, Mills GH, Green M,
Moxham J. Quadriceps strength and fatigue assessed by
magnetic stimulation of the femoral nerve in man. Muscle
Nerve 1996; 19: 549–555.
9. Nyberg A, Saey D, Maltais F. Why and how limb muscle
mass and function should be measured in patients with
chronic obstructive pulmonary disease. Ann Amer Thorac
Soc 2015; 12: 1269–1277.
10. Mador MJ, Kufel TJ, Pineda LA, Steinwald A, Aggarwal A,
Upadhyay AM, et al. Effect of pulmonary rehabilitation on
quadriceps fatiguability during exercise. Am J Respir Crit
Care Med 2001; 163: 930–935.
11. Nyberg A, Saey D, Martin M, Maltais F. Acute effects of
low-load/high-repetition single-limb resistance training
in COPD. Med Sci Sports Exerc 2016; 48: 2353–2361.
12. Saey D, Cote CH, Mador MJ, Laviolette L, LeBlanc P, Jobin
J, et al. Assessment of muscle fatigue during exercise
in chronic obstructive pulmonary disease. Muscle Nerve
2006; 34: 62–71.
13. Saey D, Debigare R, LeBlanc P, Mador MJ, Cote CH, Jobin
J, et al. Contractile leg fatigue after cycle exercise: a factor limiting exercise in patients with chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 2003;
168: 425–430.
14. Saey D, Troosters T. Measuring skeletal muscle strength
and endurance, from bench to bedside. Clin Invest Med
2008; 31: 307–311.
15. Rodrigues FM, Demeyer H, Hornikx M, Camillo CA, CalikKutukcu E, Burtin C, et al. Validity and reliability of strain
gauge measurement of volitional quadriceps force in patients with COPD. Chronic Resp Dis 2017; 14: 289–297.
16. Seymour JM, Spruit MA, Hopkinson NS, Natanek SA, Man
WD, Jackson A, et al. The prevalence of quadriceps weakness in COPD and the relationship with disease severity.
Eur Respir J 2010; 36: 81–88.
17. Vogelmeier CF, Criner GJ, Martinez FJ, Anzueto A, Barnes
PJ, Bourbeau J, et al. Global strategy for the diagnosis,
management, and prevention of chronic obstructive lung
disease 2017 report: GOLD executive summary. Am J
Respir Crit Care Med 2017; 195: 557–582.
18. ATS. Standard for the diagnosis and care of patients
with chronic obstructive pulmonary disease (COPD) and
asthma. American Thoracic Society. Am J Respir Crit Care
Med 1995; 152: 77–121.
19. Quanjer PH, Tammeling GJ, Cotes JE, Pedersen OF, Peslin
R, Yernault JC. Lung volumes and forced ventilatory flows.
Report Working Party Standardization of Lung Function
Tests, European Community for Steel and Coal. Official

JRM

Journal of Rehabilitation Medicine

JRM

Journal of Rehabilitation Medicine

JRM

764

www.medicaljournals.se/jrm

20.
21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

Statement of the European Respiratory Society. Eur Respir
J Suppl 1993; 16: 5–40.
Jones PW. COPD assessment test – rationale, development,
validation and performance. COPD 2013; 10: 269–271.
Voorrips LE, Ravelli AC, Dongelmans PC, Deurenberg P,
Van Staveren WA. A physical activity questionnaire for the
elderly. Med Sci Sports Exerc 1991; 23: 974–979.
Gagnon P, Saey D, Vivodtzev I, Laviolette L, Mainguy V,
Milot J, et al. Impact of preinduced quadriceps fatigue on
exercise response in chronic obstructive pulmonary disease
and healthy subjects. J Appl Physiol 2009; 107: 832–840.
Rossman MJ, Garten RS, Venturelli M, Amann M, Richardson RS. The role of active muscle mass in determining the magnitude of peripheral fatigue during dynamic
exercise. Am J Physiol Regul Integr Comp Physiol 2014;
306: 934–940.
Burtin C, Saey D, Saglam M, Langer D, Gosselink R, Janssens W, et al. Effectiveness of exercise training in patients
with COPD: the role of muscle fatigue. Eur Respir J 2012;
40: 338–844.
Shechtman O. The coefficient of variation as an index of
measurement reliability. In: Doi S, Williams G, editors.
Methods of clinical epidemiology. Springer Series on
Epidemiology and Public Health. Berlin: Springer; 2013,
p. 39–49.
Tofari PJ, Opar DA, Kemp JG, Billaut F, Cormack S. Reliability of measures of quadriceps muscle function using
magnetic stimulation. Muscle Nerve 2016; 53: 770–778.
Strojnik V, Komi PV. Neuromuscular fatigue after maximal
stretch-shortening cycle exercise. J Appl Physiol 1998;
84: 344–350.
Wolak ME, Fairbairn DJ, Paulsen YR. Guidelines for estimating repeatability. Methods Ecol Evol 2012; 3: 129–137.
Bland JM, Altman DG. Statistical methods for assessing
agreement between two methods of clinical measurement.
Lancet 1986; 1: 307–310.
Henriksen M, Lund H, Moe-Nilssen R, Bliddal H, Danneskiod-Samsoe B. Test–retest reliability of trunk accelerometric gait analysis. Gait Posture 2004; 19: 288–297.
Beckerman H, Roebroeck ME, Lankhorst GJ, Becher JG,
Bezemer PD, Verbeek AL. Smallest real difference, a link
between reproducibility and responsiveness. Qual Life Res
2001; 10: 571–578.
Hopkins WG, Marshall SW, Batterham AM, Hanin J. Progressive statistics for studies in sports medicine and exercise
science. Med Sci Sports Exerc 2009; 41: 3–13.
Lewek MD, Rudolph KS, Snyder-Mackler L. Quadriceps
femoris muscle weakness and activation failure in patients
with symptomatic knee osteoarthritis. J Orthop Res 2004;
22: 110–115.
Ju CR, Chen RC. Quadriceps strength assessed by magnetic stimulation of femoral nerve in patients with chronic
obstructive pulmonary disease. Chin Med J (Engl) 2011;
124: 2309–2315.
Hamnegard CH, Sedler M, Polkey MI, Bake B. Quadriceps
strength assessed by magnetic stimulation of the femoral nerve in normal subjects. Clin Physiol Funct Imaging
2004; 24: 276–280.
Shield A, Zhou S. Assessing voluntary muscle activation
with the twitch interpolation technique. Sports Med 2004;
34: 253–267.
Kufel TJ, Pineda LA, Mador MJ. Comparison of potentiated
and unpotentiated twitches as an index of muscle fatigue.
Muscle Nerve 2002; 25: 438–444.

