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Abstract

Background

Quadriceps maximal voluntary contraction (QMVC) reliably measures quadriceps muscle
force and predicts mortality in COPD. However, the minimal important difference (MID) of

QMVC is not well-established.

Aim

To estimate the MID of QMVC parameters in people with COPD following pulmonary

rehabilitation (PR).

Methods

QMVC was measured before and after eight-weeks of outpatient PR in people with COPD.
Absolute and %change in QMVC, and change in normalised QMVC were calculated using
paired t-tests. Anchor and distribution-based methods (0.5xSD change, Standard Error of
Measurement (SEM), minimal detectable change at 95% confidence, effect size and 1.96SEM)

were used to estimate the MID.

Results

Of 903 participants, 383 were excluded due to PR non-completion or missing QMVC data with
520 included in the analysis (37% female; mean(SD) age 70.2(8.4) years; FEV1 51.4(21.4)%
predicted). QMVC parameters increased with PR; mean(95%Cl) or mean (SD) change: QMVC
2.0kg (1.5kg to 2.5kg), 10.6% (27.7%) and normalised QMVC 5.0% predicted (3.9% to 6.2%).
Anchor-based MID estimates were precluded due to weak/no correlation with external
anchors. Using distribution-based methods, the MID for QMVC change, QMVC %change and

normalised QMVC change were estimated as mean (range) 3.55kg (1.84kg to 5.11kg), 18.34%
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(9.60% to 26.60%) and 7.78% (3.78% to 12.48%) for all participants. However, MID estimates
for absolute and %change in QMVC differed markedly between men and women. Normalised

QMVC estimates demonstrated smaller sex-based discrepancies.

Conclusion

We provide MID estimates for QMVC parameters. Sex-specific or normalised MID estimates

for QMVC should be used to facilitate the interpretation of change.

Key messages

What is already known on this topic: Quadriceps maximal voluntary contraction (QMVC)
reliably measures quadriceps muscle force, however, the minimal important difference (MID)

of QMVC is not well-established.

What this study adds: We provide MID estimates for absolute and %change in QMVC and

normalised QMVC change in a large cohort of patients undergoing pulmonary rehabilitation.

How this study might affect research, practice or policy: Our sex-specific or normalised MID
estimates for QMVC MID should be used to facilitate the interpretation of change in clinical
settings, and to support future research evaluating interventions using QMVC as an outcome

measure.



MAIN MANUSCRIPT

Background

Quadriceps muscle weakness is common in chronic obstructive pulmonary disease (COPD) [1]
and is associated with reduced exercise tolerance [2], functional performance [3], quality of
life[4], physical activity [5], and increased mortality and healthcare utilisation [6,7]. It
represents an important extrapulmonary manifestation of COPD that is potentially remedial

with non-pharmacological or pharmacological interventions [8,9].

Several techniques to assess quadriceps muscle strength have been previously described [10].
Of these, isometric quadriceps maximal voluntary contraction (QMVC)[11] is most
implementable into routine practice as it provides a reliable and reproducible measurement
of quadriceps muscle force [12]. There are established reference values [1] and the
measurement avoids the requirement for specialist and technically challenging nonvolitional
techniques such as electrical/magnetic stimulation that can be uncomfortable for patients

[13].

Although QMVC has been widely used to quantify lower limb muscle weakness in research, it
is not widely used in clinical practice. For example, even though lower limb muscle strength
is considered a key outcome measure in pulmonary rehabilitation [14], only 18.4% of clinical
services in the national UK PR audit reported the routine measurement of lower limb muscle

strength [15].

Limited data exist for the minimum important difference (the smallest change or difference
that patients or clinicians perceive) of QMVC. Previous studies included small sample sizes

[16], or predominantly men [17]. The latter is of relevance as there is a difference in



physiological adaptations to exercise interventions according to sex [8]. A potential barrier to

clinical uptake includes difficulty with interpreting the clinical significance of change values.

The aims of the current study were to describe the response of different QMVC parameters
to pulmonary rehabilitation, and to estimate the MID for these parameters using pulmonary

rehabilitation as the therapeutic intervention [1,18].

Materials and methods

Ethical approval

This study was a planned secondary analysis of two prospective cohort studies: one examining
sarcopenia and frailty in chronic respiratory disease, and the other estimating the minimum
important difference of lower limb performance measures [19-21]. These were approved by
the London — Central Research Ethics Committee (13/L0O/1161) and the London — Camberwell
St Giles National Research Ethics Service committee (11/LO/1780) respectively. All
participants provided informed written consent. The study was conducted according to the

Declaration of Helsinki and Good Clinical Practice standards.

Participants

Inclusion criteria were stable COPD, diagnosed according to the Global initiative for chronic
Obstructive Lung Disease (GOLD) guidelines [22], the ability to provide written informed
consent, referred for and accepted for the Harefield Hospital pulmonary rehabilitation (PR)
programme, and agreement to attend research visits outside of their PR assessments.

Exclusion criteria were significant co-morbidities that would limit walking ability or
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measurement of QMVC (e.g. unstable ischaemic heart disease, neuromuscular disease,
severe hip/lower limb joint pain, lower limb amputation). People who did not complete PR
(attended less than half of the prescribed sessions) or did not perform QMVC at both research
visits, were excluded from analysis as the aim was to assess the responsiveness and estimate

the MID of QMVC following PR. Figure 1 summarises the participant flow.

Intervention

All participants were offered a centre-based outpatient PR programme comprising two
supervised exercise and education sessions per week for eight weeks (total 16 supervised
sessions). The programme included individualised aerobic and resistance training; a detailed
overview of the exercise modalities, prescription and progression are provided in

supplementary table 1 and has been previously described[23]

Study procedures

Participants underwent assessments before and after the PR programme. The following

procedures were performed:

Quadriceps maximum voluntary contraction (QMVC)

Participants were seated in a specially adapted chair with an inextensible strap placed around
the ankle of the dominant leg (figure 2). The strap was connected to a strain gauge. QMVC
was measured with hips and knees at 90° flexion. Participants were encouraged to maintain
a maximal contraction for three seconds, with the maximal force sustained over the course

of one second recorded. The best of three reproducible manoeuvres was reported [24]. Data
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were recorded and analysed using LabChart 7 (ADInstruments, Oxford, UK). Normalised
QMVC was calculated as %predicted of reference values as previously described by Seymour,
Spruit et al: (56.2 - (0.306 x age in yrs) + (0.686 x Fat Free Mass in kg) - (0.156 x height in cm)
- (3.42 if female)) [1]. Fat free mass (FFM) was estimated using bioelectrical impedance

analysis as previously described. [25]

External anchors

We conducted the following measures as they are known to be responsive to PR, have
established minimum important differences and have been previously shown to correlate
with QMVC: Incremental shuttle walk (ISW) [26] and five repetition sit to stand (5STS) [19].
The MID for these outcomes measures are 35.0 to 36.1 m [27] and 1.7 seconds [19]
respectively. The ISW was performed over a flat 10-metre course according to international
technical standards [26]; a practice walk test was performed for all participants. Participants
were seated on a straight-backed armless chair at a height of 48cm for the 55STS and instructed
to stand up fully and sit down as fast as possible, five times without using their arms on the

chair, as previously described[19].

To measure patient self-reported symptom improvement with PR, participants completed the
self-reported Chronic Respiratory Questionnaire (CRQ), [28] which is responsive to PR with an
established MID of 0.5 per domain[29]. The Global Rating of Change Questionnaire (GRCQ)
was measured at the post-PR assessment only. Participants were asked to rate their own

health status after pulmonary rehabilitation according to five responses: “1: much better”;



“2: a little better”; “3: no change”; “4: a little worse” and “5: much worse”. Participants
completed the GRCQ before the ISW, 55TS and CRQ were performed so they were blinded to

the results of the validated outcome measures.

Statistical analysis

Data were inspected for normality using histograms and Shapiro Wilk tests. Baseline
characteristics were reported using descriptive statistics and presented as mean (SD) or
median (IQR). Responses to PR (pre- to post-PR) were normally distributed, and therefore
analysed using a paired t-test. Responsiveness of QMVC and other outcome measures was
assessed using the standardised response mean (Amean/ASD), and were interpreted as: 0.2
(small), 0.5 (medium), and 0.8 (large)[30]. Relationships between absolute and % change in
QMVC and change in normalised QMVC with change in other outcome measures were
calculated using Pearson’s product-moment correlation. Change in QMVC parameters within
the GRCQ groups was tested for normality using histograms, and variance between the four
GRCQ groups was tested using Levene’s test. The difference in change in QMVC parameters
between GRCQ groups were then analysed using a one-way ANOVA with Hochberg’s GT2 test

for multiple post hoc comparisons.

Sample size

As a secondary analysis, the study population was a convenience sample, and the sample size

was not formally determined.



Estimating the MID

To estimate the MID, we planned to use anchor-based and distribution-based methods [31].
The a priori criteria for establishing the validity of an external anchor were: 1) a statistically
significant correlation between change in QMVC parameter and change in proposed anchor
at the 5% level; 2) a correlation coefficient of at least 0.3 [19,31]. Planned anchor-based

methods included linear regression and receiver operating characteristic (ROC) curves.

Distribution-based approaches included 0.5 SD change, Standard Error of Measurement
(SEM) (SDA*V(1-ICC)), minimal detectable change at 95% confidence (1.96*V2*SEM), Cohen’s
D effect size (0.2*SD(pooled)) and 1.96*SEM [32,33]. The Intraclass correlation (ICC) used for
calculation of SEM was based on test-retest reliability of QMVC derived from a previous study
in patients with COPD (ICC=0.88)[34]. Effect size and 0.5SD were not calculated for %change
in QMVC since they require the use of moment values (i.e baseline and post intervention

values, not available as a percentage).

A two-tailed level of p<0.05 was considered statistically significant. Data analyses were
performed by SPSS Version 29.0.1.0 for Windows (IBM, Inc., Chicago, IL) and GraphPad Prism

9 (GraphPad Software, USA).
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Results

In a convenience sample of 903 patients with COPD, 251 did not complete PR and 132 had

missing QMVC data; 520 (319 men and 201 women) were included in the analysis (figure 1).

Baseline characteristics are detailed in Table 1, and, sex specific characteristics in

supplementary tables 2-3.

The standardised response mean for QMVC parameters ranged from 0.38 to 0.39, lower than

for other functional (5STS, ISW) and health status measures (CRQ) measured before and after

PR (Table 1).

Table 1 — Baseline characteristics and response to pulmonary rehabilitation (whole cohort)

Variable Baseline Post-PR Change Effect size
(Standardised
Response Mean)

Age (years) 70.2 (8.4) - - i

Sex (Male: n (%)) 319 (61.3) - - -

FEV1 (% predicted) 51.4 (21.4) - - -

FEV1/FVC ratio 0.50 (0.16) - - -

BMI (kg/m?) 27.6 (5.9) - - -

FFM (kg) 47.9 (9.9) - - -

MRC dyspnoea scale | 3 (2, 4) - - -

QMVC (kg) 27.0(10.2) 29.0(10.7) |2.0(1.5t02.5) |0.38
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QMVC %predicted 65.7 (18.6) 70.8(19.2) |5.0(3.9t06.2) |0.39
%change in QMVC - - 10.6 (27.7) 0.38
5STS (sec) 11.8 (9.6, | 10.0 (8.2, | -2.3(-2.9t0-1.7) | 0.47
14.9) 11.9)
ISW (m) 250 (140, | 320 (200, | 62.4 (55.8 to|0.88
360) 445) 69.0)
CRQ-Dyspnoea 14.2 (5.7) 19.2 (6.6) 5.0(4.4t05.5) 0.80
CRQ-Fatigue 14.0 (5.3) 17.1(5.1) |3.1(2.7to4.4) |0.69
CRQ-Emotion 31.4 (9.1) 35.5(8.6) |4.1(3.5t04.7) |0.57
CRQ-Mastery 18.2 (5.5) 21.0(5.0) |2.8(2.4t03.2) |0.58
CRQ-Total 77.8 (21.2) 92.8 (21.1) 15.0 (13.4 +to|0.83
16.6)

Data presented as mean (standard deviation), median (25th, 75th centile) or mean (95% confidence interval)
unless shown otherwise. FEV1: Forced Expiratory Volume in one second; FVC: Forced Vital Capacity BMI: Body
Mass Index; FFM: Fat Free Mass; MRC: Medical Research Council; QMVC: Quadriceps Maximal Voluntary
Contraction; 5STS: Five repetition sit to stand; ISW: Incremental Shuttle Walk test; CRQ: Chronic Respiratory

Questionnaire.

Estimation of MID- anchor-based approaches

58TS, ISW, CRQ-total and CRQ (all domains)

The relationship with change in external anchors did not reach the pre-defined level of
association (r>0.3) or significance (p<0.05) with change in QMVC parameters (supplementary

tables 4-6). Anchor-based estimates of the MID were therefore not calculated[32].
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Global Rating of Change questionnaire (GRCQ)

Overall, 52.1% (n=269) of participants felt much better, 40.1% (n=207) felt a little better, 6.6%
(n=34) reported no change and 1.2% (n=6) reported they were a little worse after PR; no
participants stated they were much worse after PR. Normality of the data were confirmed
with histograms, and Levene’s test was non-significant, therefore a one-way ANOVA with
Hochberg’s GT2 test for multiple post hoc comparisons was applied. There were no significant
differences in QMVC parameters across GRCQ responses, precluding an anchor-based MID

estimate with GRCQ (supplementary table 7).

Estimation of MID: Distribution-based approaches

Table 2 summarises the distribution-based estimates of the MID for QMVC, QMVC %predicted

and %change in QMVC.

For the whole cohort, the mean (range) MID estimates for absolute and %change in QMVC,
and change in normalised QMVC were 3.55kg (1.84kg — 5.11kg), 18.34% (9.60% — 26.60%) and
7.78% (3.78% — 12.48%) respectively. In our cohort, 184 patients (35%) improved by the MID
of absolute QMVC change, 146 (28%) by the MID of %change in QMVC, and 204 (39%) patients

by the MID of normalised QMVC change.

The MID estimates for absolute and %change in QMVC differed considerably between men
and women; MID estimate for absolute QMVC in women was mean (range) 2.81kg (1.39kg —
4.48kg), lower than the MID estimate for men (3.63kg (1.97kg — 5.47kg)). Using these sex-

specific estimates, a similar proportion of women (40%) and men (37%) improved by the MID.
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The MID estimate for %change in QMVC for women was mean (range) 22.97% (12.02% —
33.32%), and 14.63% (7.66% — 21.22%) for men. 26% of women and 33% of men improved
by the sex-specific %change in QMVC MID. The difference in MID estimates for QMVC
normalised to reference values was minimal: mean (range) 7.46% (3.41% - 12.39%) in women;
7.97% (3.97% — 12.58% in men. 37% of women and 39% of men improved by the MID of

QMVC normalised to reference values.
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Table 2 — Distribution based MID estimates

QMVC parameter Population Distribution based method Mean (range)
0.5xSD SEM MDC 95% | Effect size | 1.96SEM

Absolute change QMVC (kg) | Whole cohort 5.10 1.84 5.11 2.09 3.61 3.55(1.84-5.11)
Male 4.84 1.97 5.47 2.00 3.86 3.63(1.97-5.47)
Female 3.41 1.62 4.48 1.39 3.17 2.81(1.39-4.48)

%change QMVC (%) Whole cohort - 9.60 26.60 - 18.81 18.34 (9.60 — 26.60)
Male - 7.66 21.22 - 15.01 14.63 (7.66 — 21.22)
Female - 12.02 33.32 - 23.56 22.97 (12.02 - 33.32)

Change normalised QMVC Whole cohort 9.30 4.50 12.48 3.78 8.83 7.78 (3.78 — 12.48)

(%) Male 9.85 4.54 12.58 3.97 8.89 7.79 (3.97 - 12.58)
Female 8.25 4.47 12.39 3.41 8.76 7.46 (3.41-12.39)

QMVC: Quadriceps Maximal Voluntary Contraction; SEM: Standard Error of Measurement; MDC:

Minimal Detectable Change
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Discussion

This is the largest study to date to describe the response of QMVC to pulmonary
rehabilitation. Using this dataset of 520 participants with COPD, we were able to provide
estimates for the MID of different QMVC parameters, including sex-specific estimates, using
distribution-based methods. We were unable to calculate anchor-based estimates due to

weak or non-significant correlations with external anchors.

Previous studies

Previous studies have used QMVC as an outcome measure following resistance training or
guadriceps electrical stimulation [35,36]. A Cochrane review summarised improvements in
qguadriceps strength measured using fixed or handheld dynamometry following
neuromuscular electrical stimulation in 933 participants with COPD or other chronic diseases
(12 studies), finding a difference of approximately 1.1kg compared to the control [36]. This is
lower than the observed change in our cohort, probably because neuromuscular stimulation
is a passive treatment, with a much lower intensity than resistance-training prescribed during
PR[36] [37]. In people with COPD, O’Shea et al. report a mean (range) improvement in knee
extensor strength measured by QMVC or isokinetic techniques of 25% (11.8% to 52.5%)
following resistance training (10 studies, n=138), a higher increase than in our cohort [35].
This is likely to be due to the focused resistance training employed in their study compared

with the mixed aerobic and resistance training employed during PR.
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Despite the use of QMVC as an outcome measure in studies investigating the effects of lower
limb strengthening, there are limitations to existing data estimating the MID of QMVC
following PR in patients with COPD. Using a heavily weighted cohort of male participants (94%
men), and relatively small sample size (n=69 versus n=520 in our study), Iwakura et al. were
able to anchor the QMVC against a clinical measure (the 6MWT) unlike in our dataset. Their
anchor-based MID estimate of 3.3kg was similar to our distribution-based estimate[17].
Santin et al. estimated the MID of QMVC following a 12-week high intensity exercise program;
this included cycle ergometry at up to 100% maximum workload, walking at up to 110% of
baseline 6MWT speed and quadriceps resistance training at up to 110% of baseline one
repetition max [16]. In this small cohort of 21 people with COPD, their proposed MID was
between 9.4 to 16 Nm or 7.4% to 12% change, using distribution-based methods. Vaidya et
al. estimated the MID of QMVC as 7.5Nm following pulmonary rehabilitation in 157 people
with COPD using distribution-based methods [38]. Nm and Kg are not directly comparable,
therefore it is difficult to draw comparisons with our data. The %change QMVC estimate in
our study is higher than Santin et al., perhaps because we used a wider range of distribution-

based estimates [33,39].

Oliveira et al. measured QMVC in 70 participants before and after a 12-week community-
based PR programme [40]. The proposed MID was 5.2 kg for QMVC, larger than our estimate,
but with estimates ranging widely from 0.2 to 8.1 kg. Like the lwakura study, their study
cohort was predominantly male (84%), with a higher baseline QMVC, which may have
influenced absolute MID estimates. Furthermore, this study used hand dynamometry to
measure QMVC, unlike the fixed strain gauge approach adopted in our study. The hand

dynamometry method is arguably more dependent on the technique and strength of the
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assessor. Previous studies have shown that there are wide limits of agreement for hand

dynamometry even in frail older adults [41].

Clinical implications

Measurement of muscle strength is a core outcome for pulmonary rehabilitation[15], but
previous national audit data from the UK identified that only a minority of clinical PR services
routinely measure this. There may be several reasons for this including non-familiarity with
measurement techniques, clinical space, or difficulties interpreting change data.
Furthermore, because several techniques to measure lower limb muscle strength have been
described, there does not seem to be consensus on which technique to use in clinical practice.
Advantages of QMVC include: a high test-retest reliability, (ICC=0.88)[34], established
reference values [1], non-reliance on assessor strength [41], and the relatively cheap cost of
a strain gauge, compared to, for example resistance gymnasium equipment required to

measure one repetition maximum.

Our study provides further information to support clinicians and trialists wishing to use QMVC
as an outcome measure, especially in the PR setting. We demonstrate the responsiveness of
QMVC to an outpatient PR programme, and provide MID estimates for different QMVC
parameters for both males and females. This may help evaluate intervention effectiveness,
allowing benchmarking between different services and settings. Furthermore, determination
of the QMVC MID may support researchers evaluate interventions with QMVC as an outcome

(for example, in estimating a sample size).
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Our data suggest that there were notable differences in the MID estimates for QMVC
parameters between women and men. However, there was only a small difference in our
estimates of the MID for change in normalised QMVC between men and women. This is
unsurprising given that normalised QMVC takes into account sex. Therefore, we recommend
clinicians either using sex-specific MID estimates when interpreting QMVC change, or use

change in normalised QMVC[1] if a single MID estimate is preferred.

Strengths and limitations

Acknowledging that there are differences in physiological adaptations to exercise
interventions according to sex [8], and a documented need for sex-specific reporting in
research[42], the size of our study population allowed us to provide sex-specific MID
estimates. In addition, we calculated the MID of other QMVC parameters including %change
in QMVC which accounts for baseline QMVC, and change in normalised QMVC, which
accounts for age, FFM, height, and sex, enabling researchers and clinicians to calculate a more

individualised MID [1].

However, this was a single centre study, and our findings may not be generalisable to other
populations, settings or treatments. It was not possible to use anchor-based methods to
determine the MID as the a priori criteria for determining the validity of external anchors
(statistically significant correlation at 5% and a correlation coefficient >0.3) were not met. The
lack of correlation between QMVC and external anchors suggests that that change in

functional or health-related quality of life measures are not good surrogates of muscle
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strength, further supporting the need for specific muscle strength measurements. Our
findings are corroborated by studies of anabolic agents. Two trials in recent years have
attempted to build locomotor muscle strength using activin Ilb receptor blockade [43] or
selective androgen receptor modulation. [44] In the first the active group increased thigh
muscle volume and had numerical but not statistically significant increases in one repetition
maximum (1-RM) (perhaps a reflection on the 1-RM technique) [43]. In the second, selective
androgen receptor modulation increased 1-RM in men and (although without statistical
significance) in women, and lean body mass in both [44]. However, in neither study was there
an improvement in function using the 6-minute walk test, Timed Up and Go test, hand grip
strength, 4 metre gait speed or Endurance Shuttle Walk Test, or in self-reported symptoms

using the St. George’s Respiratory Questionnaire or COPD Assessment Test.

Our estimates of the MID are therefore reliant on distribution-based approaches which are
statistically based, similar to other previous studies estimating the MID for QMVC [16,38,40].
Although there is no consensus on the optimal method to determine the MID, anchor-based
approaches are preferred as they account for the patient perception of improvement [31,33].
However, we did use several well-established distribution-based approaches and were
transparent about the range of estimates. Nevertheless, our data needs to be corroborated
in future studies. In particular, relating improvement in QMVC to better prognosis (such as
improved survival, reduced hospitalisation or significant falls) would further support the

wider use of QMVC.

Another limitation is that the mean QMVC change following PR was modest, although

statistically significant. For QMVC parameters, the standardised response means ranged from
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0.38 to 0.39 (small to medium effect size) and lower than the other clinical outcome
parameters measured before and after PR. It is not clear whether this is related to the
responsiveness of the measure itself, or whether the intervention in this study was more
focused on aerobic training and aerobic outcome measures [15]. The mean QMVC change in
our study was smaller than observed with specific lower limb resistance training [35], but
larger than seen with neuromuscular electrical stimulation [36], or the longitudinal decline
over one year in people with COPD [45]. We did not measure the long-term effect of PR on
QMVC nor the longitudinal decline of QMVC following PR, both of which should be evaluated

in future research.

Conclusions

In summary, we propose that the MID of absolute and %change in QMVC, and change in
normalised QMVC are mean (range) 3.55kg (1.84kg — 5.11kg), 18.34% (9.60% — 26.60%) and
7.78% (3.78% — 12.48%). However, there are differences in the MID estimates for absolute
and %change in QMVC between men and women. Therefore sex-specific or normalised QMVC

parameters should be used to facilitate the interpretation of change with interventions.

21



Statements

Author contributions

Concept and design of study: All authors; Data collection: SP, JC, SK, REB, SJ, JAW, KI, CMN;
Analysis of data: TOJ, GDE, CMN; Writing initial draft manuscript: TOJ, WD-CM; Revision and

approval of final manuscript: All authors; Guarantor: WD-CM.

Funding

This cohort study was funded by a Medical Research Council (UK) New Investigator Research
Grant (grant number G1002113) awarded to WD-CM. TOJ is funded by a Health Education
England and National Institute for Health Research (HEE/NIHR) ICA Doctoral Clinical and
Practitioner Academic Fellowship (grant number NIHR305214). GDE is funded by a Health
Education England and National Institute for Health Research (HEE/NIHR) ICA Predoctoral
Clinical and Practitioner Academic Fellowship (grant number NIHR304924). MM is supported
by NIHR ARC South London (no grant number). CMN is funded by a NIHR Advanced Fellowship
(grant number NIHR303175). WD-CM is funded by an NIHR Artificial Intelligence Award (no

grant number).

Conflict of interest’s statement

TOJ reports grants from the Royal Brompton and Harefield Hospital Charity and the National

institute for Health Research outside of the submitted work.

22



GDE, SP, JC, SK, REB, SJ, JAW, KI, report no grants outside of the submitted work, or to

undertake the submitted work.

MM reports grants from the National Institute for Health Research and UKRI Innovate UK

outside of the submitted work.
MIP is a paid consultant for Roche; however, Roche had no role in this study.
CMN reports grants from the National Institute of Health and Care Research outside of the

submitted work.

WD-CM reports grants from the National Institute for Health Research outside of the

submitted work.

Ethics approval

Approved by the London — Central Research Ethics Committee (13/L0O/1161) and the London

— Camberwell St Giles National Research Ethics Service committee (11/L0/1780).

Data sharing

Data are available upon reasonable request from the corresponding author.

Clinical trial registration

This study was not a clinical trial as defined by the ICMJE.

23



Al use statement

Al was not used in the creation of this manuscript.

Acknowledgements

The authors gratefully acknowledge the patients for agreeing to participate in the study and
the staff of the Harefield Pulmonary Rehabilitation Unit for providing the pulmonary

rehabilitation intervention.

24



[1]

(2]

(3]

(4]

(5]

(6]

(7]

8]

[9]

[10]

[11]

References

Seymour JM, Spruit MA, Hopkinson NS, et al. The prevalence of quadriceps weakness
in COPD and the relationship with disease severity. European Respiratory Journal
2010;36:81-8. https://doi.org/10.1183/09031936.00104909.

Gosselink R, Troosters T, Decramer M. Peripheral muscle weakness contributes to
exercise limitation in COPD. Pneumologie 1996;50:551-2.
https://doi.org/10.1097/00008483-199611000-00015.

Singer J, Yelin EH, Katz PP, et al. Respiratory and skeletal muscle strength in chronic
obstructive pulmonary disease: Impact on exercise capacity and lower extremity
function. J Cardiopulm Rehabil Prev 2011;31:111-9.
https://doi.org/10.1097/HCR.0b013e3182033663.

Maynard-Paquette AC, Poirier C, Chartrand-Lefebvre C, et al. Ultrasound evaluation of
the quadriceps muscle contractile index in patients with stable chronic obstructive
pulmonary disease: Relationships with clinical symptoms, disease severity and
diaphragm contractility. International Journal of COPD 2020;15:79-88.
https://doi.org/10.2147/COPD.5222945.

Shrikrishna D, Patel M, Tanner RJ, et al. Quadriceps wasting and physical inactivity in
patients with COPD. European Respiratory Journal 2012;40:1115-22.
https://doi.org/10.1183/09031936.00170111.

Swallow EB, Reyes D, Hopkinson NS, et al. Quadriceps strength predicts mortality in
patients with moderate to severe chronic obstructive pulmonary disease. Thorax
2007;62:115-20. https://doi.org/10.1136/thx.2006.062026.

Decramer M, Gosselink R, Troosters T, et al. Muscle weakness is related to utilization
of healty care resources in COPD patients. European Respiratory Journal 1997;10:417—
23. https://doi.org/10.1183/09031936.97.10020417.

Mohan D, Rossiter H, Watz H, et al. Selective androgen receptor modulation for
muscle weakness in chronic obstructive pulmonary disease: a randomised control trial
Skeletal muscle n.d. https://doi.org/10.1136/thoraxjnl-2021-218360.

Donaldson A V., Maddocks M, Martolini D, et al. Muscle function in COPD: A complex
interplay. International Journal of COPD 2012;7:523-35.
https://doi.org/10.2147/COPD.S28247.

Maltais F, Decramer M, Casaburi 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.
https://doi.org/10.1164/rccm.201402-0373ST.

Canavan JL, Maddocks M, Nolan CM, et al. Functionally relevant cut point for
isometric quadriceps muscle strength in chronic respiratory disease. Am J Respir Crit
Care Med 2015;192:395-7. https://doi.org/10.1164/rccm.201501-0082LE.

25



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Maltais F, Decramer M, Casaburi 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.
https://doi.org/10.1164/rccm.201402-0373ST.

Man WDC, Moxham J, Polkey MI. Magnetic stimulation for the measurement of
respiratory and skeletal muscle function. European Respiratory Journal 2004;24:846—
60. https://doi.org/10.1183/09031936.04.00029004.

Man W, Chaplin E, Daynes E, et al. British Thoracic Society Clinical Statement on
pulmonary rehabilitation. Thorax 2023;78:2-15. https://doi.org/10.1136/thorax-2023-
220439.

National Asthma and Chronic Obstructive Pulmonary Disease Audit Programme
(NACAP). Pulmonary rehabilitation organisational audit 2019: resource and
organisation of pulmonary rehabilitation services in England, Scotland and Wales
2019. Organisational audit: data analysis and methodology report. 2020. www.
nrap.org.uk/nrap/welcome.nsf/be3e85c85aeb3a16802581710047a878/4242adc448e
b24cb8025863a0041b7d8/SF ILE/NACAP_PR_Organisational_Audit_2019_Dec20.pdf
Date last accessed: 28 April 2025 n.d.

Santin L, Fonseca J, Hirata RP, et al. Minimal important difference of two methods for
assessment of quadriceps femoris strength post exercise program in individuals with
COPD. Heart and Lung 2022;54:56—60. https://doi.org/10.1016/j.hrtlng.2022.03.008.

Iwakura M, Okura K, Kubota M, et al. Estimation of minimal clinically important
difference for quadriceps and inspiratory muscle strength in older outpatients with
chronic obstructive pulmonary disease: a prospective cohort study. Phys Ther Res
2021;24:35-42. https://doi.org/10.1298/ptr.e10049.

Bolton CE, Bevan-Smith EF, Blakey JD, et al. British Thoracic Society guideline on
pulmonary rehabilitation in adults. Thorax 2013;68:ii1-30.
https://doi.org/10.1136/thoraxjnl-2013-203808.

Jones SE, Kon SSC, Canavan JL, et al. The five-repetition sit-to-stand test as a functional
outcome measure in COPD. Thorax 2013;68:1015-20.
https://doi.org/10.1136/thoraxjnl-2013-203576.

Kon SSC, Canavan JL, Nolan CM, et al. The 4-metre gait speed in COPD:
Responsiveness and minimal clinically important difference. European Respiratory
Journal 2014;43:1298-305. https://doi.org/10.1183/09031936.00088113.

Trivedi P, Patel S, Edwards G, et al. Five-Repetition Sit-to-Stand Test: Responsiveness
and Minimal Important Difference in Idiopathic Pulmonary Fibrosis. Ann Am Thorac
Soc 2024;21:577-84. https://doi.org/10.1513/AnnalsATS.202306-5610C.

Vestbo J, Hurd SS, Agusti AG, et al. Global strategy for the diagnosis, management,
and prevention of chronic obstructive pulmonary disease GOLD executive summary.
Am J Respir Crit Care Med 2013;187:347-65. https://doi.org/10.1164/rccm.201204-
0596PP.

26



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Nolan CM, Glen C, Walsh JA, et al. Minimal vs Specialized Exercise Equipment for
Pulmonary Rehabilitation: A Randomized Clinical Trial. JAMA Netw Open
2025;8:€2526616. https://doi.org/10.1001/jamanetworkopen.2025.26616.

Canavan JL, Maddocks M, Nolan CM, et al. Functionally relevant cut point for
isometric quadriceps muscle strength in chronic respiratory disease. Am J Respir Crit
Care Med 2015;192:395-7. https://doi.org/10.1164/rccm.201501-0082LE.

Steiner MC, Barton RL, Singh SJ, et al. Bedside methods versus dual energy X-ray
absorptiometry for body composition measurement in COPD. European Respiratory
Journal 2002;19:626-31. https://doi.org/10.1183/09031936.02.00279602.

Holland AE, Spruit MA, Troosters T, et al. An official European respiratory
society/American thoracic society technical standard: Field walking tests in chronic
respiratory disease. European Respiratory Journal 2014;44:1428-46.
https://doi.org/10.1183/09031936.00150314.

Evans RA, Singh SJ. Minimum important difference of the incremental shuttle walk
test distance in patients with COPD. Thorax 2019;74:994-5.
https://doi.org/10.1136/thoraxjnl-2018-212725.

Williams JEA, Singh SJ, Sewell L, et al. Health status measurement: Sensitivity of the
self-reported Chronic Respiratory Questionnaire (CRQ-SR) in pulmonary rehabilitation.
Thorax 2003;58:515-8. https://doi.org/10.1136/thorax.58.6.515.

Schiinemann HJ, Puhan M, Goldstein R, et al. Measurement properties and
interpretability of the Chronic Respiratory disease Questionnaire (CRQ). COPD: Journal
of Chronic Obstructive Pulmonary Disease, vol. 2, 2005, p. 81-9.
https://doi.org/10.1081/COPD-200050651.

Revicki D, Hays RD, Cella D, et al. Recommended methods for determining
responsiveness and minimally important differences for patient-reported outcomes. J
Clin Epidemiol 2008;61:102-9. https://doi.org/10.1016/j.jclinepi.2007.03.012.

Kazis LE, Anderson JJ, Meenan RF. Effect sizes for interpreting changes in health
status. Med Care 1989;27:5178-89. https://doi.org/10.1097/00005650-198903001-
00015.

Klukowska AM, Vandertop WP, Schréder ML, et al. Calculation of the minimum
clinically important difference (MCID) using different methodologies: case study and
practical guide. European Spine Journal 2024. https://doi.org/10.1007/s00586-024-
08369-5.

Frykholm E, Géphine S, Saey D, et al. Inter-day test—retest reliability and feasibility of
isokinetic, isometric, and isotonic measurements to assess quadriceps endurance in
people with chronic obstructive pulmonary disease: A multicenter study. Chron Respir
Dis 2018;16. https://doi.org/10.1177/1479973118816497.

O’Shea SD, Taylor NF, Paratz JD. Progressive resistance exercise improves muscle
strength and may improve elements of performance of daily activities for people with
COPD a systematic review. Chest 2009;136:1269-83.
https://doi.org/10.1378/chest.09-0029.

27



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Jones S, Man WDC, Gao W, et al. Neuromuscular electrical stimulation for muscle
weakness in adults with advanced disease. Cochrane Database of Systematic Reviews
2016;2016. https://doi.org/10.1002/14651858.CD009419.pub3.

Maffiuletti NA. Physiological and methodological considerations for the use of
neuromuscular electrical stimulation. Eur J Appl Physiol 2010;110:223-34.
https://doi.org/10.1007/s00421-010-1502-y.

Vaidya T, Beaumont M, de Bisschop C, et al. Determining the minimally important
difference in quadriceps strength in individuals with COPD using a fixed dynamometer.
International Journal of COPD 2018;13:2685-93.
https://doi.org/10.2147/COPD.5161342.

Koo TK, Li MY. A Guideline of Selecting and Reporting Intraclass Correlation
Coefficients for Reliability Research. J Chiropr Med 2016;15:155-63.
https://doi.org/10.1016/j.jcm.2016.02.012.

Oliveira A, Rebelo P, Paixdo C, et al. Minimal Clinically Important Difference for
Quadriceps Muscle Strength in People with COPD following Pulmonary Rehabilitation.
COPD: Journal of Chronic Obstructive Pulmonary Disease 2021;18:35-44.
https://doi.org/10.1080/15412555.2021.1874897.

Stone CA, Nolan B, Lawlor PG, et al. Hand-held dynamometry: Tester strength is
paramount, even in frail populations. J Rehabil Med 2011;43:808-11.
https://doi.org/10.2340/16501977-0860.

Heidari S, Babor TF, De Castro P, et al. Sex and Gender Equity in Research: rationale
for the SAGER guidelines and recommended use. Res Integr Peer Rev 2016;1.
https://doi.org/10.1186/s41073-016-0007-6.

Polkey MlI, Praestgaard J, Berwick A, et al. Activin type Il receptor blockade for
treatment of muscle depletion in chronic obstructive pulmonary disease: A
randomized trial. Am J Respir Crit Care Med 2019;199:313-20.
https://doi.org/10.1164/rccm.201802-02860C.

Mohan D, Rossiter H, Watz H, et al. Selective androgen receptor modulation for
muscle weakness in chronic obstructive pulmonary disease: a randomised control trial
Skeletal muscle n.d. https://doi.org/10.1136/thoraxjnl-2021-218360.

Jenkins TO, Patel S, Edwards GD, et al. Longitudinal change in ultrasound-derived
rectus femoris cross-sectional area in COPD. ERJ Open Res 2024;10.
https://doi.org/10.1183/23120541.00123-2024.

[1]  Seymour JM, Spruit MA, Hopkinson NS, et al. The prevalence of quadriceps weakness
in COPD and the relationship with disease severity. European Respiratory Journal
2010;36:81-8. https://doi.org/10.1183/09031936.00104909.

[2]

Gosselink R, Troosters T, Decramer M. Peripheral muscle weakness contributes to
exercise limitation in COPD. Pneumologie 1996;50:551-2.
https://doi.org/10.1097/00008483-199611000-00015.

28



3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Singer J, Yelin EH, Katz PP, et al. Respiratory and skeletal muscle strength in chronic
obstructive pulmonary disease: Impact on exercise capacity and lower extremity
function. J Cardiopulm Rehabil Prev 2011;31:111-9.
https://doi.org/10.1097/HCR.0b013e3182033663.

Maynard-Paquette AC, Poirier C, Chartrand-Lefebvre C, et al. Ultrasound evaluation
of the quadriceps muscle contractile index in patients with stable chronic obstructive
pulmonary disease: Relationships with clinical symptoms, disease severity and
diaphragm contractility. International Journal of COPD 2020;15:79-88.
https://doi.org/10.2147/COPD.5222945.

Shrikrishna D, Patel M, Tanner RJ, et al. Quadriceps wasting and physical inactivity in
patients with COPD. European Respiratory Journal 2012;40:1115-22.
https://doi.org/10.1183/09031936.00170111.

Swallow EB, Reyes D, Hopkinson NS, et al. Quadriceps strength predicts mortality in
patients with moderate to severe chronic obstructive pulmonary disease. Thorax
2007;62:115-20. https://doi.org/10.1136/thx.2006.062026.

Decramer M, Gosselink R, Troosters T, et al. Muscle weakness is related to utilization
of healty care resources in COPD patients. European Respiratory Journal
1997;10:417-23. https://doi.org/10.1183/09031936.97.10020417.

Mohan D, Rossiter H, Watz H, et al. Selective androgen receptor modulation for
muscle weakness in chronic obstructive pulmonary disease: a randomised control
trial Skeletal muscle n.d. https://doi.org/10.1136/thoraxjnl-2021-218360.

Donaldson A V., Maddocks M, Martolini D, et al. Muscle function in COPD: A complex
interplay. International Journal of COPD 2012;7:523-35.
https://doi.org/10.2147/COPD.S28247.

Maltais F, Decramer M, Casaburi 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.
https://doi.org/10.1164/rccm.201402-0373ST.

Canavan JL, Maddocks M, Nolan CM, et al. Functionally relevant cut point for
isometric quadriceps muscle strength in chronic respiratory disease. Am J Respir Crit
Care Med 2015;192:395-7. https://doi.org/10.1164/rccm.201501-0082LE.

Maltais F, Decramer M, Casaburi 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.
https://doi.org/10.1164/rccm.201402-0373ST.

Man WDC, Moxham J, Polkey MI. Magnetic stimulation for the measurement of
respiratory and skeletal muscle function. European Respiratory Journal 2004;24:846—
60. https://doi.org/10.1183/09031936.04.00029004.

29



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Man W, Chaplin E, Daynes E, et al. British Thoracic Society Clinical Statement on
pulmonary rehabilitation. Thorax 2023;78:2—15. https://doi.org/10.1136/thorax-
2023-220439.

National Asthma and Chronic Obstructive Pulmonary Disease Audit Programme
(NACAP). Pulmonary rehabilitation organisational audit 2019: resource and
organisation of pulmonary rehabilitation services in England, Scotland and Wales
2019. Organisational audit: data analysis and methodology report. 2020. www.
nrap.org.uk/nrap/welcome.nsf/be3e85c85aeb3a16802581710047a878/4242adc448e
b24cb8025863a0041b7d8/SF ILE/NACAP_PR_Organisational_Audit_2019_Dec20.pdf
Date last accessed: 28 April 2025 n.d.

Santin L, Fonseca J, Hirata RP, et al. Minimal important difference of two methods for
assessment of quadriceps femoris strength post exercise program in individuals with
COPD. Heart and Lung 2022;54:56—60. https://doi.org/10.1016/j.hrting.2022.03.008.

Iwakura M, Okura K, Kubota M, et al. Estimation of minimal clinically important
difference for quadriceps and inspiratory muscle strength in older outpatients with
chronic obstructive pulmonary disease: a prospective cohort study. Phys Ther Res
2021;24:35-42. https://doi.org/10.1298/ptr.e10049.

Bolton CE, Bevan-Smith EF, Blakey JD, et al. British Thoracic Society guideline on
pulmonary rehabilitation in adults. Thorax 2013;68:ii1-30.
https://doi.org/10.1136/thoraxjnl-2013-203808.

Jones SE, Kon SSC, Canavan JL, et al. The five-repetition sit-to-stand test as a
functional outcome measure in COPD. Thorax 2013;68:1015-20.
https://doi.org/10.1136/thoraxjnl-2013-203576.

Kon SSC, Canavan JL, Nolan CM, et al. The 4-metre gait speed in COPD:
Responsiveness and minimal clinically important difference. European Respiratory
Journal 2014;43:1298-305. https://doi.org/10.1183/09031936.00088113.

Trivedi P, Patel S, Edwards G, et al. Five-Repetition Sit-to-Stand Test: Responsiveness
and Minimal Important Difference in Idiopathic Pulmonary Fibrosis. Ann Am Thorac
Soc 2024;21:577-84. https://doi.org/10.1513/AnnalsATS.202306-5610C.

Vestbo J, Hurd SS, Agusti AG, et al. Global strategy for the diagnosis, management,
and prevention of chronic obstructive pulmonary disease GOLD executive summary.
Am J Respir Crit Care Med 2013;187:347-65. https://doi.org/10.1164/rccm.201204-
0596PP.

Nolan CM, Glen C, Walsh JA, et al. Minimal vs Specialized Exercise Equipment for
Pulmonary Rehabilitation: A Randomized Clinical Trial. JAMA Netw Open
2025;8:€2526616. https://doi.org/10.1001/jamanetworkopen.2025.26616.

Canavan JL, Maddocks M, Nolan CM, et al. Functionally relevant cut point for
isometric quadriceps muscle strength in chronic respiratory disease. Am J Respir Crit
Care Med 2015;192:395-7. https://doi.org/10.1164/rccm.201501-0082LE.

30



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Steiner MC, Barton RL, Singh SJ, et al. Bedside methods versus dual energy X-ray
absorptiometry for body composition measurement in COPD. European Respiratory
Journal 2002;19:626-31. https://doi.org/10.1183/09031936.02.00279602.

Holland AE, Spruit MA, Troosters T, et al. An official European respiratory
society/American thoracic society technical standard: Field walking tests in chronic
respiratory disease. European Respiratory Journal 2014;44:1428—-46.
https://doi.org/10.1183/09031936.00150314.

Evans RA, Singh SJ. Minimum important difference of the incremental shuttle walk
test distance in patients with COPD. Thorax 2019;74:994-5.
https://doi.org/10.1136/thoraxjnl-2018-212725.

Williams JEA, Singh SJ, Sewell L, et al. Health status measurement: Sensitivity of the
self-reported Chronic Respiratory Questionnaire (CRQ-SR) in pulmonary
rehabilitation. Thorax 2003;58:515-8. https://doi.org/10.1136/thorax.58.6.515.

Schiinemann HJ, Puhan M, Goldstein R, et al. Measurement properties and
interpretability of the Chronic Respiratory disease Questionnaire (CRQ). COPD:
Journal of Chronic Obstructive Pulmonary Disease, vol. 2, 2005, p. 81-9.
https://doi.org/10.1081/COPD-200050651.

Cohen J. A power primer. Psychol Bull 1992;112:155-9.
https://doi.org/10.1037/0033-2909.112.1.155.

Revicki D, Hays RD, Cella D, et al. Recommended methods for determining
responsiveness and minimally important differences for patient-reported outcomes
Clin Epidemiol 2008;61:102-9. https://doi.org/10.1016/].jclinepi.2007.03.012.

Kazis LE, Anderson JJ, Meenan RF. Effect sizes for interpreting changes in health
status. Med Care 1989;27:5178-89. https://doi.org/10.1097/00005650-198903001-
00015.

Klukowska AM, Vandertop WP, Schréoder ML, et al. Calculation of the minimum

J

clinically important difference (MCID) using different methodologies: case study and

practical guide. European Spine Journal 2024. https://doi.org/10.1007/s00586-024-
08369-5.

Frykholm E, Géphine S, Saey D, et al. Inter-day test—retest reliability and feasibility of

isokinetic, isometric, and isotonic measurements to assess quadriceps endurance in
people with chronic obstructive pulmonary disease: A multicenter study. Chron
Respir Dis 2018;16. https://doi.org/10.1177/1479973118816497.

O’Shea SD, Taylor NF, Paratz JD. Progressive resistance exercise improves muscle

strength and may improve elements of performance of daily activities for people with

COPD a systematic review. Chest 2009;136:1269-83.
https://doi.org/10.1378/chest.09-0029.

31



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Jones S, Man WDC, Gao W, et al. Neuromuscular electrical stimulation for muscle
weakness in adults with advanced disease. Cochrane Database of Systematic Reviews
2016;2016. https://doi.org/10.1002/14651858.CD009419.pub3.

Maffiuletti NA. Physiological and methodological considerations for the use of
neuromuscular electrical stimulation. Eur J Appl Physiol 2010;110:223-34.
https://doi.org/10.1007/s00421-010-1502-y.

Vaidya T, Beaumont M, de Bisschop C, et al. Determining the minimally important
difference in quadriceps strength in individuals with COPD using a fixed
dynamometer. International Journal of COPD 2018;13:2685-93.
https://doi.org/10.2147/COPD.S5161342.

Koo TK, Li MY. A Guideline of Selecting and Reporting Intraclass Correlation
Coefficients for Reliability Research. J Chiropr Med 2016;15:155-63.
https://doi.org/10.1016/j.jcm.2016.02.012.

Oliveira A, Rebelo P, Paixao C, et al. Minimal Clinically Important Difference for
Quadriceps Muscle Strength in People with COPD following Pulmonary Rehabilitation.
COPD: Journal of Chronic Obstructive Pulmonary Disease 2021;18:35-44.
https://doi.org/10.1080/15412555.2021.1874897.

Stone CA, Nolan B, Lawlor PG, et al. Hand-held dynamometry: Tester strength is
paramount, even in frail populations. J Rehabil Med 2011;43:808-11.
https://doi.org/10.2340/16501977-0860.

Heidari S, Babor TF, De Castro P, et al. Sex and Gender Equity in Research: rationale
for the SAGER guidelines and recommended use. Res Integr Peer Rev 2016;1.
https://doi.org/10.1186/s41073-016-0007-6.

Polkey MI, Praestgaard J, Berwick A, et al. Activin type Il receptor blockade for
treatment of muscle depletion in chronic obstructive pulmonary disease: A
randomized trial. Am J Respir Crit Care Med 2019;199:313-20.
https://doi.org/10.1164/rccm.201802-02860C.

Mohan D, Rossiter H, Watz H, et al. Selective androgen receptor modulation for
muscle weakness in chronic obstructive pulmonary disease: a randomised control
trial Skeletal muscle n.d. https://doi.org/10.1136/thoraxjnl-2021-218360.

Jenkins TO, Patel S, Edwards GD, et al. Longitudinal change in ultrasound-derived
rectus femoris cross-sectional area in COPD. ERJ Open Res 2024;10.
https://doi.org/10.1183/23120541.00123-2024.

32



FIGURE LEGENDS

Figure 1 legend: Participant flow diagram

Figure 2 legend: QMVC measurement chair
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