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Abstract  Eventhough chronic obstructive pulmonary disease (COPD)is primarily a disease of
the respiratory system, limb muscle dysfunction characterized by muscle weakness, reduced
muscle endurance and higher muscle fatigability, is a common secondary consequence and a
major systemic manifestation of the disease. Muscledysfunction is especially relevant in COPD
becauseit is related to important clinical outcomes such as mortality, quality of life and exer-
cise intolerance, independently of lung function impairment. Thus, improving muscle function
is considered an important therapeutic goal in COPDmanagement. Pulmonary rehabilitation
(PR)is a multidisciplinary, evidence-based and comprehensive approach usedto promote bet-
ter self-management of the disease, minimize symptom burden, optimize functional status,
and increase participation in activities of daily life. Exercise training, including cardiovascular
and muscle exercises, is the cornerstone of PRand is considered the best available strategy
to improve exercise tolerance and muscle function among patients with COPD.This paper
addressesthe various components of exercise training within PRused to improve limb mus-
cle function in COPD,providing clinicians and health-care professionals with an overview and
description of these various exercise modalities and of their effects on limb muscle function.
Guidance and recommendations to help designoptimal limb muscle training regimens for these
patients are also presented.
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Introduction

Chronic obstructive pulmonary disease (COPD)is a major
cause of morbidity and mortality worldwide. The interna-
tional prevalence of Global Initiative for Chronic Obstructive
Lung Disease(GOLD)stage 2 and higher COPDis estimated
to be 10%, a “gure that is steadily increasing.'> COPDis
estimated by the World Health Organization to be the third
leading causeof death in 2030.% Although COPDis character-
ized by chronic air"ow limitation, limb muscle dysfunction
is a common consequence and a major systemic manifesta-
tion in COPD*® Limb muscle dysfunction is associated with
important clinical outcomes such as increased mortality, "¢
reduced quality of life, ° greater healthcare utilization, *°
and exercise intolerance, **-** independently of lung func-
tion impairment. Exercise intolerance is considered one of
the key disabling factors in COPDwith dyspnea and leg
fatigue being the most frequently reported exercise limiting
symptoms.*** Clinical manifestations of limb muscle dys-
function in COPOnNclude muscle atrophy, weakness,reduced
endurance, and/or greater muscle fatigability.  Assessment
of limb muscle mass and limb muscle function in COPDis
therefore highly encouraged and improving this common
feature of COPDis an important therapeutic goal.®*®

This article provides clinicians and health-care profes-
sionals with an overview and description of the various
exercise modalities used within pulmonary rehabilitation
(PR)to improve limb muscle function, especially highlighting
effective modalities at the muscle level. Our objective isto
provide guidance and recommendations to help clinicianse
design optimal limb muscle training during PRfor patients
with COPD.

Limb muscle function in patients with COPD

Limb muscle dysfunction encompasses muscle weakness,
reduced endurance or greater muscle fatigability. '°> Preva-
lence rates of muscle weakness ranges from 20 to 40%
depending on disease severity, ® while reduced limb mus-
cle endurance and muscle fatigue occur in 30-80% of
patients with COPD%'"'8 The impairment in limb mus-
cles function in COPDis heterogeneous with strength and
endurance of upper limbs seemingly more preserved than
those of lower limbs. %1921 Decreasedlimb muscle strength
and endurance, especially when involving lower limbs, are
associated with reduced walking capacity?’ and physical
activity, 13202% exercise intolerance, *** morbidity, mortal-
ity aswell asincreased health care service use, dyspneaand
poor quality of life. 819°2° Lower limb muscles of patients
with COPDalso exhibit a greater susceptibility to fatigue
than that of age-matched healthy individuals. **>2° Limb mus-
cle dysfunction is the end result of several muscle structural,
molecular and cellular alterations which are summarized
in Fig. 1 and include weakness, atrophy, “ber-type dis-
tribution shifts, reduced oxidative capacity, mitochondrial
dysfunction, and reduced capillarisation that are medi-
ated by numerous etiological factors. 27?8 These include
sedentarity, poor nutritional status, repeated COPDexacer-
bations and systemic use of corticosteroids. ® Other relevant
etiological factors include cigarette smoke, hypoxia, hyper-
capnia and acidosis, metabolic alterations of several types

including vitamin D and testosterone de‘“ciencies, systemic
in"ammation and co-morbidities. >52°

In patients with COPD,limb muscle strength is a deter-
minant of the level of physical activity *° and of functional
capacity*. Moreover, muscle strength is related to dyspnea
aswell asto quality of life. 1% Quadriceps muscle strength
signi“cantly predicts mortality in COPD, while weakness
is associated with impaired balance and an increase risk
of falls.®' Despite its clinical relevance, muscle strength
mostly re’ects the action of fast-twitch “bers? and rep-
resents only one aspect of limb muscle function. ** Limb
muscle endurance, de“ned asthe musclessability to sustain
or repeat a speci‘c task over time, 2 and muscle fatigability,
the reversible reduction in force generated by the muscle
during a given task, re”ect other aspects of muscle function
such as muscle oxidative capacity and oxygen supply®* that
are relevant to the endurance tasks that are part of daily
life physical activities of patients with COPD>*¢ Limb mus-
cle endurance is also related to walking capacity and upper
limb muscle function in COPD??> An important concept is
that strength and endurance cannot be predicted from each
other asthey re”ect different muscle properties. 3” Under-
standing that strength and endurance are both clinically
important and that they re’ect different muscle proper-
ties isimportant in the design of rehabilitative interventions
aimed at improving limb muscle function in COPD.

Pulmonary rehabilitation (PR)

PRis an individualized, comprehensive and multidisciplinary
approach that involves exercise training, education, psy-
chosocial support, and nutritional interventions, in order to
promote better self-management of the disease, minimize
symptom burden, optimize functional status, and increase
participation in activities of daily life. *®*! Body composi-
tion abnormalities (such asweight loss and muscle wasting)
are prevalent in COPD%*? Sarcopenia has been reported in
about 15%of patients with COPDand impairs function and
health status of the individual patient. Patients with COPD
and sarcopenia have reduced exercise capacity, functional
performance, level of physical activity and health status
compared with patients with COPDwithout sarcopenia.*®
Nutritional interventions, dietary counseling, food forti“ca-
tion, and supplementation *+“> are recommended and may
be ef‘cient for increasing weight, fat-free mass, exercise
tolerance as well as survival in compliant patients. Edu-
cational sessionsshould address smoking cessation, basic
information about COPDand pathophysiology of the dis-
ease, general approach to therapy and speci“c aspects of
medical treatment, strategies to help minimize dyspnea,
advice about when to seek help, self-management and deci-
sion making during exacerbations, and advance directives
and end-of-life issues®“® PRis perhaps the best example
of evidence-based medicine in pulmonology asit improves,
among other things, exercise capacity, health-related qual-
ity of life, aswell asrelieving dyspneaand fatigue. *’ Risks
of hospitalization, mortality, 347 and healthcare utilization
costs “® are also reduced with PR. Although there is cur-
rently no consensusregarding the optimal duration of a
PR program, the current recommendations suggest 8-12
weeks, while keeping in mind that extending this length
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Morphological and structural alterations reported in limb musclesin patients with chronic obstructive pulmonary disease

(COPD).CS,citrate synthase; HADH,3-hydroxyacyl CoAdehydrogenase. Reprinted with permission of the American Thoracic Society.
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might bene“t patients who need more time to achieve
clinical improvements. 34° Even though the content of PR
may vary depending on factors such as healthcare systems,
resources, personnel or settings, individually tailored exer-
cise training is considered the cornerstone of PR*’ Whole
body aerobic training involving upper and lower extremities
and strengthening exercises are recommended components
of exercise training in patients with COPD?° Exercise train-
ing within the context of PRis also considered one of the best
available meansto improve limb muscle function in COPD,
demonstrating increase limb muscle strength, limb muscle
endurance as well asreduced fatigability. “°

It isrecommended that an exercise assessmentbe carried
out before commencing PR and exercise training in order
to tailor the exercise prescription to the individualss spe-
ci“c requirements and goals.*®*° Suchan assessmentshould
include evaluation of exercise capacity and of muscle func-
tion. Design of exercise programs should always be based
on the foremost principles of exercise training, including
but not limited to, the principles of speci“city, progres-
sive overload and variation ! (Table 1). Firstly, the principle
of speci‘city states that all training adaptations are spe-
ci“c to the stimulus applied. °> Second, the above discussion
about muscle strength, >3 endurance and fatigability implies
that speci‘c interventions are required to address these

different aspectsof muscle function. Lastly, speci‘c aims of
the training should be kept in mind in designingthe program.

Increasing limb muscle strength

In the latest of‘cial American Thoracic Society/European
Respiratory Society (ATS/ERS) statement on key con-
cepts and advances in PR, increasing muscle strength
was highlighted as an important goal of rehabilitation in
COPD*° Aerobic exercises such as walking and cycling have
been found to increase muscle strength in patients with
COPD?"5455 Aerobic exercise, either of interval or constant-
load modalities also increases muscle cross-sectional area
(CSAJ5-°8 and reduces the proportion of type lIx “bers in
the quadriceps.®”*® Metabolic adaptations, suchas, but not
limited to, increased oxidative capacity of the quadriceps
muscle and reduction in exercise induced lactic acid produc-
tion are also seenafter aerobic training protocols in patients
with COPDS57°¢ Even though the optimal intensity is still
debatable, higher intensities (>60%o0f maximal work rate)
seemsto be preferable over lower aerobic training intensi-
ties to induce a physiological adaptation to training. °
Nevertheless, if the goal is to improve muscle strength,
resistance training has a greater potential than aerobic
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Table 1  Principles of exercise training.
Principles Description Considerations when designing exercise training
Speci‘“city All training adaptations are Physiological adaptations are determined by
esspeci‘ces to the stimulus various factors including: (i) muscle actions
applied involved, (ii) speedof movement, (iii) range of
motion, (iv) muscle groups trained, (v) energy
systemsinvolved and (vi) intensity and volume of
the exercise performed.
Progressive For continuous adaptations Alternating one or more of the following: (i)
overload to occur a gradual increase exercise intensity (i.e., loading), (ii) duration,

of stress placed upon the
body during exercise is
necessary

Asthe human body adapts
to a speci“c training
stimulus a systemic
variation/alteration of one
or more program variable(s)
are necessaryfor long-term
progression

Periodization
(variation)

(iii) repetition speed, (iv) rest periods, (v)
training volume and (vi) training frequency could
be done for progressive overload.

Several modes of variation are available including
(i) classic periodization (high initial training
volume at a low intensity where volume decreases
and intensity increasesastraining progresses), (ii)
reverse periodization (low initial training volume
at a high intensity where volume increases and
intensity decreasesastraining progressesand (ii)
nonlinear periodization (rotation of exercise
protocols to allow variations in intensity and
volume).

training protocols. *° Greater effects on muscle strength are
obtained with resistance training in comparison to aero-
bic training or when resistance training is added to an
aerobic training protocol. “°5560-62 The tolerability of resis-
tance training is also considered to be superior to that of
aerobic training since it results in less exercise induced
dyspnea,®® allowing more patients to reach targeted exer-
cise intensities, thus optimizing the effect of the exercise
performed. Asall training adaptations are speci‘c to the
stimulus applied (principle of speci“city), 5 greater effects
on muscle strength are expected with resistance train-
ing protocols as these regimens are speci‘cally designed
for increasing muscle strength, particularly when they use
fairly large weights and a low number of repetitions (often
8-15 repetitions). 5254 In contrast, aerobic based protocols
(involving submaximal contractions over a long time, nor-
mally 20-60minutes or more)*® use a different exercise
setup that might not be optimal to increase limb muscle
strength. 52

Muscle “ber CSA,arrangement of muscle “bers accord-
ing to their pennation angle, muscle length, joint angle
and contraction velocity are all factors in"uencing muscle
strength. 552 Increasesin mid-thigh CSA,diminished in"am-
mation and stimulation of satellite cells (which maintain
muscle massand contribute in muscle “bers regeneration) %
have all been shown after resistance training regimes in
COPD.Other limb muscle adaptations following resistance
training included upregulation of muscle insulin-like growth
factor-1 systemaswell asof myogenic regulatory factors.

The optimal resistance training prescription for patients
with COPLhasyet to be determined. “° The American College
of Sports Medicine (ACSM)guidelines for enhancing muscle
strength in older adults are useful to consider for patients
with COPD(Table 2). The ACSMrecommends performing

resistance training, 1-3 sets of 8-12 repetitions undertaken

against high load on 2-3 dayseach week. Initial loads equiv-
alent to either 60-70%of the one repetition maximum (1
RM)(that is, the maximal load that can be moved only once
over the full range of motion without compensatory move-
ments) or one that evokesfatigue after 8-12 repetitions are
recommended. It is further proposed that exercise dosage
must increase over time (following the exercise principle

of progressive overload) to facilitate improvements in mus-
cular strength and muscle mass).*>>? This overload can be
achieved by increasing the resistance or weight, increas-
ing the repetitions per set, increasing the number of sets
per exercise, and/or decreasing the rest period between

sets or exercises’>®’ (Table 1). The majority of studies that

have investigated the effects of resistance training on mus-
cle strength in COPDhave used exercise approaches similar

to the ACSMecommendations.®* Nevertheless, other resis-
tance training approaches, such as4 sets of 5 repetitions at
85-90%o0f 1 RM?%® 6-8 repetitions at 70-85%of 1 RM®5°
and even 2 sets of 20-25 repetitions at 40-55%of 1 RM
have demonstrated signi“cant increasesin muscle strength

among patients with COPD’%"*

In addition to aerobic and resistance training protocols,
transcutaneous neuromuscular electrical stimulation (NMES)
training may also increase muscle strength in COPD’? The
technology induces muscle contractions by depolarizing
motor neurons through the application of an electrical cur-
rent via electrodes placed on the skin over the targeted
muscles. NMESis a feasible alternative to resistance train-
ing in severely disabled patients in whom the tolerance to
traditional whole body training might be compromised.”>73
High-frequency NMES,is recommended over low-frequency
NMESand has shown comparable muscle strengthening
effects than resistance training in severely dyspneic patients
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Table 2  Resistancetraining recommendations for improving limb muscle function.

Limb muscle strength

Limb muscle endurance

Muscle actions

Concentric, isometric and eccentric

Intensity 60-70%o0f 1 RMor fatigue after 8-12
(loading) repetitions

Volume 1-3 sets

Exercise Unilateral and bilateral single- and
selection multiple-joint exercises.

Exercise order

Perform large muscle group exercises
before small muscle group exercises,
multiple-joint exercises before
single-joint exercises,
higher-intensity exercises before
lower-intensity exercises, or rotation
of upper and lower body exercises or
performing one exercise for a speci“c
muscle group followed by an exercise
for the opposing muscle group
(agonist-antagonist)

Velocity of Slow and moderate velocities (1-2 s
muscle or higher in concentric and eccentric
action phase of the movement)

Rest periods 2-3 min between sets

Frequency 2-3 days per week

Progression Increase with up to 10%when current

workload could be performed for 1-2
repetitions over targeted for two

Concentric, isometric and eccentric
15-25 repetitions or more,
approximately 45-65%of 1 RM

1-3 sets

Unilateral and bilateral single- and
multiple-joint exercises.

Exercise order is not asimportant as
during limb muscle strength training

Moderate to fast velocities for high
repetitive (15-20 repetitions or
more)

1-2 min between sets

2-3 days per week

Increase with up to 10%when current
workload could be performed for 1-2
repetitions over targeted for two

consecutive sessions

consecutive sessions

RM, repetition maximum.

with COPD’* NMEould also be an alternative for home use
and in this context, may increase in type Il “ber CSAwith
a decrease in type | “ber CSAof the quadriceps muscle in
patients with COPD’®

Increasing limb muscle endurance

Limb muscle endurance is decreased among patients with
COPD,often to a larger magnitude than strength. '8¢ Limb
muscle endurance is also seemingly more closely related to
walking capacity as well asto upper limb muscle function
than limb muscle strength in this group of patients. > How-
ever, although the effects of PRon limb muscle strength
are well documented, the effect of PR on limb muscle
endurance has not been investigated to the same extent.
Available data suggestthat exercise training improves lower
as well as upper extremity functional capacity, demon-
strated by increased walking capacity, arm endurance and
arm function following eight weeks of high-repetitive resis-
tance training. '° The decrease in limb muscle endurance
reported in patients with COPDis at least partly related to
intrinsic muscle abnormalities, andthe needto include some
forms of muscle-speci“c training is warranted if one goal of
PRshould be to increase limb muscle endurance.*® There are
currently no speci‘c recommendations on how to increase
limb muscle endurance among patients with COPD.ACSM
nevertheless suggeststhat healthy adults perform multiple
sets of resistance exercises using light loads involving 15-25

repetitions or more, 2-3 days each week with moderate to
fast repetition velocities and rest periods between 1 and
2min (Table 2). There is no speci‘c recommendation con-
cerning the percentage of 1 RMat which exercises should be
performed, 52 but 40-65%of 1 RMhasbeen usedduring resis-
tance training among patients with COPDallowing 15-25
repetitions per set. This strategy was followed by Nyberg
et al. 2015, incorporating upper and lower extremity exer-
cises performed during 25 repetitions at 55%of 1 RMand
it resulted in increasesin both upper and lower limb mus-
cle endurance as well asincreasesin quadriceps strength,
walking distance and arm function. "° A similar approach was
used by Wurtemberger and Bastian,”* however no measure-
ments of limb muscle endurance was performed. Another
type of low intensity limb muscle training was tested by
Clark et al. ”” and was composed of 10 upper and lower-body
home exercises undertaken for 30s (with 15-s progressions
up to 60s) every day during 12 weeks with only body weight
used as resistance. These authors reported increased iso-
tonic upper (shoulder "exion) and lower (knee extension
and “"exion) limb muscle endurance, and reduced ventila-
tion during exertion in the trained group compared to the
control group. Finally, a study by Arnardottir et al.”® also
utilized a high number of repetitions, (15-20 repetitions
at 65%of 1 RM), however no assessmentof limb muscle
function was incorporated. Intrinsic mechanismsexplaining
the effects of high-repetitive resistance training on limb
muscle endurance in patients with COPDstill require fur-
ther investigation. In healthy untrained men, an increased
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percentage of type IIAX muscle “bers, myosin heavy chain
isoform and muscle CSAhave been demonstrated follow-
ing eight weeks of high-repetitive (20-28 RM) resistance
training. ’° In addition to being associated with improved
limb muscle endurance, high-repetitive resistance training
may also improve oxygen uptake and increased maximal
mitochondrial respiration in trained muscles.°

Quadriceps muscle endurance could also be improved
using NMESin patients with COPD!* Even though high-
frequency NMESseem to result in greater improvements
of muscle endurance than low-frequency NMES,both low-
and high-frequency NMEShave shown effects on muscle
endurance comparable of those achieved from a strength
training protocol. * However, interpretation of the compa-
rable results on limb muscle endurance should be treated
with caution considering that the strength training proto-
col used included 4 sets of 8 repetitions at 70%of 1 RM,
i.e., not in line with ACSMrecommendations for increasing
limb muscle endurance.®? Lastly, phototherapy with combi-
nation of super-pulsed laser and light-emitting diodes can
increase quadriceps muscle endurance when compared to
a placebo treatment. However, the trial was small and the
effect in comparison to a resistance training protocol was
not investigated. &

Studies using aerobic exercise modalities (e.g., interval
or continuous cycling protocols) often lack speci‘c assess-
ment of the limb muscle.'® Nevertheless, quadriceps muscle
endurance was evaluated by O<Donnell et al., *” who did not
see any changesin quadriceps muscle endurance following
6 weeks of walking, treadmill and cycling exercises for the
lower limbs. The main focus of aerobic training studies has
beento demonstrate the positive impact of exercise training
on muscle determinants of muscle endurance such as mus-
cle “ber capillarization, mitochondrial density and oxidative
capacity. °"#2 More research on the speci“c effects of aerobic
training on limb muscle endurance is warranted.

Discussion

If the goal of exercise training is to improve speci‘c aspects
of limb muscle function such as strength and endurance,
resistance training should be preferred over other available
exercise modalities within PR. Resistance training proto-
cols seem superior to aerobic training protocols with regard
to increasing limb muscle function, especially limb muscle
strength, in patients with COPD?740:525560-62 Other exercise
alternatives suchashigh-frequency NMESre feasible, espe-
cially in more severe patients, "> but more studies are needed
to compare their effects with those of traditional exercise
training protocols.

The requirements for improving limb muscle strength or
endurance are different and this hasseriousimplications for
the exercise training approach to be used for optimal bene-
“ts. The exercise programs should be built on the founding
principles of exercise training (progressive, overload, speci-
“city and variation) (Table 1) and individualized and adapted
to the speci“c goalsof treatment. It would seemadvisable to
follow ACSMecommendations*®°? for increasing limb mus-
cle strength or limb muscle endurance (Table 2).

The vast majority of resistance training regimens, aimed
at improving limb muscle function in patients with COPD

has used weight machines as a primary choice of exer-
cise equipment. °2%* However, there is a growing evidence
in COPDthat exercise training using minimal equipment
such as body weight and/or elastic resistance bandsis also
effective in improving both limb muscle strength and limb
muscle endurance. %88 The use of elastic resistance bands
is also considered clinically applicable both for patients as
well as care providers and could be considered a practica-
ble and less costly alternative to weight machines,®® that
could be more easily implemented outside specialized cen-
ters. The principle of progressive overload and, to some
extent, the principle of speci‘city have been usedin resis-
tance training regimes for patients with COPD.However,
variation or periodization which could be done by systemic
variations of, for example, exercise volume and intensity,
is rarely incorporated. Since the body adapts quickly to
exercise regimens, variations in training parameters may
help to ensure continual progression and optimization of
the training intervention. 5° Classic, reverse or undulation
variation strategies could theoretically be used, however
data on patients with COPDsare lacking.“® In one study,
nonlinear exercise training wasfound to be superior to tradi-
tional non-varied exercise training with regard to improving
aerobic work capacity on cycle ergometry.®® The poten-
tial use of nonlinear periodization in resistance training for
improving limb muscle function among patients with COPD
is interesting, but hasyet to be investigated. Sinceimprov-
ing limb muscle strength and endurance requires different
exercise approaches, a periodized exercise approach includ-
ing both high load, low-repetitive (muscle strength) and low
load, high-repetitive (muscle endurance) components would
appear to be a promising approach in this group of patients.
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