The Impact of Exercise Training and
Supplemental Oxygen on Peripheral Muscles in
Chronic Obstructive Pulimonary Disease: A
Randomized Controlled Trial
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ABSTRACT

NEUNHAUSERER D., M. HUDELMAIER, D. NIEDERSEER, M. VECCHIATO, W. WIRTH, E. STEIDLE-KLOC, B. KAISER, B.
LAMPRECHT, A. ERMOLAO, M. STUDNICKA, and J. NIEBAUER. The Impact of Exercise Training and Supplemental Oxygen on Periph-
eral Muscles in Chronic Obstructive Pulmonary Disease: A Randomized Controlled Trial. Med. Sci. Sports Exerc., Vol. 55,No. 12, pp. 2123-2131,
2023. Objective: Exercise training is a cornerstone of the treatment of chronic obstructive pulmonary disease, whereas the related interindividual het-
erogeneity in skeletal muscle dysfunction and adaptations are not yet fully understood. We set out to investigate the effects of exercise training and
supplemental oxygen on functional and structural peripheral muscle adaptation. Methods: In this prospective, randomized, controlled, double-blind
study, 28 patients with nonhypoxemic chronic obstructive pulmonary disease (forced expiratory volume in 1 second, 45.92% + 9.06%) performed 6
wk of combined endurance and strength training, three times a week while breathing either supplemental oxygen or medical air. The impact on ex-
ercise capacity, muscle strength, and quadriceps femoris muscle cross-sectional area (CSA) was assessed by maximal cardiopulmonary exercise test-
ing, 10-repetition maximum strength test of knee extension, and magnetic resonance imaging, respectively. Results: After exercise training, patients
demonstrated a significant increase in functional capacity, aerobic capacity, exercise tolerance, quadriceps muscle strength, and bilateral CSA. Sup-
plemental oxygen affected significantly the training impact on peak work rate when compared with medical air (+0.20 + 0.03 vs +0.12 £ 0.03
W-kg ™!, P=0.047); a significant increase in CSA (+3.9 + 1.3 cm?, P =0.013) was only observed in the training group using oxygen. Supplemental
oxygen and exercise-induced peripheral desaturation were identified as significant opposing determinants of muscle gain during this exercise training
intervention, which led to different adaptations of CSA between the respective subgroups. Conclusions: The heterogenous functional and structural
muscle adaptations seem determined by supplemental oxygen and exercise-induced hypoxia. Indeed, supplemental oxygen may facilitate muscular
training adaptations, particularly in limb muscle dysfunction, thereby contributing to the enhanced training responses on maximal aerobic and func-
tional capacity. Key Words: CHRONIC OBSTRUCTIVE PULMONARY DISEASE, HYPEROXIA, PULMONARY REHABILITATION,
LIMB MUSCLE DYSFUNCTION, QUADRICEPS FEMORIS MUSCLE, MAGNETIC RESONANCE IMAGING

hysical exercise training is recommended in all interna-
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tional guidelines on chronic obstructive pulmonary dis-

ease (COPD), being an evidence-based central therapeutic
measure for these patients (1-5). In this context, improving pe-
ripheral muscle structure and function represents a key target
for pulmonary rehabilitation, because skeletal muscle mass,
strength, and dysfunction were shown to predict mortality inde-
pendently of lung function (6—10). However, the effects of ex-
ercise training on peripheral musculature are still poorly studied
and thus not well understood. The magnitude of response to ex-
ercise on limb muscles is highly variable, with some patients
showing little or no benefit (8,11,12). Indeed, one of the major
characteristics of muscle dysfunction in COPD is its
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interindividual heterogeneity, a fact leading to the concept of a
limb muscle dysfunction phenotype in COPD (8). Moreover,
characteristic structural and metabolic alterations such as a
loss of muscle mass, skeletal muscle fatigue, a shift in fiber
type distribution, mitochondrial dysfunction, and decreased
oxidative capacity have been described (8,11,13). Despite also
chronic cellular hypoxia may affect limb muscle (dys)function
(8,14), little is known about the effects of oxygen therapy dur-
ing exercise on peripheral muscle adaptation in patients with
COPD.

It remains unresolved whether nonhypoxemic COPD pa-
tients should exercise with supplemental oxygen (5,15-17).
Several studies have applied oxygen during endurance exer-
cise training in patients with (18-25) and without exertional
hypoxemia (26-29), with conflicting results in both cases.
Moreover, it has recently been shown that supplemental oxy-
gen might be able to further improve the effects of endurance
training on peak exercise capacity (30). Until this study, little
evidence was supporting the use of supplemental oxygen dur-
ing training interventions in nonhypoxemic COPD (15,16).
Technical aspects of oxygen delivery and specific training ad-
aptations must be considered when prescribing supplemental
oxygen for pulmonary rehabilitation (28,30-32).

Because supplemental oxygen is known to reduce ventila-
tory limitation, thereby improving exercise tolerance (33),
the hypothesis of this investigation was that supplemental ox-
ygen could help patients to improve and/or accelerate periph-
eral muscle adaptations/remodeling, leading thereby to better
functional capacity. The quadriceps femoris muscle may con-
stitute a valid skeletal muscle to study, because it affects daily
physical functioning and represents a typical example of a pri-
mary locomotor muscle that is underused in patients with
COPD (8). Magnetic resonance imaging (MRI)-based direct
lower limb muscle assessment has been shown to provide ad-
ditional value to objectively evaluate structural peripheral ad-
aptations; indeed, muscle mass correlates with muscle strength
and provides useful clinical and functional information (6-8).

In this study, we set out to investigate whether exercise
training and supplemental oxygen affect peripheral muscle ad-
aptation, which incorporates important prognostic markers for
this population. This is the first training intervention study in
patients with COPD, which aims to assess the impact of sup-
plemental oxygen, providing parallel analyses on muscle func-
tion and mass evaluated by MRI.

MATERIALS AND METHODS

The Salzburg COPD Exercise and Oxygen (SCOPE) study
is a prospective, randomized, controlled, double-blind, trial in
a population with nonhypoxemic COPD (Fig. 1) (30-33). Pa-
tients with a stable COPD, aged >30 yr, forced expiratory vol-
ume in 1 second (FEV)) between 30% and 60% of predicted,
and resting arterial oxygen partial pressure (PaO,) >55 mm Hg,
and carbon dioxide partial pressure (PaCO,) <45 mm Hg were
included; those with comorbidities known to impair physical
exercise training were not eligible for participation (30). All

included patients underwent a training-free run-in, control
period lasting 6 wk to optimize pharmacological treatment
according to international guidelines. Subsequently, patients
were randomized to training with supplemental oxygen (O,)
or medical air (Air). Participants, caregivers, and those assessing
outcomes were blinded for the provided gas supply. The primary
outcome of the SCOPE study assessing the impact of the exer-
cise training intervention and supplemental oxygen was peak
work rate (in watts per kilograms) (30). This article specifi-
cally provides an analysis of secondary end points of periph-
eral muscle (dys)function and adaptations to a 6-wk training
intervention. Because it was not feasible to perform four MRIs
per participant, the crossover analyses of the SCOPE study are
not available in this article. The ethics committee of the State
of Salzburg approved the study, participants provided written in-
formed consent, and it has been registered on ClinicalTrials.gov
(NCT01150383).

Exercise training intervention. Patients performed
6 wk of combined endurance and strength training three times
a week with either supplemental oxygen or medical air during
training. Each endurance training session included 5-min
warm-up (flow via nasal cannula, 4 L-min"!), seven 1-min
high-intensity cycling intervals starting at 70%-80% of
gas-specific peak work rate each separated by 2 min of active
recovery (10 L-min™"), and 5-min final cooldown (4 L-min ).
The intermittent recovery periods as well as the warm-up and
cooldown were performed at about 50% of peak work rate.
The exercise intensity in terms of work rate was progressively
increased based on training adaptations monitored by heart
rate. In addition, eight high-intensity strength training exer-
cises were performed on weight lifting machines with the
respective gas supply: latissimus pull-down, shoulder press,
back extension, abdominal crunch, butterfly, butterfly reverse,
leg extension, and leg flexion. Patients performed 1 set with 8
to 15 repetitions to failure. Whenever more than 15 repetitions
were realized, weight was increased.

Functional evaluation. Functional and aerobic capacity
were assessed by ECG-monitored, incremental cardiopulmonary
exercise testing (without oxygen supply) using Jacger Hardware,
analyzed with the JLAB Software on a stationary cycle ergom-
eter (Ergoline Ergoselect 200) (30,33). Testing started at 20 W
and increased by 10 W-min ! in men and 5 W-min ' in women
until exhaustion (Borg rating of perceived exertion: 18-20).
Gas exchange parameters were registered breath by breath.
Capillary blood samples for lactate measurements and patients’
blood pressure were obtained every 2 min. Lactate measure-
ments were analyzed with the EKF Biosen-C lactate analyzer.

Quadriceps femoris muscle strength was contemporane-
ously assessed by a standardized 10-repetition maximum
(10-RM) strength test of knee extension with Proxomed®
compass weight lifting machines. The 10-RM refers to the
weight with which the patient was able to perform no more
than 10 repetitions.

Muscle cross-sectional area. The main outcome of
this investigation was the quadriceps femoris muscle cross-
sectional area (CSA), assessed by MRI data sets acquired with
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herpes zoster, umbilical

ulcer, beta-blocking agent,
no MRI data.

Examination after six weeks of exercise (n=28)

hernia, no MRI data.

FIGURE 1—Flow diagram. Fifty of 137 contacted patients met the eligibility criteria and entered the training-free run-in period. At training start, alloca-
tion concealment was ensured by an external block randomization for group allocation and concealed medical gas sources by locked away gas cylinders; a
hidden gas distributing system was provided from the gas supplier. Although 16 patients could not be evaluated after the training intervention, no differ-
ences in dropout rates were observed between both samples. Only two patients opted out during the training period, at a very early stage of the intervention.
Other withdrawals were because of comorbidities, exacerbations during the cold winter months, and no available MRI data. The exercise training interven-
tion was conducted at the University Institute of Sports Medicine, Prevention and Rehabilitation of the Paracelsus Medical University of Salzburg (Austria).

a 3.0-T scanner (Achieva; Phillips-Medical-Systems, Best, the
Netherlands). A T1-weighted turbo-spin-echo sequence (echo
time, 15 ms; section thickness, 10 mm; in-plane resolution,
0.78 mm?; repetition time, 500—1909 ms; acquisition time,
878-1242 s) was used to obtain axial images. A single repre-
sentative cross section for both thighs was selected at 30% of
distance between the transition of the femoral neck to the shaft
and the most distal slice showing the muscular portion of the
rectus femoris where it transits to the quadriceps tendon as a
singular entity without direct contact to the heads of the muscle.
The congruency of the selected cross sections between baseline
and follow-up was confirmed by comparing anatomical fea-
tures like vascular and connective tissue details. The outline
of the quadriceps femoris muscle was delineated manually with
a custom-made in-house software to obtain the anatomical
CSA. The segmentation followed the outline of the quadriceps
closely, avoiding surrounding fatty and connective tissues, as
well as the fascia lata. However, the quadriceps tendon was in-
cluded as it is considered part of the muscle (Fig. 2). Reader and
quality controller (M.H.) were blinded to acquisition order.
Statistical analysis. A statistician has been involved in
study design and outcome analyses. The Shapiro-Wilk test
has been used to test for normality. For normally distributed
data, unpaired #-tests were performed for comparisons be-
tween study arms and paired #-tests for analyses within study
arms. The Wilcoxon test was used in case of nonnormal data
distribution. Subgroup analyses were performed for patients
who desaturated during incremental exercise testing (Desat.:
peripheral oxygen saturation (SpO,) <95%, decrease >5%,
measured with pulse oximetry on the fingertip). Comparisons
between subgroups were performed with the one-way analysis
of variance. A multivariate analysis of variance investigated
the impact of supplemental oxygen and exercise-induced de-
saturation, as determinants of muscle gain during the training
intervention. The relationship between continuous variables
was evaluated by Pearson’s correlation coefficient. Study

outcomes are presented as mean = SE, whereas baseline
characteristics as mean + SD.

RESULTS

This study analysis finally evaluated 28 patients aged
63.64 £ 597 yr with stable COPD and a mean FEV; of
45.92 + 9.06% of predicted. The baseline characteristics of
the study sample are shown in Table 1, and the study flowchart
is presented in Figure 1. At training start, both study groups
(supplemental oxygen or medical air) did not differ signifi-
cantly with regard to pulmonary function (FEV,/forced vital
capacity, FEV}, diffusing capacity of the lung for carbon mon-
oxide, PaCO,, PaO,, SpO, at rest and peak exercise) and func-
tional capacity, that is, peak work rate (1.1 + 0.4 vs 1.1 £ 0.4
W-kg ™!, respectively), peak oxygen uptake (VO,, 18.2 £ 3.5
vs 18.3+4.0 mL'min~ kg, respectively), and muscle strength
of quadriceps femoris (10-RM, 27.5+£9.2 vs 31.3 £ 12.2 kg, re-
spectively; P> 0.1 for all parameters).

Effects of exercise training. Six weeks of exercise
training led to a significant increase in functional capacity
(peak work rate: 85.3 + 6.0 vs 97.3 £ 6.2 W, P < 0.001;
1.10£0.07 vs 1.25+0.07 Wkg !, P<0.001), acrobic capac-
ity (VO,, 18.3£0.7 vs 20.1 £ 0.7 mL'min ""kg ', P<0.001),
and exercise tolerance (peak respiratory exchange ratio (RER):
1.03 £ 0.01 vs 1.07 £ 0.02, P < 0.001; maximal lactate:
3.7+02 vs 5.0+ 04 mmolL !, P< 0.001). Furthermore,
muscle strength of knee extension increased significantly dur-
ing the training intervention (10-RM: 29.5 £+ 2.1 wvs
41.3+2.2kg, P<0.001). A growth in CSA has been observed
for both quadriceps femoris muscles (left CSA: 57.6 + 2.5 vs
58.6 + 2.5 cm?, P = 0.049; right CSA: 56.7 = 2.6 vs
57.7+2.7 ecm?, P =0.042; Fig. 2).

Effects of supplemental oxygen. Although both study
groups significantly improved their maximal exercise capac-
ity, when both breathing conditions were compared after
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FIGURE 2—Muscle segmentation in MR images before and after training intervention. T1-weighted MR images with segmentation of the quadriceps
femoris muscle (patient’s right side in purple and left side in pink) at baseline (a; top) and after the exercise training intervention (b; bottom). The femur,
fatty, and connective tissues as well as vessels were excluded from the segmentation, but fascia lata and beginning rectus tendon were included. This tech-
nique and the slice-selection have been shown to adequately represent changes in extensor muscle volume (r2 =0.73) (34).

6 wk of exercise intervention, it was observed that supple-
mental oxygen positively affected peak work rate when com-
pared with medical air (differences: O, +15.1 = 2.3 vs Air
+9.5 + 1.9 W, P = 0.067; O, +0.20 + 0.03 vs air
+0.12 + 0.03 W-kg ', P = 0.047). This impact on functional
capacity was also associated with structural adaptations in
peripheral muscles. Although those patients who trained with
supplemental oxygen were able to significantly increase the
total quadriceps femoris CSA (+3.9 + 1.3 cm?, P = 0.013),
this was not the case during training with medical air
(+0.6 £ 1.3 cm?, P=0.656). However, the increase in muscle
strength of knee extension was not found significantly af-
fected by supplemental oxygen (differences: O, +11.1 + 1.1 vs
Air +12.3 £2.2 kg, P = 0.649).

Impact of exercise-induced peripheral desaturation.
Although those patients who did not desaturate during exer-
cise were able to significantly increase their total quadriceps
femoris CSA during the training intervention (+4.0 + 1.4 cm?,
P =0.012), no structural peripheral adaptation was found for
the subgroup with exercise-induced peripheral desaturation
(54% of the study participants; +0.5 £ 1.3 cm?, P =0.701).

Subgroup analyses. The impact of supplemental oxy-
gen and exercise-induced peripheral desaturation led to differ-
ent adaptations of total quadriceps femoris CSA between the
respective subgroups (Table 2); a multivariate analysis of var-
iance showed that both were significant opposing determi-
nants of muscle gain during the exercise training intervention
(P =0.005 and P=0.008, respectively). Moreover, peak work

TABLE 1. Baseline characteristics.
Patient Characteristics (n = 28; 75% Men)

Mean SD
At rest
Age, yr 63.6 6.0
BMI, kg-m2 26.9 5.0
FEV4/FVC, % 58.6 11.6
FEV4, % predicted 45.9 9.1
VC inspired, % predicted 82.0 13.6
DLCOc, % predicted 49.8 124
Resting HR, bpm 75.2 15.2
Systolic BP, mm Hg 119.6 14.0
Diastolic BP, mm Hg 739 9.2
Hemoglobin, g-dL™" 14.9 1.6
Pa0,, mm Hg 69.3 8.1
PaC0,, mm Hg 378 32
Sp0y, % 97.0 4.0
At peak exercise

Peak work rate, W 85.2 31.7
Peak VO,, mL-kg™"-min”"' 18.2 37
VE, L-min~! 53.6 1.1
Breathing reserve, % 0.0 16.3
Maximal HR, bpm 129.0 17.0
Systolic BP, mm Hg 1771 33.6
Diastolic BP, mm Hg 76.8 14.0
BORG, RPE (6-20) 18.8 1.0
Peak RER 1.03 0.07
Maximal lactate, mmol-L~" 37 1.3
Sp0y, % 89.9 7.7

This table shows the patients’ baseline characteristics at rest and at peak exercise measured
at training start. Data are presented as mean and SD.

BMI, body mass index; BP, blood pressure; Breathing reserve, based on a calculated max-
imal voluntary ventilation from resting FEV4 x 38; DLCOc, diffusing capacity of the lung for
carbon monoxide; FVC, forced vital capacity; HR, heart rate; RPE, rating of perceived exer-
tion; VG, vital capacity; VE, minute ventilation.
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TABLE 2. Impact of exercise training on quadriceps femoris muscle CSA.

Training Start Training End  Difference
Subgroups n Mean SE Mean SE Mean SE P
Total CSA All 28 1142 51 1164 51 21 1.0 0.038

Air/Desat 6 1191 95
Air/Non-Desat 9 1211 94
0,/Desat 9 1110 83
0o/Non-Desat 4 98.6 184

1164 95 -27 14
1239 90 28 17
1136 88 26 16 0.049
1054 20 6.8 1.9

This table shows that, although patients’ total CSA (in centimeters squared) of their quadri-
ceps femoris muscle has increased during the exercise training intervention, the impact was
found statistically significant different when subgroups were compared with a one-way anal-
ysis of variance ( P = 0.049).

*P < 0.05 for intragroup comparison.

ro0o0o s

rate and quadriceps femoris muscle CSA showed indepen-
dently similar training adaptations in the different subgroups
(Fig. 3). The nonbenefit of the exercise training intervention
on CSA in desaturating patients training with medical air should

be highlighted, whereas supplemental oxygen was able to com-
pensate this missed peripheral adaptation (Fig. 4). The opposite
impact of supplemental oxygen and exercise-induced periph-
eral desaturation affected training adaptations in peripheral
muscles and thus influenced peak work rate. This was con-
firmed by significant correlations of the changes in total CSA
with the impact on functional capacity and exercise tolerance
during training with supplemental oxygen; these correlations
were found inverted for patients with exercise-induced periph-
eral desaturation who trained with medical air (Table 3, Fig. 4).

DISCUSSION

To the best of our knowledge, this is the first study to inves-
tigate the impact of an exercise training intervention with and
without supplemental oxygen on independently assessed end
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FIGURE 3—Subgroup comparisons of exercise capacity and CSA. The changes (A) of peak work rate (in watts) and quadriceps femoris muscle CSA (in
centimeters squared) are presented in panels a and b, respectively. Functional and structural adaptation showed both similar training responses in the dif-

ferent subgroups.
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FIGURE 4—Impact of supplemental oxygen on training adaptations in desaturating patients. The impact of supplemental oxygen on patients with
exercise-induced peripheral desaturation significantly affected the training adaptations on quadriceps femoris CSA (ACSA [in centimeters squared]) related

to the respective peak work rate (A [in watts]).

points of functional and structural peripheral muscle adapta-
tions in patients with nonhypoxemic COPD. The innovative
assessment of the quadriceps femoris muscle CSA by MRI
provides new insights into the training adaptations during pul-
monary rehabilitation. In this population, limb muscle dys-
function and the related interindividual variability in the ef-
fects of exercise training on skeletal muscles are not yet fully
understood. The main results of this investigation suggest
the following interpretations:

* Peripheral functional and structural training adaptations
are highly variable in this population.

» Supplemental oxygen increases the impact of exercise
training on peak work rate and skeletal muscle mass.

* Peripheral muscle fatigue and hypoxia during exercise
may affect the training response on muscle gain.

» Exercise-induced intermittent hypoxia might be a deter-
minant to further investigate regarding its association
with limb muscle dysfunction in COPD.

Impact of exercise training and supplemental oxy-
gen. Exercise training led to a significant increase in func-
tional capacity, aerobic capacity, and exercise tolerance. Fur-
thermore, a gain in muscle strength of knee extension has been
shown after the training intervention. Data also suggest an im-
portant role of supplemental oxygen during exercise training,

TABLE 3. Correlations of structural with functional parameters of exercise capacity.

which significantly increased the functional training effects
on peak exercise intensities (30). Although oxygen supple-
mentation during training may have limited direct effects on
muscle oxygenation in certain conditions/patients, it also in-
hibits carotid body stimulation and reduces thereby respiratory
drive (30,35,36). Moreover, it is known that supplemental oxy-
gen can improve pulmonary hemodynamics by local vasodilata-
tion, leading to lower pulmonary resistances and thus increased
cardiac output, allowing thereby better exercise tolerance dur-
ing training sessions (37). Thus, supplemental oxygen could
reduce ventilatory limitation during exercise and permit higher
training loads/volume, also because of greater peripheral mus-
cle activation and less fatigability (13), consequently leading
to improved exercise capacity due to better training stimuli
(28,30,33). Until publication of the results of our SCOPE study
supporting the use of supplemental oxygen during training
in nonhypoxemic COPD, the outcomes from previous studies
were rather heterogenous (15—17). Different study designs and
technical aspects of oxygen delivery might have contributed to
the inconclusive discussion (16). High oxygen flows,
gas-specific exercise prescription, higher exercise intensities,
and progressive training adaptations were proposed as critical
issues (15,30,33,36). However, the impact of supplemental
oxygen seems more evident on maximal workloads than on
submaximal exercise capacity (25,30,32). Furthermore, the ef-
fects of exercise training on endothelial dysfunction and

Peak Peak Peak \702, 10-RM Peak Lactate,

Subgroups n Work Rate, W Work Rate, W-kg™' mL-kg™'-min" Knee Extension, kg Peak RER mmol-L™
Differences total CSA All 28 0.489** 0.399* 0.267 0.256 0.414* 0.323

0, 13 0.594* 0.432 0.668 * 0.228 0.651* 0.672*
Air 15 0.277 0.231 -0.107 0.351 0.204 -0.158
Desat 15 0.487 0.213 0.339 0.247 0.264 0.425
Non-Desat 13 0.491 0.503 0.304 0.305 0.588* 0.287
Air/Desat 6 -0.323 -0.266 -0.361 0.306 -0.467 -0.601
Air/Non-Desat 9 0.371 0.352 0.164 0.474 0.469 0.014

0o/Desat 9 0.644* 0.188 0.731* 0.475 0.570 0.717*
0o/Non-Desat 4 0.588 0.504 0.291 -0.482 0.962* 0.818

This table provides an overview on how the changes of total CSA (quadriceps femoris muscle) during the training intervention are correlated with the impact on functional capacity, aerobic
capacity, muscle strength, and exercise tolerance. Pearson’s correlation coefficient is provided for all variables.

*P<0.05.
**P<0.01.
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chronic inflammation were not significantly affected by supple-
mental oxygen (31). All these aspects might raise the question if
the study hypothesis regarding supplemental oxygen during
training should be reconsidered; from “whether or not” toward
“when, how, for which training objectives and patients.”
Peripheral muscular training adaptation. This study
provides additional value in evaluating the impact of supple-
mental oxygen during training in patients with COPD, because
the previously discussed functional improvements on exercise
capacity were associated with independently obtained param-
eters of peripheral muscular training adaptation (30). Skeletal
muscle dysfunction and strength are predictors of mortality in-
dependent of lung function (7-9), and the related most potent
currently available treatment option is exercise training (8,10,11).
Strength tests and evaluation of skeletal muscle mass could
thus provide useful clinical and prognostic information for pa-
tients with COPD. MRI-based direct lower limb muscle as-
sessment objectively evaluates structural peripheral adapta-
tion, which is particularly useful in research because these
methods may be more responsive to specific lower limb inter-
ventions (8,38). Indeed, the study sample’s CSAs of the quad-
riceps femoris muscles increased significantly in 6 wk of train-
ing. However, subgroup analyses showed that, only during
training with supplemental oxygen, a significant gain in mus-
cle mass could be obtained. The impact of supplemental oxy-
gen on patients’ muscle growth was particularly apparent for
the subgroup with exercise-induced peripheral desaturation.
Moreover, those patients of this subgroup who have trained
with medical air did not show any improvement with a trend
of decreasing the CSA of the quadriceps femoris muscles.
On the other hand, supplemental oxygen led to a clear mitiga-
tion of this maladaptation and thus to an increase in muscle
CSA and improved peak work rate (Fig. 4). Indeed, therapies,
including those aimed at alleviating hypoxia, have been
shown to partially restore muscle mass and oxidative capacity
in patients with chronic respiratory disease (39). Although
many COPD patients may not experience excessive tissue hyp-
oxia during standard pulmonary rehabilitation programs, it was
shown that hypoxia can be a key factor driving changes in limb
muscle tissue, affecting muscle weakness, dysfunction, and at-
rophy through altered signalization in the HIF/von Hippel—
Lindau pathway as well as by epigenetic mechanisms (8,14,40).
Diseased muscles are largely unable to coordinate the expres-
sion of muscle remodeling (40); hypoxia has an inhibitory ef-
fect on muscle protein synthesis and leads to an activation of
proteolysis (8,14). Hypoxemia may also potentiate the inflam-
matory response and compromise muscles’ oxidative capac-
ity, providing additional mechanisms predisposing to muscle
atrophy and fatigue (8,39). The SCOPE trial cannot provide
direct mechanistic data confirming these pathophysiological
(mal)adaptations in skeletal muscles, but study outcomes
might emphasize the impact supplemental oxygen could have
on limb muscle adaptations to prevent the consequences of
exercise-induced hypoxia in certain patients with COPD.
The fact that this hypothesis has not been confirmed, evaluat-
ing muscle strength of knee extension could be due to the im-

portant exercise-specific neuromuscular learning effect during
strength training, which may have a relatively greater impact
than changes in CSA in a short training period for patients
who are not used to strength exercises. Future trials may reas-
sess the effect of hypoxia/hyperoxia on strength gain during
longer training interventions, with different training modalities
and a higher volume of strength exercises, providing also
follow-up evaluations and accurate isokinetic/isometric strength
analyses.

Limb muscle dysfunction in COPD. The interindivid-
ual heterogeneity regarding muscle dysfunction, weakness,
and adaptation in these patients led to the concept that an un-
expected limb muscle dysfunction phenotype may exist in
COPD (8). Furthermore, although pulmonary rehabilitation
improves limb muscle function (4), it has been shown that
the magnitude of response to exercise training interventions
is highly variable, with some patients showing little or no ben-
efit (12). Clusters of COPD patients with differential muscle
molecular rehabilitation responses have been described, which
may be reflective of distinct phases of muscle remodeling and
correspond to a differential gain in physical functioning (11).
The data of our study are in line with previous publications,
which discussed a high interindividual variability of training-
related functional and structural peripheral muscle adaptations
(8,11,12). This is mirrored by significant differences between
subgroups, revealing supplemental oxygen and exercise-
induced peripheral desaturation as significant opposing determi-
nants of skeletal muscle adaptation. Although the development
of limb muscle dysfunction is related to multifactorial issues like
physical inactivity, chronic inflammation, nutritional imbalance,
medical drugs, hypercapnia, and oxidative stress, also hypoxemia
has been discussed as possible trigger contributing to peripheral
structural degradation (8,14). Thus, our study observations may
suggest that (exercise-induced intermittent) hypoxia could sig-
nificantly influence limb muscle adaptations and dysfunction,
which would also partially explain the substantial interindivid-
ual variability in the effects of pulmonary rehabilitation on
skeletal muscles (11). These outcomes add further pathophysi-
ological and mechanistic hypotheses how supplemental oxygen
may affect a training intervention, providing also data related to
its impact on peripheral muscle mass, which was independently
evaluated from functional testing. This should motivate further
studies to specifically investigate the impact of supplemental
oxygen on skeletal muscles regarding structural, cellular, and
molecular adaptations in different COPD subpopulations and
phenotypes.

Limitations and perspectives. A limitation of this
study is that MRI repetition and acquisition times varied be-
cause of software updates of the scanner in between. However,
it has been shown that different turbo-spin-echo sequences,
acquired at different scanners, and even with different echo
times will yield highly reproducible shape parameters (41).
The muscle CSA analysis is exclusively morphological, and
no quality measures like spectroscopy were performed. How-
ever, it has been shown that muscle CSA correlates strongly
with muscle quality measures (42). Furthermore, because of
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the complexity of conducting RCTs in such COPD patients,
the statistical power of this secondary analysis of the SCOPE
study limits strong conclusions for subgroup analyses with
small sample size. However, because functional and structural
peripheral muscle adaptations showed very similar results by
independent markers and evaluations, the risk of bias in the
study interpretation seems rather low. Further specific research
with larger prospective cohorts and a well-characterized COPD
population is needed to confirm these outcomes and to improve
existing knowledge regarding the pathophysiological mecha-
nisms of limb muscle dysfunction and the related muscular adap-
tations to exercise. Because this study cannot provide mechanistic
data supporting the hypothesis of cellular hypoxia as determi-
nant of skeletal muscle adaptations during an exercise training
intervention, direct measurements of peripheral oxygen sup-
ply to muscles with an assessment of molecular and cellular
training adaptations may carry this research question forward.
Future studies should add analyses of muscle proteomics/
metabolomics with muscle biopsies and/or specific imaging
techniques; also measures of electromyography should be in-
vestigated to identify whether the enhanced training adaptation
is consequent to increased muscle activity. This may improve
the understanding of the heterogenous peripheral training adap-
tations in skeletal muscles of patients with COPD.

CONCLUSIONS

To the best of our knowledge, this is the first randomized,
controlled, double-blind trial to provide an evaluation of func-
tional and morphological adaptations of thigh muscles after an
exercise intervention with and without supplemental oxygen
during training in patients with COPD. Supplemental oxygen
significantly increased the training impact on peak work rate
and fostered quadriceps femoris muscle growth. Our data
may generate the hypothesis that exercise-induced peripheral
hypoxia limits muscular training adaptations, which might,
at least partially, explain the high interindividual variability,
supporting the concept of a possible limb muscle dysfunction
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