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Abstract 

Chronic obstructive pulmonary disease (COPD) is a disease that is characterised 
by persistent respiratory symptoms and airflow limitation. Consequences beyond 
the airways and lungs are common, and include limb muscle dysfunction. Limb 
muscle dysfunction is treated with exercise training, and should be preceded by 
assessments to individualise prescriptions. Guidelines recommend assessment of 
quadriceps strength, but limb muscle dysfunction affects more than strength. 
Other less investigated assessments may be of interest. During training, direct 
physiological (cardiorespiratory, metabolic, and biomechanical) and 
symptomatic responses are important, since they can affect training effectivity, 
and they may differ depending on whether arms or legs are used. The main aims 
of this thesis were to investigate the relevance of assessments of quadriceps 
function, feasibility and reliability of methods to assess quadriceps endurance, 
and to compare the direct physiological and symptomatic responses during arm 
and leg activities in people with COPD. 

Method: This thesis is based on four papers. These include one systematic 
review with a meta-analysis of studies comparing direct physiological and 
symptomatic responses to activities performed with the arms versus the legs, and 
three papers based on an international cross-sectional multicentre study 
investigating reliability, feasibility, and relevance of three leg extension 
assessments of quadriceps endurance. Relative and absolute reliability was 
determined via interclass correlation coefficient (ICC), coefficient of variation 
(CV %), and limits of agreement for measures of isokinetic total work, isokinetic 
fatigue index, isometric time to exhaustion, and isotonic repetitions to 
exhaustion. The relevance of the measures of quadriceps endurance and other 
quadriceps functions were determined by the association to functional capacity 
and physical activity with Pearson correlation (r) and multiple linear regression 
models (R2, adjusted R2, and Δ of R2 and adjusted R2).  

Results: Results from the meta-analyses show that leg-cycle ergometer resulted 
in greater tidal volume (137 mL), minute ventilation (4.8 L/min), and oxygen 
consumption (164 mL/min) compared to arm cycle ergometer, while 
symptomatic responses were similar. Physiological (e.g., minute ventilation and 
oxygen consumption) responses during arm and leg resistance training exercises 
were similar. Results from studies on functional activities depend on the type and 
intensity of the activity performed.  

Isokinetic total work was the measurement with the highest relative reliability 
(ICC = 0.98) and the smallest absolute reliability (e.g., CV% = 6.5). Isokinetic 
fatigue index, isometric, and isotonic measures demonstrated low-to-high 
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relative reliability (ICC = 0.64, 0.88, 0.91), and absolute reliability was larger 
(e.g., CV% = 20.3, 14.9, and 15.8%). Participants performed better on the retest 
for isokinetic total work and isometric measurements (4.8 and 10%, p < 0.001). 
The feasibility was similar across protocols, with an average time consumption of 
< 7.5 minutes, limited perceived dyspnoea compared to leg fatigue, and no major 
adverse advents.  

The measures of quadriceps function had mostly similar (r = +/- 0.07–0.45) 
levels of correlations to functional capacity and physical activity. In multiple 
regression analyses, quadriceps power improved the models to predict functional 
capacity the most (Δ adjusted R2 = 0.10, 0.15, adjusted R2 = 0.60, 0.39). Isotonic 
endurance was the only muscle function that improved all physical activity 
models (ΔR2 = 0.04–0.07, p < 0.05, R2 = 0.38–0.49).  

Conclusions: The results indicate that if the goal of an activity is to maximise 
physiological responses such as minute ventilation and oxygen consumption, 
activities involving the legs should be preferred. Symptomatic responses seem 
task and intensity-dependent, which suggests that strategies used to reduce 
symptoms should be based on relative intensity. In the assessment of quadriceps 
endurance, isokinetic, isometric, and isotonic protocols present low to very high 
relative reliability. Differences in reliability and better performance at retest 
might reflect differences in the ability to detect true change. Quadriceps power 
may be more relevant to functional capacity, and isotonic quadriceps endurance 
may be more relevant to physical activity. 
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Sammanfattning på svenska 

Kroniskt obstruktiv lungsjukdom (KOL) är en sjukdom som kännetecknas av 
ihållande symtom från luftvägarna och en begränsning av luftflödet. 
Konsekvenser utanför luftvägarna och lungorna är vanliga och inkluderar 
minskad storlek, styrka, kraft (power) och uthållighet i ben och armmuskler, 
samlat kallat muskeldysfunktion. Muskeldysfunktion behandlas med träning och 
före träningen bör bedömningar göras för att anpassa och styra träningen. 
Riktlinjer rekommenderar bedömning av styrkan i lårmusklerna. Andra 
bedömningar kan vara av intresse, men är mindre undersökta. Under träningen 
är direkta effekter (exempelvis förändringar i andning, puls, energiförbrukning 
och mekaniskt arbete) och symtom viktiga eftersom de kan påverka 
träningseffekten, och de kan vara olika beroende på om armarna eller benen 
används. Syften med avhandlingen var att undersöka genomförbarhet och 
reliabilitet av bedömningar av uthålligheten i lårmusklerna, relevans av att 
bedöma styrka, kraft och uthållighet lårmusklerna och att beskriva direkta 
effekter och symtom under aktiviteter som genomförs med armarna jämfört med 
aktiviteter som genomförs med benen vid KOL. 

Metod: Avhandlingen baseras på fyra artiklar. En systematisk granskning med 
metaanalys av studier som jämför direkta effekter och symtom under aktiviteter 
genomförda med armarna mot aktiviteter genomförda med benen. En artikel som 
undersökte reliabilitet och genomförbarhet av tre bensparksövningar för att 
bedöma lårmuskeluthållighet. Och två artiklar som undersökte relevans av 
uthållighet, styrka, och kraft i lårmuskeln.  

Absolut (variation mellan test) och relativ (variationen i relation till spridningen 
i gruppen) reliabilitet undersöktes av de tre bensparksövningarna genomförda 
två gånger. Fyra olika mått utvärderades, totalt arbete och ett trötthetsindex 
under 30 isokinetiska repetitioner (konstant hastighet med kontinuerlig mätning 
av applicerad kraft), tid som deltagarna kunde trycka/sparka statiskt med en 
förutbestämd kraft och antal repetitioner som deltagarna kunde göra med ett 
förutbestämt motstånd.  

Relevansen av måtten på benmuskelfunktion undersöktes genom samvariation, 
och förmåga att förutsäga, funktionell kapacitet och fysisk aktivitet. Funktionell 
kapacitet och fysisk aktivitet anses som viktiga mål får träningsinterventioner för 
personer med KOL. 

Resultat: Resultat från metaanalyserna visar att när personer med KOL cyklar 
med benen tar de större andetag och tar upp mer syre jämfört med om de 
använder armarna, symtom var liknande oavsett om armarna eller benen 
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användes. Vid styrketräning var direkta fysiologiska reaktioner (t.ex. andning och 
syreförbrukning) liknande oavsett om deltagarna använde armarna eller benen. 
Vilken typ av aktivitet som utförs och intensitet på den utförda aktiviteten 
påverkar resultatet i studier som fokuserade på mer funktionella aktiviteter. 

Isokinetiskt totalt arbete hade den högsta relativa reliabiliteten och den minsta 
absoluta reliabiliteten. Isokinetiskt utmattningsindex, tid som deltagarna kunde 
trycka statiskt och antal repetitioner med ett förutbestämt motstånd mått visade 
låg till hög relativ reliabilitet och absolut reliabilitet/variation var större än för 
isokinetiskt totalt arbete. Deltagarna presterade bättre vid det andra testtillfället 
för måtten på isokinetiskt totalt arbete och statisk tid. Genomförbarheten var 
liknande mellan bensparksövningarna gällande genomsnittlig tidsförbrukning, 
upplevd dyspné jämfört med trötthet i benen och problem/skador under testen.  

Måtten på lårmuskelfunktion hade mestadels liknande samvariation med 
funktionell kapacitet och fysisk aktivitet. I multipla regressionsanalyser 
förbättrade lårmusklernas kraft modellerna för att förutsäga funktionell kapacitet 
mest. Repetitioner med ett förutbestämt motstånd var den enda 
lårmuskelfunktionen som förbättrade alla modeller för att förutsäga fysisk 
aktivitet. 

Slutsatser: Resultaten indikerar att om målet med en aktivitet är att maximera 
direkta effekter som ventilation och syreförbrukning, bör aktiviteter som 
involverar benen föredras. Symtom verkar vara mer beroende av aktivitet och 
intensitet än om benen eller armarna används. Vilket tyder på att strategier som 
används för att minska symtomen borde baseras på aktivitet och intensitet.  

Vid bedömning av lårmuskeluthållighet har isokinetiskt totalt arbete, isokinetiskt 
uttröttbarhetsindex, tid som deltagarna kunde trycka/sparka statiskt med en 
förutbestämd kraft och antal repetitioner som deltagarna kunde göra med ett 
förutbestämt motstånd låg till mycket hög relativ reliabilitet. Skillnader i absolut 
reliabilitet och förbättringar vid ett andra test kan återspegla skillnader i förmåga 
att upptäcka verklig förändring.  

Lårmuskelkraft verkar vara mest relevant av benmuskelfunktionerna som 
undersöktes för funktionell kapacitet, och antal repetitioner som deltagarna 
kunde göra med ett förutbestämt motstånd verkar vara mest relevant av 
lårmuskelfunktionerna som undersöktes för fysisk aktivitet. 
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Abbreviations 

COPD Chronic obstructive pulmonary disease 

GOLD Global Initiative for Chronic Obstructive Lung 
Disease 

FEV1 Forced expiratory volume in the first second 

FVC Forced vital capacity 

CI Confidence interval 

ICC Intraclass correlation coefficient 

CV Coefficient of variation 

LoA Limits of agreement 

r Correlation coefficient 

R2 Coefficient of determination 

AIC Akaike Information Criterion 

Definitions  

Physiological response In Paper I, the term physiological response is 
used as a broad term to describe the direct effect 
of activity, examples are heart rate, oxygen 
consumption, but also the amount of work 
performed by the participants. 

Feasibility In Paper II, time to perform the test protocols, 
symptoms of dyspnoea and leg fatigue, and 
adverse events are used to describe and compare 
the feasibility of the different protocols. 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is a common disease that affects 
the individual's physical capacity to perform functional and recreational daily life 
activities (1). To improve the physical capacity of people with COPD, exercise 
training is considered a cornerstone of evidence-based care, and should 
minimally include interventions aimed to improve quadriceps muscle function 
(2). However, optimising the assessment of quadriceps muscle function and how 
the assessments can individualise exercise training prescriptions needs further 
investigation. 

Chronic obstructive pulmonary disease 
COPD is defined by the Global initiative for chronic obstructive lung disease 
(GOLD) (1) as:  

…a common, preventable, and treatable disease that is characterized by 
persistent respiratory symptoms, and airflow limitation that is due to airway 
and/or alveolar abnormalities usually caused by significant exposure to noxious 
particles and gases, and influenced by host factors including abnormal lung 
development. 

The persistent airflow limitation of COPD is caused by inflammation and 
structural changes in the central and distal airways, and in the lung tissue (3). 
Chronic inflammation is most often caused by noxious exposure, and contributes 
to structural changes including narrowing and loss of the distal airways (4), and 
destruction of the lung tissue, emphysema (5). The contribution of emphysema 
and distal airway obstruction to respiratory symptoms varies between 
individuals, and the progression of the two is not simultaneous and does also vary 
between individuals (3).  

Chronic cough and dyspnoea during activities are common symptoms in the early 
stages of the disease. As the disease progresses to advanced COPD, dyspnoea 
during rest and general fatigue are described as two of the most common and 
troublesome symptoms (6). 

Prevalence 
COPD is a leading cause of morbidity and mortality worldwide that induces a 
substantial economic and social burden (7). A global study estimates the 
prevalence of moderate COPD in people over 40 years of age at 10.1% (8), and in 
northern Sweden, 8.5% of the population is estimated to have COPD, with a 
similar prevalence between women and men (9).  
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In Sweden, only ischemic heart disease, stroke, Alzheimer’s disease, and lung 
cancer caused more deaths than COPD in 2019, and globally COPD was the sixth 
leading cause of disability-adjusted life-years in all age groups. Disability-
adjusted life-years represent years lost because of premature mortality and years 
of life lived with disability, adjusted for the severity of the disability. In age groups 
50 to 74 years, and 75 plus, COPD is the fourth and third most prominent cause 
of disability-adjusted life-years (7).  

Risk factors 
Cigarette smoking and increasing age are the most well-studied and established 
risk factors for COPD (10, 11). A meta-analysis of studies published between 1990 
and 2004 provided evidence that COPD is more common among smokers and ex-
smokers and individuals over 40 years of age than among non-smokers and 
individuals under 40 years of age (12). Studies indicate that women are more 
sensitive to similar levels of exposure to cigarette smoke than men (13, 14). Other 
risk factors include occupational dust or fumes, and indoor air pollutants, such 
as smoke from burning biomass (15).  

The abnormal lung development mentioned in the description of COPD refers to 
exposures that can take place in gestation, birth, or young childhood (16), and 
affect lung development. A reduced maximal lung function in adolescence, when 
it should be at its peak, increases the risk for COPD later in life (17). Asthma, a 
respiratory disease characterised by airway hyper-reactivity, often diagnosed in 
childhood or adolescence, also increases the risk to develop COPD (18). A small 
number develop COPD due to smoking together with alpha-1 antitrypsin 
deficiency (19), a known genetic predisposition. 

COPD and the lungs and airways 
Disease characteristics of COPD include chronic inflammation and structural 
changes of the airways and lungs (3). As the name implies, the characteristics are 
chronic and persist even without further exposure to risk factors (5).  

People with COPD appear to have an altered inflammatory response and this may 
include several mechanisms (3). Including increased numbers of inflammatory 
cells (5) and inflammatory mediators (20) compared to people without COPD 
which implies a greater inflammatory response in the central and distal airways. 
In central airways, sputum production is increased and cilia function is decreased 
(21). In distal airways are fibrotic tissue is developed after repeated injury and 
repair due to inflammation which narrows the airways (22). Inflammation and 
narrowing of peripheral airways reduce airflow (23). An imbalance in the 
signalling system responsible for the break-down and build-up of tissue in the 
lungs is involved in the breakdown of lung tissue leading to emphysema (24).  
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Emphysema reduces lung elasticity, which is important for efficient expiration 
(5), and affects the small airways, as the small airways depend on the alveolar 
attachments for stability and the ability to remain open during expiration (25). A 
reduced ability for expiration can lead to more air being inspired than expired, 
and air is trapped in the lungs as a result, termed hyperinflation. Hyperinflation 
can be static or dynamic. Hyperinflation affects inspiration since the work needed 
for inspiration is increased from the already inflated lung, and results in a sub-
optimal shape of the diaphragm, the main inspiratory muscle, to contract (26). 
Dynamic hyperinflation during exercise is common for people with COPD, 
leading to increased dyspnoea and exercise capacity limitation during exercise 
(27, 28).  

Emphysema also reduces gas transfer by the loss of available area for the gas 
transfer to take place (4). Advanced reduction of gas transfer ability can result in 
low levels of oxygen, hypoxemia, and/or high levels of carbon dioxide, 
hypercapnia in the blood. The gas exchange may also be affected by reduced 
respiratory drive or hyperinflation (28). 

Worsening of symptoms, exacerbations, due to bacterial or viral respiratory 
infections, environmental pollutants, or unknown causes, is common for people 
with COPD. Exacerbations are defined as "an acute worsening of respiratory 
symptoms that results in additional therapy" (29). Exacerbations negatively 
contribute to COPD progression (30). A negative progression is even more likely 
if recovery from the exacerbation is slow (31). During a typical exacerbation, there 
is increased inflammation, increased hyperinflation, and increased dyspnoea 
(32).  

Symptoms and clinical diagnosis 
COPD should be considered in individuals troubled by dyspnoea, chronic cough 
with or without sputum production, reduced exercise capacity, and/or exposure 
to risk factors for the disease, such as cigarette smoke (1). Spirometry is needed 
to make the diagnosis. A post-bronchodilator ratio of forced expiratory volume in 
the first second (FEV1) and forced vital capacity (FVC) of less than 0.70 confirms 
persistent airflow limitation according to the GOLD’s definition of COPD (8).  

Dyspnoea, a cardinal symptom of COPD, is a major cause of the disability and 
anxiety associated with the disease (33). In the early stages of the disease people 
with COPD may only have dyspnoea during activities. In people with more 
advanced COPD dyspnoea may be present during rest (6). Dyspnoea is described 
as similar but not equal to breathlessness or being out of breath, typically it can 
be described as an increased effort to breathe, a heavy chest, or a feeling of not 
being able to get enough air (34). However, the terms used to describe dyspnoea 
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varies between individuals and cultures (34). Fatigue, either described specific, 
e.g. leg fatigue (35) or general, describing an overall feeling of tiredness or lack of 
energy (36), is another common and troublesome symptom of COPD (37). 
Chronic cough, defined as cough during at least three months for at least two 
consecutive years, is often the first symptom of COPD. But is not necessary for 
diagnosis. Individuals may eventually cough throughout the day but most often 
it is preceded by periods of coughing after some exposure, such as cigarette smoke 
(38). People with COPD may also have excess sputum production, in periods or 
all the time (39).  

Spirometry is the preferred objective measurement of airflow limitation and 
necessary for COPD diagnosis. It is non-invasive, but it requires the full 
participation of the individual being tested. Good quality spirometry can be done 
in any healthcare setting since the devices are small and relatively cheap, and it 
is recommended that all healthcare professionals working with individuals with 
COPD should have access to spirometry (1, 40).  

The criterion for airflow limitation in agreement with the GOLD definition of 
COPD is FEV1/FVC < 0.70. It should be measured by spirometry after treatment 
with inhaled medication for bronchodilation (40, 41). Arguments for the use of 
the GOLD criterion of <0.70 include that is easy to use, does not need reference 
values, and this criterion has been used in many studies that form the present 
evidence-based care for people with COPD (1). Other definitions of COPD and 
airflow obstruction, past and present, use other criteria (9, 42).  

Further assessments of individuals with COPD should determine how much the 
airflow is reduced, COPD symptoms, and the future risk of exacerbations. The 
airflow limitation level is based on reference values (41) which are based on age, 
height, sex, and ethnicity, and the result is FEV1 in percent of predicted. Specific 
cut-offs define the airflow limitation in FEV1 in percent of predicted from one to 
four (i.e., mild to severe) (1) and are presented in Figure 1. It should be noted that 
there is only a weak correlation between FEV1, symptoms, and health status of 
individuals with COPD (43, 44), and a formal assessment of symptoms is needed. 
This can be an assessment of dyspnoea alone, using the Medical Research Council 
dyspnoea scale (45). However, a comprehensive assessment of symptoms is 
recommended beyond dyspnoea, (46) and short measures such as the COPD 
Assessment Test (47) can be a good choice (48). The risk for future exacerbations 
is assessed with earlier treated events (49). The following recommendations exist 
to define the severity of exacerbations (1):  
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• Mild exacerbations, treated with short-acting bronchodilators 
• Moderate exacerbations, treated with short-acting bronchodilators 

and corticosteroids or antibiotics  
• Severe exacerbations, treated in hospital  

One severe or two moderate exacerbations in the last year indicates an increased 
risk for future exacerbations (1). 

Airflow limitation, symptoms, and history of exacerbations can then be used in 
the GOLD COPD combined assessment tool (Figure 1) (1). The tool provides 
separate grading’s for airflow limitation (1–4), and exacerbation risk and burden 
of symptoms (A–D). The tool is designed to describe the individual and to guide 
treatment (1). 

 

Figure 1. The GOLD combined assessment tool. Abbreviations: GOLD, The 
Global initiative for chronic obstructive lung disease; FEV1, forced expiratory 
volume in the first second; FVC, forced vital capacity; mMRC, modified Medical 
Research dyspnea Scale; CAT, COPD assessment test.  © 2020, Global Initiative 
for Chronic Obstructive Lung Disease, available from www.goldcopd.org, 
published in Fontana, WI, USA. 
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COPD outside the lungs 
COPD often coexists with other diseases (comorbidities) and have symptoms 
beyond the lungs and airways (50). Comorbidities and symptoms that may be 
related to COPD include: cardiovascular disease or limitation, diabetes or 
metabolic syndrome, osteoporosis, depression, low quality of life, malnutrition, 
exercise intolerance, physical inactivity, and weight loss, as well as limb muscle 
dysfunction, which is the focus of this thesis (Figure 2) (50). Some comorbidities 
are independent of COPD, while others may be related because the diseases share 
risk factors, or since one disease increases the risk of another (1). Symptoms of 
COPD are also shared with other diseases (51). Two different views have been 
described to explain the observed associations between COPD and its 
comorbidities (52, 53). The association can be a result of a systemic "spill-over" 
from the inflammation following repeated injury and repair in the lungs and 
airways, or it can express a "systemic" inflammation with effects throughout the 
body (52, 53). 

 

 

Figure 2. COPD within and beyond the lungs and airways  
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Limb muscle dysfunction 
Limb muscle dysfunction is a common comorbidity of COPD. Compared to 
people without COPD, people with COPD often have structural changes in the 
muscles as well as a reduced capacity of the muscles (Figure 3) (54). Factors that 
may be included in the development of muscle dysfunction include systemic 
inflammation, hypoxemia, hypercapnia, impaired energy balance, oxidative 
stress, treatment with systemic corticosteroids, and physical inactivity (54). The 
quadriceps are the most studied limb muscle, but differences can be found 
throughout the body. Of importance is the reduced capacity of the limb muscles, 
independent of lung function, linked with relevant clinical outcomes such as 
reduced quality of life (55), exercise intolerance (56-58), greater healthcare use 
(59), and increased mortality (60, 61).  

Figure 3. Changes found in limb muscles in people with COPD compared to 
people without COPD include more intramuscular fat (62), mitochondrial 
dysfunction (63), a move from muscle fibre type I towards muscle fibre type IIx 
(64), as well as poor oxidative capacity (65). The changes result in reduced 
capacity, for example, reduced limb muscle strength (66) and reduced limb 
muscle endurance (67). Abbreviations: CS, citrate synthase; HADH, 3-
hydroxyacyl CoA dehydrogenase. Reprinted with permission of the American 
Thoracic Society.  Copyright © 2021 American Thoracic Society. All rights 
reserved. (54) The American Journal of Respiratory and Critical Care Medicine is 
an official journal of the American Thoracic Society.   
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Reduced muscle strength 
Muscle strength is defined as the maximal force generated by a specific muscle or 
muscle group in a single contraction (68). Lower limb muscle strength is essential 
for the elderly as a dominant risk factor for falls (69). Reduced lower limb muscle 
strength has been found in over one-third of people with COPD attending hospital 
outpatient respiratory services (66). People with COPD and reduced limb muscle 
strength also have reduced exercise tolerance (56, 57), reduced exercise 
performance (70), higher mortality (61), and higher healthcare use (59) 
compared to people with COPD and normal limb muscle strength. Furthermore, 
improving the strength of the limb muscles has shown positive effects, e.g., 
improvement of a quadriceps strength to body mass index ratio was associated 
with a reduction in mortality (61).  

Reduced muscle mass 
Although reduced quadriceps strength is a common clinical finding, when the 
strength of the quadriceps is normalised by the thigh muscle cross-sectional area, 
or by muscle mass, the difference may no longer be significant (71, 72). Therefore, 
the reduced quadriceps strength could mostly be a reflection of the loss in muscle 
mass (73). This finding is not universal, and the weakness is sometimes 
disproportional (66). Long periods of treatment with high-dose systemic 
corticosteroids are possibly directly related to reduced muscle mass (71, 74). 

Reduced muscle mass over time can be defined as muscle wasting and is part of 
sarcopenia (that is, changes in muscle proprieties due to ageing) and cachexia 
(defined as a complex metabolic syndrome associated with underlying illness and 
characterised by loss of muscle with or without loss of fat mass) (75). Muscle 
wasting is the leading cause of weight loss within people with COPD (76). It has 
been demonstrated to be a better predictor of health-related quality of life (55) 
and survival (60) than, for example, body weight or body mass index (kg/m2). For 
people with COPD, a mid-thigh muscle cross-sectional area less than 70 cm2  is 
associated with a fourfold increase in mortality even after adjusting for age, sex, 
and FEV1 (60). 

Reduced muscle endurance 
Contradictory to quadriceps strength, quadriceps endurance to muscle mass ratio 
is lower in people with COPD than people without COPD (77), and people with 
COPD, regardless of fat-free mass, have a higher degree of fatigue during 
endurance tests compared to people without COPD (78). Quadriceps muscle 
endurance, defined as the ability to maintain or repeat a contraction over time 
(68), might also be more reduced than quadriceps strength. For example, 
quadriceps muscle endurance has been reduced by up to 82% among men and 
76% among women compared to matched people without COPD. In comparison, 
quadriceps muscle strength was decreased by 29% and 19% among men and 
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women, respectively (79). Furthermore, using a non-volitional approach with a 
magnetic nerve stimulator strapped around the quadriceps muscle, people with 
COPD had approximately 45% of the muscle endurance capacity of people 
without COPD (80). However, the variability between studies is vast. A review 
from 2015 of 21 studies included measurements of quadriceps muscle endurance 
in people with COPD (67). From these studies, 21 protocols with different 
combinations of loads, limits, and measurement techniques (i.e., isometric, 
isotonic, or isokinetic) can be identified (67). Limb muscle endurance is essential 
for work tolerance over time, and it has been shown that people with COPD rate 
leg fatigue higher than dyspnoea in exercise tests (81). Quadriceps endurance also 
seems to be closer to functional tests, such as the 6-minute walk test distance, 
than quadriceps strength (82-84). Most studies have been conducted in people 
with severe COPD, but reduced quadriceps muscle endurance is also evident in 
people with mild to moderate COPD (85). 

Reduced muscle power 
An interesting but little understood muscle feature in people with COPD is muscle 
power. Muscle power, defined as the product of force and velocity, declines with 
ageing at an earlier (86) and faster rate (−3% per year) compared with muscle 
mass (−1%) and strength (−2%) (87). Furthermore, studies have found that 
muscle power is more closely associated with physical capacity (88, 89), and 
several reviews have confirmed the more significant influence of muscle power 
and specific training on physical capacity, in comparison with muscle strength 
and training specifically aiming at increasing muscle strength (90-92). Muscle 
power is also independently associated with mortality to a greater extent than 
muscle strength (93). In this sense, muscle power has been proposed as the 
primary target of resistance training interventions to enhance physical capacity 
and preserve independence in later life for people without COPD (94-96). 

Upper limbs 
Even though limb muscle dysfunction is often most clearly seen in the lower 
limbs, arm activities are also difficult for many individuals with COPD, mainly 
when they are unsupported and raised above shoulder height (97). Compared 
with healthy individuals, people with COPD have demonstrated increased 
hyperinflation and increased perceived dyspnoea, despite lower 
cardiorespiratory responses during peak arm exercises (98). These differences 
can to some degree be explained by the fact that arm elevation increases the 
functional residual capacity and the elastic load of the inspiratory muscles while 
reducing their force-generating capacity (99). Moreover, during unsupported 
arm activities, the accessory muscles of respiration are less available to assist with 
ventilation, as they are recruited for postural support (100). During activities 
involving the legs, like walking and cycling, people with COPD present reduced 
aerobic capacity (101), reduced mechanical efficiency (work per unit oxygen 
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consumed) (102), a more significant amount of fatigue for the same absolute 
oxygen consumption (103), and changes in quadriceps metabolism at a lower 
workload (104).   

Evidence-based treatment 
The management of COPD should be based on the assessment of symptoms and 
the future risk of exacerbations, and the main goals are the reduction of 
symptoms and risk. Evidence-based treatment includes pharmacologic and non-
pharmacologic treatments, including pulmonary rehabilitation (1). 

In the management of COPD, exposure for risk factors should be evaluated, and 
if present, reduced. Often this concerns smoking. Smokers should be encouraged 
to quit by all caregivers involved, and be provided with the best possible support. 
This includes comprehensive smoking cessation programmes, nicotine 
substitutes, and brief smoking cessation counselling (105). Compared to 
continuing smoking, quitting can cut the rate of airflow decline in half, to a rate 
comparable to that of never-smokers (106). Another specific risk factor is alpha-
1 antitrypsin deficit. For individuals with alpha-1 antitrypsin deficit, increasing 
alpha-1 antitrypsin through intravenous infusion may be indicated (107). 
Augmentation therapy can reduce the yearly decline in FEV1 up to 23% (107). 

Vaccination against seasonal influenza and pneumococcal viruses is important 
for people with COPD to reduce risk of serious illness (108), and death (109). 
Vaccination can also reduce the likelihood of a COPD exacerbation with 40% 
(odds ratio [95% confidence interval (CI)] 0.60 [0.39 to 0.93]) (110). 

Pharmacological treatments 
Commonly used classes of medications to treat symptoms and reduce 
exacerbations for people with COPD include inhaled long-acting beta2-agonists, 
inhaled long-acting anticholinergics, inhaled corticosteroids, and 
phosphodiesterase-4 inhibitors (1). The first two medications are bronchodilators 
and improve air flow through their relaxing effect on airway smooth muscles. 
They either act on the sympathetic pathway or by the parasympathetic pathway 
(111). The improved airflow after treatment with bronchodilators helps to reduce 
hyperinflation (112), reduce dyspnoea, and increase exercise capacity (113, 114). 
The latter two medications are anti-inflammatory and mainly used to reduce the 
risk of exacerbations. Inhaled corticosteroids do so by their direct anti-
inflammatory effect in the airways and lungs (115), and phosphodiesterase-4 
inhibitors reduce systemic inflammation (116). A controlled effectiveness trial 
conducted in 75 general practices in the United Kingdom showed a lowered rate 
of moderate or severe exacerbations by 8.4% (95% confidence interval, 1.1-15.2), 
with a combination treatment of inhaled corticosteroids and long-acting inhaled 
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beta2-agonists compared with usual care among individuals who had had an 
exacerbation within 1 year before the trial (117). 

Additional pharmacological treatments during an exacerbation include short-
acting bronchodilators (118), systemic corticosteroids (119), antibiotics (120), and 
advanced hospital care (121). 

Non-pharmacological treatments 

Oxygen supplementation 
Within hospital care, oxygen is a key component to treat hypoxemia during acute 
respiratory failure (122). Long-term oxygen supplementation has been shown to 
increase survival for individuals with severe resting hypoxemia (Peto odds ratio 
[95% CI] 0.42 [0.18-0.98]) but not for individuals with mild to moderate 
hypoxemia (1.39 [0.74-2.59]) (123). Oxygen supplementation can also relieve 
breathlessness during activities for individuals with mild or no hypoxemia (124), 
but there is no clear evidence that oxygen supplementation given during exercise 
improve the effect of exercise interventions. At the end of an eight-week training 
programme comparing supplemental oxygen to medical air, there were no 
between-group differences in change in the Endurance Shuttle Walk Test  (mean 
difference [95% CI ] 15 s [−106–136 s]) nor any change in the Chronic Respiratory 
Disease Questionnaire (0.0 points [−0.3–0.3 points]) (125).  

Surgical treatment 
In a few individuals with advanced COPD, emphysema, and hyperinflation, 
surgical treatments can be an option to reduce symptoms (126). One example is 
lung volume reduction surgery. It is a procedure that aims to improve long-term 
functioning by reducing volume and restoring the lung to a more functional 
shape, although it is costly and is also associated with high risks (126). One 
randomised controlled trial found that individuals with low FEV1 (32% of 
predicted) and high functional residual capacity (195% of predicted) treated with 
lung reduction surgery had a significantly greater peak oxygen consumption 
(mean difference [95% CI] 1.28 [0.07–2.50] mL/kg/min), tidal volume (0.16 
[0.04–0.28] L), minute ventilation (7.1 [2.9–11.3] L/min), and peak power (13 
[6–20] watt)  during an incremental cycle ergometer test compared to individuals 
receiving conventional medical treatment (127). 

Pulmonary rehabilitation 
Pulmonary rehabilitation is commonly used as an umbrella term for non-
pharmacological treatments focusing on the active participation of the individual. 
The American Thoracic Society and the European Respiratory Society have 
suggested the following definition of pulmonary rehabilitation (2): 
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Pulmonary rehabilitation is a comprehensive intervention based on a thorough 
patient assessment followed by patient-tailored therapies that include, but are 
not limited to, exercise training, education, and behaviour change, designed to 
improve the physical and psychological condition of people with chronic 
respiratory disease and to promote the long-term adherence to health-
enhancing behaviours. 

Careful assessments based on the individual's needs and goals should be done at 
the start of pulmonary rehabilitation, including identifying exercise capacity and 
limitations (128, 129). The best benefits have been shown in programs lasting six 
to eight weeks with individualised and supervised exercise training at least twice 
a week (129). Feedback regarding training is not equal to supervision, as a 
program with ongoing feedback is no more effective than a program with no 
feedback (130). 

The benefits of pulmonary rehabilitation are considerable. Rehabilitation is the 
most effective treatment strategy to improve dyspnoea, health status, and 
exercise capacity, and the improvements are moderately large and clinically 
significant (131). Pulmonary rehabilitation also reduces anxiety and depression 
symptoms with clinically relevant benefits (132) and ranks as one of the most 
cost-effective strategies for people with COPD (133). 

Education, self-management, and behaviour change 
The symptom burden, functional impairment, and impaired quality of life for 
people with COPD are not just consequences of the disease (134) but depend on 
how individuals adapt to the disease, comorbidities, and treatments (135). 
Therefore, the educational components of pulmonary rehabilitation promote 
behaviour change, and especially self-management (136). Self-management 
strategies promote health by providing the knowledge and skills required to 
actively participate in one's healthcare (117). Self-management skills include goal 
setting, problem solving, decision making, and action based on a predefined 
action plan (2). Action plans with a single educational component and ongoing 
support reduce the need for hospital care (odds ratio [95% CI] 0.69 [0.49-0.97]) 
and increase treatment of exacerbations with corticosteroids and antibiotics 
(137). Examples of positive behaviour (changes) include adherence to 
medication, early exacerbation recognition and action, maintaining regular 
exercise, and increasing physical activities (138). Other examples of educational 
topics include normal pulmonary function, pulmonary function changes due to 
COPD, different medications, factors associated with worsening symptoms, early 
recognition and treatment of exacerbations, and exercise and physical activities 
(2).  
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Exercise training 
Low exercise capacity in people with COPD may be a result of limited ventilation, 
limited pulmonary gas exchange, muscle dysfunction, cardiac function, or a 
combination of these (139-141). Anxiety, depression, and low motivation are most 
likely also important (142). Identifying a single variable limiting exercise is often 
difficult. However, separating the various mechanisms contributing to exercise 
intolerance is not always necessary (2). The general principles of exercise training 
do not differ between people with COPD and healthy individuals or even athletes. 
For effective exercise training, the total training load must exceed loads 
encountered during daily life. It must progress as improvement occurs, and 
various training modes will be required for specific improvements (68). In COPD, 
a combination of endurance and resistance training is highly recommended by 
national and international treatment guidelines.  

Aerobic training 
Aerobic exercise training in the form of cycling or walking is the most commonly 
used exercise modality in pulmonary rehabilitation (143-145). The American 
College of Sports Medicine guidelines on how to design exercise programs is often 
used (68). Aerobic exercise training is recommended three to five times per week 
at a high intensity of continuous exercise (60% maximal work rate) for 20 to 60 
minutes per session to maximize physiologic benefits (68). A Borg dyspnoea or 
fatigue score of 4 to 6 (moderate to [very] severe) or Rating of Perceived Exertion 
of 12 to 14 (somewhat hard) is considered a target training intensity (146). One 
example of aerobic training improvements is an average increase in peak work 
rate of 36% (p < 0.001), and an average increase of duration in a constant work 
test of 77% (p < 0.001) after six weeks of stationary cycling three times a week 
(144). 

Interval training is an alternative to continuous training for individuals who 
cannot achieve the target intensity or duration because of dyspnoea, fatigue, or 
other symptoms (147, 148). In interval training, high-intensity exercise alternates 
with periods of rest or lower intensity exercise. Interval training may result in 
significantly lower symptom scores (149) despite high absolute training loads 
(when compared to continuous training), thus maintaining the training effects of 
endurance training (149-151), even in individuals with severe COPD (152). 
Interval training and continuous training appear to be equally effective in COPD, 
at least when exercise workloads have been matched. However, whether similar 
effects are seen from interval training and continuous training when exercise 
workloads are not matched, is not clear. Still, interval training may be a useful 
alternative to continuous training, especially in symptom-limited individuals who 
cannot tolerate high-intensity continuous training (2). 
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Resistance training 
Resistance (or strength) training is an exercise modality in which local muscle 
groups are trained by repetitive lifting of relatively heavy loads (153, 154). 
Resistance training is considered necessary for adults to promote healthy ageing 
(155) and in people with COPD (71, 156, 157). 

Resistance training has more potential to improve muscle mass and strength than 
endurance training (156, 158-160). A systematic review found a mean increase in 
quadriceps strength of 25.5% after progressive resistance training compared with 
10.4% after no intervention or aerobic training (154). Moreover, resistance 
training results in less dyspnoea during exercise, making it easier to tolerate than 
endurance constant-load training (148). 

There is no agreement on the best resistance training program for people with 
COPD, and a wide variation has been used in clinical trials (154). To enhance 
muscle strength in adults, the American College of Sports Medicine recommends 
that 1 to 3 sets, of 8 to 12 repetitions, should be done 2 to 3 days per week (68). 
Initial loads equivalent to 60 or 70% of the one-repetition maximum (i.e., the 
maximal load that can be moved only once over the full range of motion without 
compensatory movements (161)), or a load that evokes fatigue after 8 to 12 
repetitions, is appropriate (2). Lower loads and more repetitions are 
recommended if the goal is to improve muscle endurance (68). The exercise 
dosage must increase over time (the so-called ‘overload’) to facilitate further 
improvements. An increase is recommended when an individual can exceed the 
current desired range of repetitions with 1 or 2 repetitions, on two consecutive 
training sessions (68). There is evidence that progressive resistance training is an 
effective intervention for improving physical functioning in older people, 
including improving strength and the performance of some simple and complex 
activities (162, 163). 

When added to a program of aerobic constant-load exercise for people with 
COPD, resistance training gives additional benefits in muscle force, but not in 
overall exercise capacity or health status (154, 158, 164, 165). However, gains in 
quadriceps muscle strength may optimise the performance of tasks that 
specifically load these muscles, such as stair-climbing and sit-to-stand (166). 
Resistance training for the muscles of the upper limbs has been demonstrated to 
increase the strength of the upper limb muscles and translate this into 
improvements in related tasks (167). 

Resistance exercise demands a lower oxygen consumption level, minute 
ventilation, and results in less dyspnoea than aerobic training (148). In the 
clinical setting, this makes resistance exercise an attractive and feasible option 
for individuals with advanced lung disease or comorbidities who may be unable 
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to complete high-intensity constant-load or interval aerobic training because of 
intolerable dyspnoea (147, 148). The combination of constant-load/interval and 
strength training improves outcomes (164) to a greater degree than either 
strategy alone for people with COPD, with a manageable increased training time 
(158). 

Outcome assessment 
A thorough patient and outcome assessment is the basis of pulmonary 
rehabilitation, and it is vital for individualised treatment (2, 168). 

Symptoms, risk, and quality of life 
The management of COPD should reduce symptoms and risk (1). A successful 
reduction of risk is ultimately a reduction in mortality, and is assessed with yearly 
exacerbations and disease progression. Assessment of symptoms for people with 
COPD can be done very simply, or very extensively. First, there are respiratory 
symptoms and dyspnoea. Symptoms may also include health status, quality of 
life, and physical/functional capacity, and activities, with many subdomains. A 
comprehensive assessment of symptoms is recommended (46) beyond 
breathlessness/dyspnoea alone (45). Short assessment instruments, e.g., the 
COPD Assessment Test (47), may be suitable (48).  Several longer disease-specific 
instruments are also available that include health status, quality of life, and its 
domains. The St. George's Respiratory Questionnaire (169) and the Chronic 
Respiratory Questionnaire (170, 171) are the most widely used disease-specific 
questionnaires. 

Goal setting 
Instruments including semi-structured interviews which identify situations 
troublesome for the individual can be used for goal setting. An example specific 
to COPD is the Canadian occupational performance measure (172). The Canadian 
occupational performance measure is reliable and sensitive to change after 
pulmonary rehabilitation (173). A generic example is the Patient-Specific 
Functional Scale (174). 

Physical activity 
Physical activity is increasingly considered important for people with COPD, 
given the benefits of regular physical activity on the prognosis of the disease (2). 
Physical activity can be defined as "the totality of voluntary movement produced 
by skeletal muscles that result in energy expenditure" (175). Physical activity can 
be assessed in different ways including questionnaires, pedometers, and 
movement sensors (176). The current consensus for evaluating changes in 
physical activity (e.g., after pulmonary rehabilitation) for people with COPD 
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recommends movement sensors (177). Sensors exist that provide valid movement 
assessments for people with COPD (178, 179). 

Physical/functional capacity 
Physical/functional capacity is often assessed with a walking test. The most 
common such test is the self-paced 6-minute walking test (180). The distance 
walked on the 6-minute walking test is strongly related to measures of peak 
exercise performance and moderately related to physical activity in daily life 
(181). In COPD, people with a shorter 6-minute walking test distance are more 
likely to be admitted to the hospital and have an increased mortality risk (181). 
The incremental shuttle walk test (182), and the endurance shuttle walk test 
(183), are two externally paced walking test alternatives. The walking test can be 
combined with other tests such as the 1-minute sit-to-stand test or the 5-times 
sit-to-stand test (184), functional tests of the arms (185), or laboratory tests of 
aerobic capacity on ergometer or treadmill (2). 

Quadriceps muscle function 
It is recommended that assessment of muscle strength, at least quadriceps muscle 
strength, should be a part of the routine assessment of people with COPD. An 
isometric procedure is suggested as the preferred assessment technique (54). 
Assessments of isometric quadriceps strength are reliable (186), associated with 
important clinical outcomes (59, 61), and possible to implement and standardise 
using a strain gauge or computerised dynamometer in clinical settings for 
comparisons (54).  

The isometric assessment is performed without movement in a joint or any 
shortening/elongation of the muscle fibres, i.e., a static muscle contraction (187). 
Everyday activities such as carrying, lifting, or bearing involve isometric muscle 
contraction. Other muscle contractions that can be assessed include isotonic and 
isokinetic contractions. Isotonic contractions are dynamic and against a constant 
load, common in everyday dynamic activities (188). Isokinetic muscle 
contractions are also dynamic but the speed is always constant, regardless of the 
muscle force applied (189). Isokinetic contractions are not common in everyday 
activities. Assessments of isotonic contractions are considered a common clinical 
method in people without COPD (189, 190) and assessment of isokinetic 
contractions are often considered the best available method to assess muscle 
functions in laboratory settings (191). 

Much is unknown about how to optimally assess quadriceps muscle endurance. 
A review from 2015 of 21 studies assessing quadriceps muscle endurance in 
people with COPD (67) identified 21 protocols with different combinations of 
loads, limits, equipment, and modes of movement (i.e., isometric, isotonic, or 
isokinetic) (67), including isotonic assessment techniques with resistance based 
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on different percentages (range 10–40%) of isometric strength, isokinetic 
assessments at different exercise velocities (60°/sec, 90°/sec or 300°/sec), and 
isometric assessments. Large differences exist between the times of continuous 
or repetitive work (67). Results show that quadriceps muscle endurance is 
reduced in people with COPD regardless of assessment technique (67), but 
unique information can be provided depending on the strategy used (192). These 
differences also complicate comparison of results across studies, and the 
implementation of assessment of quadriceps muscle endurance in clinical 
practice.  

Measurement properties 
Irrespective of assessment strategy, measurement properties such as validity and 
reliability need to be considered when deciding how to assess outcome 
measurements among people with COPD (193). Therefore, before we can 
recommend using any new strategy for routine evaluation, measurement 
properties such as feasibility, reliability, and relevance need to be determined. 

Reliability 
Reliability is an expression of the accuracy of the assessment, or the extent to 
which results for individuals who have not changed are the same for repeated 
assessment. There are several varieties of reliability distinguished (194, 195) and 
some are presented in Table 1.  

We should also distinguish between relative and absolute reliability. Relative 
reliability describes how individuals maintain their position or result in a sample 
with repeated measurements. It is often displayed as a proportion that should be 
interpreted as the proportion of total variation in the sample that is due to 
variation between individuals. A score close to one indicates that a low proportion 
of the total variation is due to within-individual variation. Absolute reliability 
describes how repeated measurements vary for individuals and only display the 
within-individual variation.  It is displayed on the scale of the measurement 
under study or as a percentage (196). 

Validity 
Validity is an expression of the degree to which a measurement measures what it 
is supposed to measure. Several varieties of validity are also defined and some are 
presented in Table 1 (194, 195, 197).  

Reliability and validity in this thesis 
In this thesis, the relative and absolute reliability of assessments of quadriceps 
muscle endurance are investigated. No specific aspect of validity is investigated, 
but in two separate studies the relevance of the assessments of quadriceps 
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endurance are investigated. This is done by determining associations to 
important physical capacities for people with COPD, namely functional capacity 
and physical activity. This could be termed prognostic validity but, because 
prognostic validity implies a longitudinal study, and this thesis is based on cross-
sectional data, the term prognostic validity has not been used. 

Table 1. Aspects of measurement properties 

Measurement property Definition 

Reliability 
 

Test-retest Repeated assessments over time. 

Inter-rater  Repeated assessments by different persons on the same 
occasion. 

Intra-rater  Repeated assessments by the same persons on different 
occasions.  

Relative reliability*   Describes how individuals maintain their position or score 
in a sample with repeated measurements 

Absolute reliability* Describes how repeated measurements vary for individuals 

Validity 
 

Construct validity  The extent to which the assessment corresponds to 
theoretical concepts (constructs) concerning the feature 
under study.  

Content validity  The extent to which the assessment incorporates the domain 
of the feature under study.  

Criterion validity  The extent to which the assessment correlates with (ideally) 
the current best option to assess the feature. 

   Concurrent validity The assessment and the criterion refer to the same point in 
time. 

   Predictive validity The assessment's validity is expressed in terms of its ability 
to predict the criterion. 

Prognostic validity The assessments ability to predict another outcome of 
interest. 

Face validity  The extent to which an assessment appears reasonable. 

* Both relative and absolute reliability could be assessed as part of test-retest, inter-rater 
as well as intra-rater reliability.  
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Theoretical framework 
Following the international description of physiotherapy as a way to develop, 
maintain, and restore movement and functional capacity for people of all ages, 
with and without disease (198), physiotherapists are recognised as a key 
profession in providing exercise training for people with COPD (2).  
Physiotherapy principles generally comply with the biopsychosocial model (199). 
That is, the physiotherapist combines information about illness and disease from 
the biological, physiological, and social levels, and acknowledges that the levels 
affect each other (200), but focuses on movement as described by Cott et al. (201).  

Movements as specific functions are the core of the thesis. In Paper I, movements 
performed with the arms and the legs are compared with direct responses on the 
biological and physiological levels. In Paper II, movements assessing quadriceps 
endurance are investigated in agreement with classical test theory that assumes 
that each person has a true score that could be obtained in error-free assessment. 
It is also assumed that error is always present in assessments, and therefore that 
the observed score represents the true score plus some error. The error is 
unknown but can be estimated (202). In Papers III and IV, the observed scores 
of quadriceps functions (endurance, strength, and power) on muscle level are 
investigated regarding relevance for movements in daily life, including walking, 
sit-to-stand, and daily physical activity.  
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Rationale 
An exercise program for people with COPD should be individualised, ensure 
participant safety, and include strategies to increase exercise tolerance during 
training, as all are important in maximising the benefits for the individual (2).  

Thorough assessments are needed to identify reasons for exercise intolerance; it 
is likely multifactorial, including acute physiological and symptomatic factors, 
and dependent on the type of activity (2, 203). The type of activity includes how 
the activity is performed, and one distinction that can be made is if it is performed 
with arms or the legs. To date, several comparisons between arm and leg activities 
have been made, but with somewhat conflicting results. Further determining 
direct physiological responses and symptoms of arm activities compared with 
physiological responses and symptoms of leg activities will help us to understand 
the mechanisms behind the difficulties that people with COPD experience when 
performing physical activities, and assist prescription of individualised exercise 
training. 

Individualised exercise training should also be specific regarding the targeted 
function. Despite known clinical and prognostic relevance of leg muscle function 
in people with COPD, specific assessments are underused in clinical settings. The 
American Thoracic Society and the European Respiratory Society recommend 
routine assessment of quadriceps muscle strength using an isometric technique 
(54). However, no clear recommendation exists on how to assess other 
quadriceps functions, including power and endurance. This despite that other 
quadriceps functions might be more reduced than quadriceps strength, and 
closer related to important outcomes (82–84, 204). A review from 2015 included 
21 studies measuring quadriceps muscle endurance in people with COPD (67). 
From these studies, 21 protocols with different combinations of loads, limits, 
equipment, and modes of movement (i.e., isometric, isotonic, or isokinetic) can 
be identified (67), possibly providing unique information depending on the 
assessment strategy used (66).  

Before we can recommend routine evaluation of quadriceps functions beyond 
strength in people with COPD to further individualise exercise programs, 
measurement properties including feasibility, reliability, and relevance need to 
be determined. 
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Aims 
This thesis aimed to: 

Investigate the relevance of assessments of quadriceps function, feasibility and 
reliability of methods to assess quadriceps endurance, and to compare the direct 
physiological and symptomatic responses during arm and leg activities in people 
with COPD. 

Specific aims of this thesis were to: 
● Compare the physiological responses, and the exertional symptoms, during 
activities involving the arms relative to activities involving the legs in 
individuals with COPD (Paper I). 

● Determine the feasibility, relative, and absolute inter-day reliability of 
protocols to evaluate quadriceps muscle endurance in people with COPD 
(Paper II). 

● Determine the specific contribution of quadriceps muscle strength, 
endurance, and power to functional exercise capacity measured with the 6-
minute walk test distance and the 1-minute sit-to-stand test (Paper III). 

● Determine the specific contributions of quadriceps muscle strength, 
endurance, and power to daily physical activity, defined as daily steps, sedentary 
time, and time in moderate-to-very-vigorous activity. (Paper IV). 
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Materials and Methods 

This thesis includes one paper based on a systematic review with meta-analyses 
(Paper I) and three papers based on an international multi-site cross-sectional 
data collection (Paper II-IV). The papers have been written in collaboration with 
an international and inter-professional team of co-authors from the Netherlands, 
France, Canada, and Brazil (Table 2).  

Table 2. Paper characteristics 

 Paper I Paper II Paper III Paper IV 
Study type Systematic 

review with 
meta-analyses 

Cross-
sectional 
analysis of 
test-retest 
reliability  

Cross-
sectional 
analysis of 
associations 
with 
functional 
exercise 
capacity 

Cross-
sectional 
analysis of 
associations 
with daily 
physical 
activity 

 
International 
collaboration 

 
Umeå, 
Sweden; 
Minas Gerais, 
Brazil; 
Montreal 
Canada  
 

 
Umeå, 
Sweden; 
Québec City, 
Canada; 
Nijmegen, 
Hilversum, 
Netherlands. 

 
Umeå, 
Sweden; 
Québec City, 
Canada; 
Nijmegen, 
Hilversum, 
Netherlands 

 
Umeå, 
Sweden; 
Québec City, 
Canada; 
Nijmegen, 
Hilversum, 
Netherlands. 

Statistical 
method 

Random-effect 
model meta-
analyses 
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Study designs 

Systematic review with meta-analysis (Paper I) 
The systematic review was reported in line with the preferred reporting items for 
systematic review/meta-analysis (PRISMA) (205). It was registered with the 
International Prospective Register of Systematic Reviews (registration number: 
CRD42017074476), and a protocol with detailed information about the methods 
used was published (206).  

Procedure 
The population of the studies included in Paper I was 40 plus years of age, with a 
clinical diagnosis of COPD according to GOLD, or other published guideline (1, 
118, 207-209). All prospective and retrospective study designs providing a cross-
sectional comparison of any type of arm activity and any type of leg activity were 
considered.  

Primary outcomes were 1) Cardiorespiratory and metabolic responses, 2) 
Respiratory responses, and 3) Biomechanics, specified in Table 3. Secondary 
outcomes included subjective ratings of exertional symptoms (i.e., dyspnoea and 
fatigue) measured with the revised Borg category ratio 0 to 10 scale, (210) or 
another scale with similar properties.  

The inclusion of articles was performed in three steps based on screening of titles, 
abstracts, and full texts. With one author screening titles and two authors 
screening abstracts and full texts, disagreements were resolved through 
discussion. Assessment of the methodological quality of the studies was done by 
the 14 most relevant components from the checklist by Downs and Black (211). 
Clear descriptions of aim, outcomes, population, exposure, and control, and 
results are examples of items in the checklist (211). A standardised form was used 
by two authors, and each item was graded as yes = 1, no = 0, or unable to 
determine = 0, rendering a possible total score of 14 points. A higher score 
indicated better quality. No grading based on scores was used; instead, they were 
used as a description of included studies.  Two authors performed data extraction 
individually with a standardised and pilot-tested data extraction form, including 
items about study details, participants, exposure, and comparator.  
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Table 3. Primary outcomes in Paper I 
 
Cardiorespiratory and metabolic responses 
Heart rate 
Peripheral capillary oxygen saturation 
Oxygen consumption 
Carbon dioxide production 
Blood lactate 
Respiratory responses 
Tidal volume 
Minute ventilation 
Respiratory rate 
Minute ventilation/maximal voluntary ventilation ration 
Dynamic hyperinflation 
End-expiratory lung volume 
End-inspiratory lung volume 
Inspiratory capacity 
Biomechanics 
Muscle activity 
Chest wall kinematics 
Mechanical efficiency 
Peak load 
Total workload 

 

Test-retest reliability (Paper II) 
Paper II is a cross-sectional multicentre reliability study with a test-retest design 
following the Guidelines for Reporting Reliability and Agreement Studies (212). 
At each centre was one assessor responsible for all the assessments of quadriceps 
endurance. 

Procedure 
Each participant attended one inclusion visit, followed by test and retest visits 
separated by five to nine days. At the inclusion visit, basic anthropometrics were 
collected. The participants also answered the COPD Assessment Test and the 
Medical Research Council dyspnoea scale. Spirometry, 6-minute walking test, 1-
minute sit to stand test, 5-times sit to stand test, and the isometric strength test 
were performed.  
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Figure 4. Assessments used in Papers II–IV.  

Test and retest visits included quadriceps endurance assessments using 
isokinetic, isometric, and isotonic leg extension protocols, with each protocol 
performed once at the test and once at the retest occasion. Dynamic quadriceps 
strength and power were collected within the isokinetic protocol. The participants 
came for both visits two and three at the same time of day with regards to their 
personal preference and received standardised instructions by the same assessor 
each visit. The feasibility aspects of performing the protocols that were pre-
determined for investigation included dyspnoea, leg fatigue, and time to perform 
the protocols. The Borg Category Ratio 1–10 scale (210) was used before and after 
each test to assess dyspnoea and leg fatigue ratings. Difficulties performing the 
test, adverse advents, and limitations in performance not related to muscle 
endurance were noted directly in the protocol. Time to complete the test included: 
Borg Category Ratio 1–10 scale ratings, standardised instructions, warm-up, rest, 
test, and Borg Category Ratio 1–10 scale ratings. 

Associations between muscle function and functional capacity 
(Paper III) and physical activity (Paper IV) 
Papers III and IV are multicentre cross-sectional studies. The studies investigate 
functions of the quadriceps’ relevance for functional capacity and physical 
activity. The relevance is investigated by the strength of associations between 
quadriceps muscle function and functional capacity and physical activity.  

Procedure  
All participants included in Paper II with complete assessments of functional 
capacity and/or physical activity were also considered for inclusion in Papers III 
and IV, respectively. Additional participants attended the inclusion and test visits 
described above. For participants included in Paper IV, the visits were separated 
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by at least seven days, between which physical activity was measured with tri-
axial accelerometers. 

Participants in Papers II–IV 
The participants in Papers II–IV were recruited with convenience sampling at 
each centre. The following eligibility criteria were used.  

• Inclusion Criteria: 1) at least 40 years old, 2) diagnosis of COPD based on 
spirometry according to the GOLD classification (1), 3) able to provide 
written informed consent, and 4) able to follow verbal directions for 
testing. 

• Exclusion criteria: 1)  cardiovascular, neurological, or neuromuscular 
conditions affecting the ability to perform the assessments (e.g., knee 
osteoarthritis); 2) practising regular exercise specifically aiming to 
strengthen the quadriceps; 3)  recent COPD exacerbation (within 3 
months), and 4) a daily dose of prednisone >10mg within the past 3 
months 

Assessments 
An overview of assessments used are presented in Table 4. 

Table 4. Assessments in Paper II-IV  
  

 
Paper II Paper III Paper IV 

Spirometry   x x x 
COPD assessment test  x  x 
Medical Research Council dyspnoea scale x x  
6-minute walk test   

 
x x 

1-minute sit-to-stand test 
  

x 
 

5-times sit-to-stand test 
  

x 
 

Physical activity 
   

x 
     
Quadriceps function   

   

Isometric strength   x x x 
Isokinetic strength   

 
x x 

Isokinetic power    x x 
Isokinetic endurance   x x x 
Isokinetic fatigue index   x 

  

Isometric endurance   x x x 
Isotonic endurance   x x x 
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Spirometry 
Simple spirometry was performed by each participant with each test site's 
equipment. The spirometry goal was not to diagnose COPD but to confirm the 
diagnosis and have the latest airflow values to correctly describe participant 
characteristics. The participants were instructed to take their medications as 
prescribed (213), to avoid smoking (1 h), consuming intoxicants (8 h), and 
vigorous activity (1 h), before the tests. And to wear clothing that does not restrict 
breathing (213). The test was performed seated upright with a nose clip to ensure 
that all air was exhaled through the mouth. The participant was instructed to 
inhale completely and rapidly with only a short pause (equal to or less than two 
seconds) before exhaling with maximal effort until no more air could be expelled 
while maintaining an upright position (213). The manoeuvre was repeated a 
minimum of three times. The result included FVC and FEV1 in litres.  The 
difference between the two largest FVC values was <0.150 litres, and the 
difference between the two largest FEV1 values was <0.150 litres (213). The 
graphs produced by the computer programs were visually inspected. FVC and 
FEV1 in percent of predicted were calculated by the computer program based on 
reference values using participant age, height, weight, and ethnicity (213).  

Quadriceps function 
Quadriceps muscle function was assessed with computerised dynamometers 
(Biodex System Pro 3 or 4 (which can be used interchangeably), Biodex Medical 
Systems, Shirley, New York, USA) on the dominant leg. The dominant leg was 
identified by the participant by asking them what foot they use to kick a ball.  If 
there was uncertainty, the test was performed on the right leg. Participants were 
positioned with the knee placed at a 90° angle, the centre of movement at the 
knee joint as close as possible to the centre of movement of the machine, and the 
lever arm firmly attached approximately 3 cm above the lateral malleolus. The 
arms were crossed over the chest and straps were used over the pelvis, thigh, and 
lower leg, to limit body motion and prevent compensation of other muscles than 
the quadriceps. The settings were noted at the first visit and used throughout the 
study. The participants came for both visits two and three at the same time of day 
with regards to their personal preference and received standardised instructions 
by the same assessor at each visit. 

Muscle strength 
Quadriceps muscle strength was assessed isometrically (Isometric strength). The 
warm-up consisted of five submaximal contractions with progressing force 
followed by a two-minute rest. The test was five maximal contractions of five 
seconds, separated by a rest of one minute between each repetition. The assessor 
gave strong verbal encouragement on each contraction. Maximum torque in 
Newton meter (Nm) for every contraction was noted and the mean of the two 
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highest reproducible (within 10% difference) measurements was used as the 
result. The protocol is recommended for people with COPD (54). 

Muscle endurance 
Quadriceps muscle endurance in/during leg extension was assessed in the same 
computerised dynamometer with three different protocols. The protocols were 
isokinetic, isometric, and isotonic. For dynamic protocols, the range of movement 
in the knee joint was set from 90° to the participant's full extension -5°, in order 
to minimise the risk for passive resistance from the hamstring muscle. For the 
static protocol, the knee was placed at a 90° angle. The order of the three 
protocols was randomised by a computer program to achieve an even distribution 
of participants in every possible combination of the protocol execution order.  

Isokinetic endurance, 30 repetitions  
The warm-up consisted of five full contractions with progressive force, the last 
one maximal. The test consisted of 30 maximal contractions at a pace of 
90°/second. Strong verbal encouragement on every contraction was given to 
motivate maximal effort on every repetition. The results were total work reported 
in Joule (J) and a fatigue index based on the difference in work performed during 
the first and last third of the test, shown in Figure 5. The protocol has earlier 
shown high reliability in people with COPD (214). From the 30 maximal 
contractions, the peak torque (Isokinetic strength) in Newton meters (Nm) and 
average power (Isokinetic power) in watts (W) were also noted. 

 

Figure 5. Setting for the isokinetic endurance test. Position according the 
manufacturer's instructions, range of motion to full extension -5° (A), and a graph 
showing a desired decrease of force with red lines showing the thirds used for 
calculating the Fatigue index (B). 

Isometric endurance at 60% of Isometric strength  
The aim of the test was to maintain a submaximal isometric contraction (60% of 
MVC) for as long as possible. The force applied was shown on a computer screen 
for visual feedback. The scale on the computer screen was 10 cm and showed 0–

A B 
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50, 0–100, or 0–150 Nm depending on the participant's isometric strength as 
shown in Figure 6.  During warm-up, the participant applied force at three pre-
set levels, 20, 40, and 60% of isometric strength, and kept the force steady for five 
seconds. Each try was separated by a 30-second rest. Multiple tries were allowed 
on each level if needed, the number of tries was noted, and the same amount was 
performed at both visits two and three. If more than five tries were needed at the 
highest level, a 15-minute rest was added. The warm-up was followed by a two-
minute rest, preceding the tests. During the test, three levels (65%, 55%, and 50%) 
were marked after the individuals’ isometric strength test on a screen. The aim of 
the test was specified as to keep the force between the 65% and 55% markers for 
as long as possible. The aim was emphasised and repeated in the instructions. 
Neutral feedback (i.e., "little higher") was given once when force dropped lower 
than 55% of isometric strength. Three seconds below the 50% mark ended the 
test. Result in seconds with two decimals. A similar protocol has been used 
previously by others to evaluate quadriceps muscle endurance in a population 
with COPD (65). 

 

Figure 6. Setting for the isometric endurance test. Participant positioned in 
accordance with manufacturer's instructions (A) and the visual feedback given to 
the participants by a computer screen with markings for 65%, 55%, and 50% of 
the isometric strength test (B), the goal for the test is to keep the contraction 
between 65% and 55% for as long as possible. 

Isotonic endurance at 30% of Isometric strength  
The aim of the test was to do as many full repetitions as possible on a set pace 
with a resistance of 30% of Isometric strength. A string mounted after each 
person's range of motion on a movable construction gave visual feedback on a full 
repetition, as shown in Figure 7. The pace was set by a metronome at 60 beats per 
minute (i.e., 30 repetitions/minute). The resistance was set at 30% of isometric 
strength. This resistance was based on a priori pilot testing with the goal of 
participants being able to perform approximately 30 repetitions, and that all 

A B 



 

30 
 

participants should exceed 14 repetitions. The warm-up consisted of ten full 
repetitions at 15% of isometric strength followed by a two-minute rest. The 
participants were instructed to do as many full repetitions as possible on the set 
pace, which was emphasised and repeated. The test ended when the participant, 
in three consecutive repetitions 1) failed to reach the string, or 2) failed to follow 
the accurate pace. Neutral feedback concerning full repetitions and pace (e.g., 
“higher next repetition” or “remember the pace”) were given. The total number 
of repetitions performed was used as the result. The protocol was developed by 
the research group in line with recommendations from the American College of 
Sports Medicine (68). 

 

Figure 7. Setting for the isotonic endurance test. A portable device with a string 
was adjusted to each participant’s individual full range of motion -5° to give 
feedback on a full repetition. 

6-minute walk test 
Participants were instructed to walk as far as possible in 6 min on a 30 metre 
course in a flat corridor. Recommended and standardised instructions and 
encouragement were used during the tests (215). The main result was the 6-
minute walk distance in metres (215). The 6-minute walk test distance is a valid 
and reliable measure of functional capacity across a wide range of chronic 
respiratory disorders (181).  

Sit to stand tests 
An alternative test of functional exercise that can be performed quickly in a small 
space is the 1-minute sit-to-stand test. The 1-minute sit-to-stand test (216), 
requires only a chair, a stopwatch, and less than 2 square metres of floor space 
(217). The 1-minute sit-to-stand test is a reliable, valid, and responsive test for 
measuring functional capacity in people with COPD (184). 
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A standard chair (height 46–48 cm) with a flat seat and no armrests, stabilised 
against a wall was used to perform the 1-minute sit-to-stand test tests with a 
standardised protocol. Participants were instructed to sit with their legs hip-
width apart and flexed to 90°, with their hands on the hips or crossed over the 
chest to not assist movement. They were instructed to stand completely straight 
and touch the chair with their bottom when sitting, but that they need not sit fully 
back on the chair and to perform as many repetitions as possible in 1 minute (184, 
217). 

To assess lower limb functional power, participants performed the 5-times sit-to-
stand test, as previously validated in older people (204). Participants were 
instructed to perform the 5-times sit-to-stand test as fast as possible following the 
same standardisation as the 1-minute sit-to-stand. The time needed to complete 
the task was recorded. Mean functional muscle power during the 5-times sit-to-
stand test was calculated using an equation from Alcazar et al. (204). 

Physical activity 
Physical activity was assessed with a triaxial accelerometer (DynaPort 
MoveMonitor, McRoberts; Hague, the Netherlands) worn with an elastic belt on 
the lower back. This accelerometer is a small, light, ambulant measurement 
device validated for people with COPD at both slow and faster walking speeds 
(218). 

The participants were instructed to wear the accelerometer for seven consecutive 
days, including a weekend. The minimum wearing criteria was 4 days, with 8 
hours of wearing time each day (177). When the measurement was completed, the 
data were transferred to a personal computer and uploaded to the manufacturer’s 
online web server for data analysis. On this server, the data were analysed by the 
MoveMonitor software. Daily steps, daily sedentary time in minutes (minutes 
spent in activities requiring less than 1.5 metabolic equivalents), and daily 
minutes spent in moderate-to-very-vigorous activity (minutes spent in activities 
requiring between 3 and 9 metabolic equivalents, as recommended by the 
American College of Sports Medicine (68)) were selected as outcomes, as these 
are the three most commonly used measures of physical activity in COPD 
intervention studies (219) and were considered to display different aspects of 
physical activity. 

Symptoms of COPD 
The Medical Research Council dyspnoea scale and the COPD Assessment Test 
was used to assess symptoms of COPD. The Medical Research Council dyspnoea 
scale defines the perceived respiratory disability on a five-level scale (0–4/1–5) 
with higher results indicating more severe dyspnoea (220). The COPD 
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Assessment Test is a patient-completed instrument that can quantify the impact 
of COPD and provides reliable measurement of health status, range 0–40, with 
higher results indicating a greater impact of COPD (221). 

Analyses 

Software 
Studies found in literature searches in Paper I were uploaded to Covidence, an 
internet-based software that facilitates the management of studies, including 
removal of duplicates (Covidence systematic review software, Veritas Health 
Innovation, Melbourne, Australia. Available at www.covidence.org). When 
appropriate, we performed a meta-analysis using Review Manager (Review 
Manager. Version 5.3. Copenhagen: The Nordic Cochrane Centre, The Cochrane 
Collaboration, 2014). 

Statistical analyses in Papers II through IV were performed using the Statistical 
Package for the Social Sciences version 11.0 (Paper III) and 24 (Paper II), (IBM 
SPSS Statistics, Armonk, New York, USA) and Jamovi, version 1.6.7 (Sydney, 
Australia) (Paper IV). Statistical significance was set a priori at p < 0.05. 

Statistical analyses 

Descriptive and Meta-analyses (Paper I) 
For a uniform presentation in Paper I, data was presented as means with standard 
deviations, mean difference, and effect size. If a standard error was presented in 
the original study, a standard deviation was calculated based on the standard 
error and sample size. The effect size was estimated as the difference in means 
divided by the pooled standard deviation.  

A meta-analysis was considered when at least two studies reported sufficient data 
for the same outcome using the same exposure and control. Thus meta-analysis 
was only done with data from studies that included cycle ergometer tests. It was 
pre-determined to use random-effect models over fixed-effect models (222). This 
since heterogeneity between studies was expected, e.g., studies using the same 
arm and leg activity and outcome could still have different populations of people 
with COPD based on study aim. If the estimated effect cannot be expected to be 
the same, random-effects models are the recommended and conservative option 
(222). Outcomes included and not included in the meta-analysis were 
descriptively reported in tables.  
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The levels of statistical heterogeneity in meta-analyses were assessed using the I2 
score from each analysis. I2 values between 0 and 25% were interpreted as the 
meta-analysis having a low level of heterogeneity, values between 26 and 50% as 
a moderate level, values between 51 and 75% as a high level, and between 76 and 
100% as a considerable level of heterogeneity (223). 

Test-retest reliability (Paper II) 
Test-retest relative reliability was assessed using an intraclass correlation 
coefficient (ICC), two way mixed effects, single measure, and absolute agreement 
(3.1) procedure presented with 95% CI, and was proceeded by a paired t-test to 
test for systematic bias (221). To describe and distinguish the different tests’ 
degree of reliability, Munro’s descriptors were applied to the lower limit of the 
ICC 95% CI (224): very low = 0.15–0.24, low = 0.25–0.49, moderate = 0.50–
0.69, high = 0.70–0.89, and very high = 0.90–1.00 (225). To describe test-retest 
absolute reliability, the coefficient of variation (CV%) and 95% limits of 
agreement LoA% were used (222). Where the CV% estimates the precision of a 
single measure, the LoA% estimates the minimum amount of change that could 
be considered a true change between repeated measurements, and both are 
expressed in percent of individual mean values. The mean within-individual 
standard deviation, calculated as the square root of the mean within individual 
variance, was used to present CV% and LoA% (222). 

Heteroscedasticity, when the difference between test and retest has a linear 
relationship with the mean and cannot be assumed to be the same for low and 
high values, was evaluated by plots of the absolute difference to the mean and by 
a Kendall’s Tau test for correlation. Heteroscedasticity was present for three 
variables (isokinetic total work, isometric time, and isotonic repetitions, 
correlation range = 0.251–0.371, p < 0.05). Since the heteroscedasticity was 
reduced (and was no longer significant) after logarithmic transformation 
(correlation range = 0.033–0.086, p > 0.05), the logarithmic values were used 
for further analyses of these variables (196, 226). Normal distribution of the 
differences between test and retest was then confirmed by a Shapiro–Wilk test 
with p > 0.05. 

Bland–Altman plots were used to visualise non-transformed test-retest data 
using reference lines at the mean difference and 1.96 standard deviations of the 
mean difference (227).  

Feasibility (Paper II) 
The feasibility aspects (dyspnoea; leg fatigue; and time to perform the isokinetic, 
isometric, and isotonic protocols) were tested for differences between the three 
protocols using a repeated measures analysis of variance, with post hoc analyses 
using Bonferroni correction for multiple comparisons. Dyspnoea and leg fatigue 
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were also compared using paired sample t-tests within each protocol. Adverse 
events were descriptively reported. 

Associations (Papers III and IV)Association of quadriceps function to functional 
capacity 1-minute sit-to-stand test repetitions and 6-minute walk test distance) 
in Paper III, and physical activity (daily steps, daily sedentary minutes, and daily 
minutes in moderate-to-very-vigorous activity) in Paper IV, were determined 
through Pearson’s bivariate correlations, and multiple linear regression analyses. 
In addition, partial correlations analyses were used in Paper III to examine the 
correlation between physical activity and one quadriceps’ function while 
controlling for another quadriceps function (e.g., the correlation between daily 
steps and isotonic quadriceps’ endurance while controlling for quadriceps 
strength illustrated in Figure 8). Cut-offs were used to describe the correlation 
coefficients (r). Values of r < 0.10 were considered trivial, 0.10–0.29 small, 0.30–
0.49 moderate, 0.50–0.69 large, 0.70–0.89 very large, and > 0.9 extremely large 
(228). 

 

Figure 8. Illustration of partial correlation 

The multiple linear regression analyses evaluating functional capacity as 
dependent variables (Paper III) included age in years, sex, body mass index, the 
Medical Research Council dyspnoea scale, and FEV1 as pre-determined 
independent variables in a basic model. The independent variables were chosen 
because of their known contribution to the 6-minute walking distance (229, 230). 
Less evidence was available for the 1-minute sit-to-stand test and the same 
variables were therefore chosen. The multiple linear regression analyses 
evaluating physical activity as dependent variables (daily steps, daily sedentary 
time, and daily minutes in moderate-to-very-vigorous activity) (Paper IV) 

Physical
activityIsotonic

quadriceps
endurance

Isometric
quadriceps

strength

The correlation between, e.g., 
isotonic quadriceps endurance and 
physical activity while controlling for 
isometric quadriceps strength.
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included age in years, sex, body mass index, the COPD Assessment Test score, 
FEV1 in percent of predicted, and the 6-minute walk test distance in meters as 
pre-determined independent variables in a basic model (231, 232). The 
independent variables were chosen based on previous literature (233, 234) and 
basic clinical characteristics (54). To determine the contribution of quadriceps 
function to the dependent variables, each quadriceps function was entered 
individually and independently to the respective basic model.  The models were 
then again applied to the 6-minute walk test distance and 1-minute sit-to-stand 
test repetitions in Paper III, and to daily steps, daily sedentary time, and daily 
minutes in moderate-to-very-vigorous activity in Paper IV. Outcomes to evaluate 
the contribution of quadriceps function to the 6-minute walk test distance and 
the 1-minute sit-to-stand test repetitions in the multiple linear regression 
analyses (Paper III) included the predicting ability of the model using the 
adjusted coefficient of determination (adjusted R2), the Akaike Information 
Criterion (AIC) (lower score, better model) (217), and the estimated effect of 
included variables. Outcomes to evaluate the contribution of quadriceps function 
to daily steps, daily sedentary time, and daily minutes in moderate-to-very-
vigorous activity in multiple linear regression analyses (Paper IV) included the 
predicting ability of the model using the coefficient of determination (R2), change 
of the predicting ability (ΔR2) between the basic models and models including a 
quadriceps function, AIC (217), and standardised estimated effect of included 
variables in the best model. In both Papers III and IV multicollinearity was 
evaluated with the tolerance and Variance Inflation Factor statistics for all 
multiple linear regression analyses, and no multicollinearity was observed with 
tolerance values > 0.1 and Variance Inflation Factor statistic < 10 (235).  

Sample size estimation 
Wolak's estimation of sample sizes was used to estimate power for the test-retest 
analyses in Paper II. 51 participants assessed two times was the minimum of 
participants needed to detect an ICC with the lower limit of the 95% confidence 
interval (CI) > 0.70 (236). Based on previous research, this was the lowest limit 
of reliability for the quadriceps muscle endurance tests that seemed relevant to 
estimate accurately (79, 214, 237).  

Sample size estimation for Papers III and IV was based on the general rule that a 
minimum of 10 to 15 participants per predictor is needed for a reliable linear 
regression model (238).  

Ethical considerations 
The studies included in this thesis were conducted according to the World 
Medical Association’s Declaration of Helsinki's ethical principles for conducting 
research (239) and it was approved by the respective local ethical boards (Umeå: 
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DNR: 2015-426-31 M, 2016-379-32 M; Québec: CER: 21322; Arnhem/Nijmegen: 
CMO: NL59926.091.16). All participants received both verbal and written 
information about the aim, methods, and procedures of the study. The 
participants were informed that their participation was voluntary, and that 
participation would not affect their usual care. All participants gave written 
consent before data collection started. Ethical concerns regarding the procedure 
were few. The physical/functional capacity tests and the equipment used for 
quadriceps endurance tests have previously been used safely in studies, including 
studies with people with COPD. The assessors had relevant training and 
experience to perform the assessment. Expected discomforts were sore muscles 
and shortness of breath. Rare adverse advents may have included muscle strain 
or a fall during tests or while moving about in the lab. All participants were 
compensated for costs related to visits. The development of standardised, 
reliable, and relevant assessments of quadriceps endurance is one step towards 
its use in clinical practice for people with COPD. More knowledge about 
quadriceps endurance assessments can guide decisions on when, and how, it can 
be included to evaluate exercise training. This thesis, and the risks involved for 
the included participants, may result in the inclusion of specific assessments in 
clinical practice that could have an influence on and possibly improve the 
treatment for individuals with COPD. 
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Results 

Paper I 

The aim of Paper I was to compare the physiological responses and the exertional 
symptoms during activities involving the arms, relative to activities involving the 
legs, in individuals with COPD.  

To achieve this aim, a systematic review with meta-analysis was performed.  

Searches in databases identified 483 potentially relevant articles and one article 
was identified through other sources. The reviewers had a high degree of 
agreement regarding the inclusion of studies, and all disagreements were 
resolved by discussion. 18 studies were included in the systematic review, which 
included a total of 423 individuals with COPD. The included studies were 
categorised into three groups according to the type of activity: 1) arm and leg cycle 
ergometer, 2) resistance training exercise, and 3) arm or leg functional tests. The 
mean score from the quality assessment with the modified checklist from Downs 
and Black was 10.3 of the total 14 (range 8–13). The most common reasons for a 
reduction in the score were missing statements providing evidence of 
representative sampling from a specific population and power calculations. In 
some studies, inclusion and exclusion criteria for participants were not clearly 
described. The included studies were published between 1988 and 2018, had a 
mean of 22 participants (range 8–124), of 64 years of age (mean age, range 60–
70 years). The participants were predominantly men (% women = 27, range 0–
67) with moderate to severe airflow limitation (mean FEV1, range 34–62% of 
predicted) and mean body mass index ranged from 23 to 29. Ten meta-analyses 
were performed and 208 outcomes from the included studies were descriptively 
reported. 

Cycle Ergometer  
Seven studies (240-246) compared incremental arm versus leg cycle ergometer 
tests, and nine outcomes were identified as suitable for meta-analysis. One 
additional suitable outcome was mechanical efficiency during continuous work at 
submaximal levels of ergometer cycling, investigated by two studies (242, 243). 
The results from meta-analyses are shown in Table 5 and demonstrate lower 
oxygen consumption, tidal volume, minute ventilation, ventilatory reserve, and 
workload during seated incremental arm cycle ergometer compared to leg cycle 
ergometer. No significant differences were demonstrated for heart rate, 
respiratory rate, or oxygen saturation during incremental arm cycle ergometer 
compared to leg cycle ergometer. During submaximal continuous work, the 
mechanical efficiency was higher for arm cycle ergometer. The heterogeneity 
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estimation demonstrated low heterogeneity (I2 <18%) for all variables except 
workload (I2 70%). 

Table 5. Meta-analyses 
Outcome Unit n MD* 95% CI 
Oxygen consumption mL/min 223 164 106-222 
Heart rate Beats/min 190 4 0-7 
Tidal volume mL 210 137 65-208 
Respiratory rate Breaths/min 202 1 -1-3 
Ventilation L/min 223 5 3-7 
Workload Watt 202 20 8-31 
Dyspnoea CR 10 171 0 0-1 
Ventilatory reserve % 49 7 2-12 
Oxygen saturation % 148 0 -1-1 
Mechanical efficacy % 49 -3 -5-0 
*Positive values indicate higher values during leg activity 
Abbreviations: MD, mean difference between arm and leg activity; CI, confidence 
interval 

 

By performing the activities at the same ventilation, one study (244) found higher  
workload (W, mean difference  [effect size], 23 [1.16]), oxygen consumption 
(mL/min, 150 [0.82], and tidal volume (L, 0.13 [0.25]), similar dynamic 
hyperinflation (change in inspiratory capacity pre- to post-test, L, 0.05 [0.16]), 
and lower heart rate (beats/min, -5 [-0.25]) and respiratory rate (breaths/min, -
3 [-0.83]), during arm compared to leg cycle ergometer. 

Resistance exercises 
Six studies (97, 247-251) reported comparisons of resistance exercises performed 
with the arms and legs using weight-lifting equipment such as dumbbells and 
multi-station equipment (97), elastic bands (249-251), isometric testing 
equipment (248), or without equipment (247). The protocols ranged from single 
maximal contractions, repetitive or static work until failure to continue, and brief 
muscle contractions. Two studies reported gas exchange outcomes (97, 251), 
three studies reported symptoms during exercise (97, 249, 250), one study 
reported fatigability (248), and one study reported the oxygen recovery constant 
(247).  Specific outcomes reported during the resistance exercises included 
muscle oxygen consumption recovery rate (1 study), maximal voluntary 
contraction standardised for muscle mass (1 study), heart rate (2 studies), oxygen 
consumption (2 studies), minute ventilation (2 studies), oxygen saturation (1 
study), blood pressure (1 study), perceived exertion (1 study) fatigue, and 
dyspnoea (2 studies). 

Responses were similar for the muscle oxygen consumption recovery rate, 
maximal voluntary contraction standardised for muscle mass, oxygen saturation, 
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blood pressure, perceived exertion, fatigue, and dyspnoea between arm and leg 
resistance exercises. Two studies found similar oxygen consumption and minute 
ventilation during resistance exercises between arm and leg resistance exercises 
expressed in a percentage of a maximal test. However, the studies used different 
protocols and the percentages were different between studies (mean [SD] %, leg 
68 [7.6], arm 67.5 [8.2], versus, leg 39 [14], arm 41 [12]). If responses were 
standardised against work, leg exercises had lower responses, since more work 
was performed (mean difference [effect size], mL oxygen/kg work, -161 [-2.55]). 
Fatigability was higher, displayed as shorter exercise time, for arm exercise in a 
static test at 60% of the maximal voluntary contraction (time in seconds, 77.5 
[1.28]). 

Functional tests/activities 
Seven studies compared functional tests performed with the arms and the legs 
(100, 240, 246, 252-255). Four studies compared a diagonal arm movement with 
a dumbbell with increasing weights from 250 gram (252, 253), or functional 
activities such as blackboard erasing and storing pots on a shelf (254, 255) with 
treadmill walking. The walking protocols ranged from a set pace of 2 miles/hour 
for 5 minutes to incremental inclination tests until exhaustion. Three studies 
compared the unsupported upper limb exercise test (240, 246), or a test involving 
moving rings up and down on a pegboard (100), both involving working with the 
arms or arm at or above shoulder height until exhaustion, with either an 
incremental leg cycle ergometer test or unloaded constant work test. The leg 
activity was performed with both legs (walking and cycling) whereas the arm 
activity in 5 of the 7 studies was performed with only one arm. Six studies 
reported physiological outcomes including oxygen consumption, minute 
ventilation, tidal volume, respiratory rate, oxygen saturation, blood pressure, and 
heart rate (100, 240, 246, 252-254). One study reported inspiratory time, 
inspiratory flow, expiratory time, and expiratory flow (252), and two studies 
reported changes in spirometric values pre- and post-activity (252, 255). All six 
studies included one or more outcome of symptoms including, dyssynchronous 
breathing (100), dyspnoea (240, 246, 252-255), or fatigue or perceived exertion 
(240, 246, 253). 

Four studies report significantly higher minute ventilation and oxygen 
consumption during leg activity compared to arm activity (range mean difference 
[range effect size] L/min, 3.1 to 16.3 [0.46–1.69], mL/kg/min 2.7 [1.3], ml/min 
280 to 597 [0.83–2.05]. Two studies showed a significantly higher heart rate 
during leg activity compared to arm activity (beats/min, 16–32.9 [1.23–1.87]. 
And one study showed significantly higher ratings of dyspnoea during leg activity 
compared to arm activity (Borg Category Ratio 1-10 scale, 3.3 [1.13]. 
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One study standardised responses by oxygen consumption. Minute ventilation, 
dyspnoea, and change in inspiratory capacity were then lower during the leg 
activity compared to arm activity (minute ventilation, L/min, -7 [-1.02], 
dyspnoea, Borg Category Ratio 1-10 scale, -1.6 [-0.89], change in inspiratory 
capacity, mL, -74 [-0.46]). One study reports less dyssynchronous breathing 
during leg activities (proportion, leg, 0/12, arm, 5/12). 

Participants in Papers II–IV 
Participants included in Papers II–IV are described in Table 6, and flow of 
participant inclusion in Figure 10. 

Table 6. Participant characteristics  
Paper II Paper III Paper IV 

Participants, n 60 70 81 
Age, years (SD) 67 (8) 69 (7) 67 (8) 
Women, n (%) 24 (40) 30 (43) 35 (43) 
FVC, L (SD) 3.4 (0.9) 3.2 (0.9) 3.3 (0.9) 
FVC, % of predicted (SD) 99 (22) 100 (20) 98 (21) 
FEV1, L (SD) 1.5 (0.6) 1.5 (0.6) 1.5 (0.6) 
FEV1, % of predicted (SD) 55 (18) 59 (18) 57 (19) 
BMI, kg/m2 (SD) 27 (5) 27 (5) 27 (5) 
CAT, 0-40 (SD) 17 (7) N/A 16 (7) 
MRC, 1-5 (SD)  3.3 (1.2) 2.9 (1.1) 3.2 (1.3) 
Functional capacity 

   

6MWD, m (SD) 453 (116) 471 (110) 452 (123) 
5STS, sec (SD) N/A 12.6 (5.6) N/A 
5STS, mean watt (SD) N/A 213 (82) N/A 
1STS, n (SD) N/A 23 (6) N/A 
Physical activity 

   

Daily MVPA, minutes (SD)  N/A N/A 83 (45) 
Daily Steps, n (SD) N/A N/A 4968 (3319) 
Daily sedentary time, minutes (SD) N/A N/A 1016 (305) 
Quadriceps function 

   

Isometric strength,  peak Nm (SD)  130 (45) 137 (50) 132 (47) 
Isokinetic strength, peak Nm (SD) N/A 95 (33) N/A 
Isokinetic power, mean watt (SD) N/A 57 (22) 59 (23) 
Isokinetic endurance, Joule (SD) 2078 (876) N/A 2001 (862) 
Isokinetic fatigue index, % (SD) 39.8 (15.4) N/A N/A 
Isometric endurance, seconds (SD) 47 (22) 49 (24) 49 (22) 
Isotonic endurance, n (SD) 27 (13) 32 (17) 30 (18) 
Abbreviations: FVC, forced vital capacity; FEV1, forced expiratory volume in the first 
second; MRC, medical research council dyspnoea scale, higher values indicates more 
dyspnoea; BMI, body mass index; CAT, COPD assessment test, higher values indicates 
more impact of COPD; 6MWD, 6-minute walk test distance; 5STS, 5-times sit-to-stand; 
1STS, 1-minute sit-to-stand test; MVPA, time spent in moderate-to-very-vigorous 
intensity activity. 
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Figure 10. Participant flow in Papers II–IV; participants that attended 
inclusion, test, and retest visits, and had complete data were included in all 
papers. 

Paper II 

The aim of Paper II was to determine relative, and absolute inter-day test-retest 
reliability and the feasibility of isometric, isokinetic, and isotonic protocols to 
evaluate quadriceps endurance in people with COPD.  

To achieve this aim, an international multicentre cross-sectional study was 
performed. Sixty participants (Table 6, page 40), were included and attended 
inclusion, test, and retest visits.  The mean age was 67 years and 40% were 
women. All had a prior diagnosis of COPD, the mean FEV1 was 55% of predicted, 
and the mean isometric strength was 76% of predicted. 

Inter-day test-retest reliability 
Isokinetic endurance demonstrated very high relative test-retest reliability (ICC 
= 0.98) and the best absolute reliability (CV% [LoA%] = 6.5 [18]). Isokinetic 
fatigue index, isometric time to exhaustion, and isotonic repetitions to exhaustion 
demonstrated low-to-high relative test-retest reliability (ICC range 0.64-0.91), 
and measures of absolute test-retest reliability ranged 14.9-20.3% for CV% and 
40.8-56.4% for LoA%. Participants performed better on the retest for isokinetic 
total work and isometric measurements (mean difference, 4.8 and 10 % 
respectively, both p < 0.001) (Table 7).  
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Table 7. Reliability results of the four endurance measurements 
Measurement MD% p CV% LoA% ICC (95%CI) 
Isokinetic endurance, Joule 4.8 <0.001 6.5 18.0 0.98 (0.94–0.99) 
Isokinetic fatigue index, % 5.1  0.17 20.3 56.4 0.64 (0.46–0.77) 
Isometric endurance, sec 10.0 <0.001 15.8 43.1 0.88 (0.76–0.94) 
Isotonic endurance, n  5.1 0.06 14.9 40.8 0.91 (0.85–0.94) 
Abbreviations: MD, mean difference between test and retest positive values indicate 
higher values at retest; CV, coefficient of variation; LoA, limits of agreement as the 
smallest difference considered real; ICC, intraclass correlation coefficient (3.1); CI, 
confidence interval. 

Feasibility 
There were no major adverse events either during baseline measurements or 
muscle endurance tests. However, two participants stated that pain (in the knee) 
was the major factor for ending the isometric test, and one additional participant 
stated pain during the isometric test, but added that it didn’t affect performance.  

During the isometric protocol, no participant needed more than one attempt at 
each of the three pre-set warm-up levels, a predefined possible alteration of the 
protocol. The isotonic protocol had to be modified once due to hearing 
impairment with visual aids for the pace, and was once judged invalid due to 
technical issues. Feasibility results comparing the three test protocols are shown 
in Table 8. The average time to perform the isokinetic compared to the isometric 
and isotonic protocols were significantly different, but by at most about 1 
minute. The participants consequently rated leg fatigue higher than dyspnoea 
within each protocol. The mean rating of dyspnoea was higher in the isokinetic 
protocol compared to the two other protocols, and the mean rating of leg fatigue 
was lower in the isometric protocol compared to the isotonic protocol (Table 8). 

Table 8. Feasibility results of the three test protocols 
Protocol N Time,  

minutes: seconds 
Mean (SD) 

Dyspnoea, 
Borg CR10 
Mean (SD) 

Leg fatigue, 
Borg CR10 
Mean (SD) 

Isokinetic 60 06:16 (1:14)b 3.4 (1.7) c 4.5 (1.7)d 

Isometric 58a 07:05 (1:35) 2.5 (1.5) 4.1 (1.9)d, e 

Isotonic 59 07:17 (1:29) 2.7 (1.6) 4.6 (1.8)d 

Abbreviations: SD, standard deviation; Time, time to perform the protocols included 
instructions, warm up, rest, test, and Borg CR10 ratings; Borg CR10, the Borg Category 
Ratio scale 0-10. a Two participants were excluded as knee pain/discomfort affected test 
performance. b The isokinetic protocol took less time than the isometric and isotonic 
protocols, both comparisons p < 0.001. c The mean rating of dyspnoea was higher in the 
isokinetic protocol than in the isometric and isotonic protocols, both comparisons p < 
0.001. d Leg fatigue was rated higher than dyspnoea for each protocol, p <0.001 for all 
comparisons. e The mean rating of leg fatigue was lower in the isometric protocol 
compared to the isotonic protocol p = 0.01. 
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Paper III 

The aim of Paper III was to determine the specific contribution of quadriceps 
strength, endurance, and power to functional exercise capacity measured with the 
6-minute walk test distance and the 1-minute sit-to-stand repetitions.  

To achieve this aim, an international multicentre cross-sectional study was 
performed. Seventy participants were included in Paper III. The mean age was 69 
years and 43% were women. All had a prior diagnosis of COPD and the mean 
FEV1 was 59% of predicted (Table 6, page 40). On average, the participants did 
have a relatively well-preserved functional exercise capacity, with results the on 
6-minute walk test distance and 1-minute sit-to-stand repetitions corresponding 
to 86 and approximately 68% of predicted, respectively (256, 257).  

The correlation between the 6-minute walk test distance and the 1-minute sit-to-
stand test repetitions was large (r = 0.66, p < 0.001) and both 6-minute walk test 
distance and 1-minute sit-to-stand test repetitions were significantly correlated 
with age, body mass index, FEV1, FVC, and the Medical Research Council 
dyspnoea scale (r = +/- 0.27 to 0.60, p < 0.05). Sex and smoking status were not 
correlated to either 6-minute walk test distance or 1-minute sit-to-stand 
repetitions. Table 9 shows correlations between quadriceps muscle functions and 
functional exercise capacity. Correlations were mostly moderate except for 
isometric strength and endurance.  

Table 9. Pearson’s correlations of quadriceps muscle functions and functional exercise 
capacity  

6MWD, meters 1STS, n 
Isometric strength,  peak Nm 0.33** 0.17 
Isokinetic strength, peak Nm 0.42*** 0.30** 
Isometric endurance, seconds 0.07 0.17 
Isotonic endurance, n 0.24* 0.29** 
Isokinetic power, mean watt 0.46*** 0.39*** 
5STS power, mean watt 0.40** 0.37* 
* P < 0.05, ** p < 0.01, *** p < 0.001. Abbreviations: 6MWD, 6-minute walking test 
distance; 1STS, 1-minute sit-to-stand test; 5STS, 5-times sit-to-stand. 

Multiple linear regression 
The multiple linear regression analyses’ predictive ability (Adjusted R²), shown in 
Table 10, were improved by the inclusion of most quadriceps muscle functions. 
The basic model included age, sex, body mass index, the Medical Research 
Council dyspnoea scale, and FEV1 and explained 50% of the variation in 6-minute 
walk test distance. 6-minute walk test distance variation could be explained to 
60% in the best model that in addition to age, sex, body mass index, the Medical 
Research Council dyspnoea scale, and FEV1, included quadriceps power 
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calculated from the 5-times sit-to-stand test. The quadriceps muscle power 
calculated from the 5-times sit-to-stand test was also the best improver of the 
multiple regression analysis to predict 1-minute sit-to-stand test repetitions 
variation. The basic model with age, sex, body mass index, the Medical Research 
Council dyspnoea scale, and FEV1 explained 24% of the variation and the model 
including age, sex, body mass index, the Medical Research Council dyspnoea 
scale, FEV1, and quadriceps muscle power from the 5-times sit-to-stand test 
explained 39%. 

Table 10. Linear regression model fit measures 
Model Adjusted R² AIC 
Dependent - 6MWD, meters   
Basic model independent variables: 
age, sex, BMI, MRC, and FEV1 

0.50 591 

+ Isometric strength,  peak Nm 0.52 589 
+ Isotonic endurance, n 0.49 593 
+ Isokinetic strength, peak Nm 0.56 583 
+ Isokinetic power, mean watt 0.56 583 
+ 5STS, mean watt 0.60 578 
 
Dependent - 1STS, n 

  

Basic model independent variables: 
age, sex, BMI, MRC, and FEV1 

0.24 238 

+ Isometric strength,  peak Nm 0.23 239 
+ Isotonic endurance, n 0.27 235 
+ Isokinetic strength, peak Nm 0.27 236 
+ Isokinetic power, mean watt 0.32 231 
+ 5STS, mean watt 0.39 223 
Abbreviations: 6MWD, 6-minute walking test distance; FEV1, forced expiratory 
volume in the first second; MRC, medical research council dyspnoea scale; BMI, body 
mass index 1STS, 1-minute sit-to-stand test; 5STS, 5-times sit-to-stand test; AIC, 
Akaike information criterion.  

Best model to explain variation in functional capacity 
The best models, defined as the respective model with the lowest AIC score and 
highest adjusted R2 to explain variation in 6-minute walk test distance and 1-
minute sit-to-stand repetitions test, are shown in Table 11. Independent 
contributors to predict 6-minute walk test distance were age, body mass index, 
the Medical Research Council dyspnoea scale, FEV1, and the 5-times sit-to-stand 
test mean power. Sex was not an independent contributor. Independent 
contributors to predict 1-minute sit-to-stand test repetitions included only body 
mass index and the 5-times sit-to-stand test mean power. 
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Table 11. The models with the best ability to predict 6-minute walking test distance 
and 1 minute sit-to-stand repetitions  

6MWD, meter 1STS, n  
B p B p 

Age, years -2.96 0.02 -0.17 0.07 
Sex, male/female -38.07 0.07 -2.40 0.11 
BMI, kg/m2 -8.59 <0.001 -0.59 <0.001 
MRC, 1-5 -35.50 <0.001 -1.16 0.07 
FEV1, L 45.53 0.01 0.61 0.62 
5STS, mean watt * 0.58 < 0.001 0.04 < 0.001 
*The best quadriceps function from the multiple linear regression analyses defined as 
the model with the lowest AIC score and highest adjusted R2. Abbreviations: 6MWD, 
6-minute walking distance; 1STS, 1-minute sit-to-stand test, B, unstandardized beta; 
BMI, body mass index; MRC, medical research council dyspnoea scale; FEV1, forced 
expiratory volume in the first second; 5STS,  5-times sit-to-stand test. 

Paper IV 

The aim of Paper IV was two-fold. First, to determine the specific contribution 
of quadriceps strength, endurance, and power to daily physical activity, defined 
as daily steps, sedentary time, and time in moderate-to-very-vigorous activity. 
Secondly, to determine to what extent the specific contribution of quadriceps 
endurance to physical activity defined as daily steps, sedentary time, and time in 
moderate-to-very-vigorous activity vary according to the mode of movement 
(isotonic, isometric, or isokinetic).  

To achieve this aim, an international multicentre cross-sectional study was 
performed Eighty-one participants with complete data for quadriceps functions 
and physical activity were included. The mean age was 67 years, 43% were 
women, and the mean FEV1 was 57% of predicted. The average steps per day for 
the participants were less than 5 000, they were sedentary for about 80 percent 
of their day, and active for 1.2 hours (Table 6, page 40).  

Small to moderate positive/negative correlations (r = 0.23–0.45) were found 
between quadriceps muscle endurance measurements and measures of physical 
activity (Table 12). 

Table 12. Pearson’s correlations of quadriceps functions and physical activity  
Steps, 
n/day 

Sedentary time, 
minutes/day 

MVPA time, 
minutes/day 

Isometric strength, peak Nm 0.26* -0.26* 0.35** 
Isokinetic power, mean watt 0.31** -0.35** 0.41*** 
Isokinetic endurance, Joule 0.32** -0.26* 0.40*** 
Isometric endurance, Nm x seconds 0.37*** -0.23* 0.42*** 
Isotonic endurance, Nm x n 0.35** -0.44*** 0.45*** 
* P < 0.05, ** p < 0.01, *** p < 0.001. Abbreviations: MVPA, moderate-to-very-vigorous 
activity. 
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Partial correlation analyses on strength, power, and endurance of the quadriceps 
show an independent association between isotonic quadriceps endurance and all 
physical activity measures after controlling for quadriceps strength (r +/- = 0.25–
0.37, p < 0.05). Quadriceps isotonic endurance was also independently 
associated with sedentary minutes (r = -0.28, p < 0.05) and minutes in moderate-
to-very-vigorous activity (r = 0.27, p < 0.05), but not daily steps (r = 0.20, p = 
0.07) when controlling for quadriceps power. Quadriceps strength or power was 
not independently associated with physical activity measures when controlling 
for isotonic endurance (r +/- = 0.37–0.18, p > 0.05).  Isotonic quadriceps 
endurance was also independently associated with physical activity measures 
when controlling for isometric and isokinetic endurance (r +/- = 0.27–0.38, p < 
0.05); exceptions were daily steps when controlling for isokinetic or isometric 
endurance (r = 0.17–0.20, p > 0.05). No significant associations were seen 
between physical activity measures and isometric and isokinetic endurance when 
controlling for isotonic endurance (r +/- = 0.04–0.22, p > 0.05). 

The basic multiple linear regression model, including the variables sex, age in 
years, FEV1 in percent of predicted, COPD assessment test score, 6-minute walk 
test distance, and body mass index, explained 31–41% of the variance in the 
physical activity (R2: daily steps 0.37, daily sedentary time 0.31, and minutes in 
moderate-to-very-vigorous activity 0.41, Table 13).  

Isotonic quadriceps endurance was the only measure of quadriceps endurance to 
significantly further improve all the basic models (daily steps ΔR2 = 0.04, p = 
0.03), daily sedentary time (ΔR2 = 0.07, p = 0.005) and minutes in moderate-to-
very-vigorous activity (ΔR2 = 0.08, p = 0.001), the models including isotonic 
quadriceps endurance explained 42–49% (R2: daily steps 0.42, daily sedentary 
time 0.38, and minutes in moderate-to-very-vigorous activity 0.49, Table 13) of 
the variance in physical activity. Quadriceps strength or power did not improve 
any model while isometric endurance improved the moderate-to-very-vigorous 
activity model (ΔR2 = 0.06, p =0.006). The moderate-to-very-vigorous activity 
model was also improved by isokinetic endurance (ΔR2 = 0.03, p = 0.048) 
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Table 13. Linear regression model fit measures to the dependent variables  
Model R² ΔR2 p AIC 
Dependent - Daily Steps, n     
Basic model independent variables: age, 
sex, BMI, CAT, FEV1pred, and 6MWD 

0.37   1520 

+ Isometric strength, peak Nm 0.38 <0.01 0.56 1522 
+ Isokinetic power, mean watt 0.38 0.01 0.36 1521 
+ Isotonic endurance, Nm x reps  0.42 0.04 0.03 1517 
+Isometric endurance, Nm x sec 0.40 0.03 0.05 1518 
+ Isokinetic endurance, Joule 0.39 0.01 0.21 1521 
     
Dependent - Daily sedentary time, minutes    
Basic model independent variables: age, 
sex, BMI, CAT, FEV1pred, and 6MWD  

0.31   1805 

+ Isometric strength, peak Nm 0.31 <0.01 0.72 1807 
+ Isokinetic power, mean watt 0.33 0.02 0.11 1804 
+ Isotonic endurance, Nm x reps  0.38 0.07 0.005 1798 
+Isometric endurance, Nm x sec 0.32 <0.01 0.37 1806 
+ Isokinetic endurance, Joule 0.31 <0.01 0.55 1807 
     
Dependent - Daily MVPA, minutes     
Basic model independent variables: age, 
sex, BMI, CAT, FEV1pred, and 6MWD  

0.41   1482 

+ Isometric strength, peak Nm 0.42 0.01 0.18 1482 
+ Isokinetic power, mean watt 0.43 0.02 0.08 1481 
+ Isotonic endurance, Nm x reps  0.49 0.08 0.001 1472 
+Isometric endurance, Nm x sec 0.45 0.06 0.006 1476 
+ Isokinetic endurance, Joule 0.44 0.03 0.048 1480 
Abbreviations: age, age in years; BMI, body mass index; CAT, COPD assessment test; 
FEV1pred, forced expiratory volume in the first second in % of predicted; 6MWD,6-
minute walk test distance; AIC,  Akaike information criterion; MVPA, moderate-to-
very-vigorous-intensity activity.  

 

Best model to predict physical activity 
The best models, defined as the respective model with the lowest AIC score and 
highest R2 explaining variation in daily steps, daily sedentary minutes, and daily 
minutes in moderate-to-very-vigorous activity, are shown in Table 14. Isotonic 
endurance and 6-minute walk test distance were the only individually significant 
variables in all three models to predict physical activity (Table 14). 
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Table 14. Variables in the best models to predict daily steps, sedentary time, and MVPA 

 Steps, n Sedentary time, 
minutes 

MVPA, minutes 
 

β p β p β p 

Sex, male/female 0.01 0.94 0.13 0.21 0.04 0.68 
Age, years -0.08 0.42 0.05 0.60 -0.13 0.17 
BMI, kg/m2 -0.18 0.08 0.01 0.95 -0.25 0.01 
CAT, 0-40 0.11 0.29 0.17 0.12 -0.07 0.61 
FEV1, % of predicted 0.27 0.02 -0.11 0.33 0.19 0.07 
6MWD, m 0.35 0.005 -0.37 0.004 0.32 0.007 
Isotonic endurance.*  
(Nm x reps)  

0.25 0.03 -0.33 0.005 0.36 0.001 

*The quadriceps function from the best multiple linear regression analyses defined as 
the model with the lowest AIC score and highest R2. Abbreviations: MVPA, time spent 
in moderate-to-very-vigorous intensity activity; β, standardised beta; BMI, body mass 
index; CAT, COPD assessment test larger values indicating more symptoms; FEV1, 
forced expiratory volume in the first second; 6MWD, 6-minute walk test distance. 
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Discussion 

Summary 
COPD is a disease that is characterised by persistent respiratory symptoms and 
airflow limitation. Consequences beyond the airways and lungs are common, and 
include limb muscle dysfunction. Limb muscle dysfunction is treated with 
exercise training and should be preceded by assessments to individualise 
prescriptions. Guidelines recommend assessment of quadriceps strength, yet 
limb muscle dysfunction includes more than just strength. Other assessments 
could be of interest but are less investigated. Furthermore, during training, direct 
physiological (cardiorespiratory, metabolic, and biomechanical) and 
symptomatic responses are important, as they can affect the exercise. The overall 
aim of this thesis was to compare physiological responses and exertional 
symptoms during activities performed with the arms or legs and investigate 
different methods to evaluate quadriceps functions regarding feasibility, 
reliability (endurance), and relevance (strength, power, and endurance).  

Paper I showed that ergometer cycling resulted in greater tidal volume, minute 
ventilation, and oxygen consumption when performed with the legs compared to 
the arms, while symptomatic responses were similar. Resistance exercises 
resulted in similar physiological and symptomatic responses irrespective of 
whether the legs or the arms were used. Results from studies on functional 
activities depend on the type and intensity of the activity performed. 

Paper II showed that isokinetic, isometric, and isotonic measurements of 
muscle endurance are reliable, as made evident by mainly high to very-high 
relative reliability. Isokinetic total work demonstrated very high relative 
reliability and the best absolute reliability. Participants performed better on the 
retest for isokinetic total work and isometric measurements. All protocols were 
seen as feasible, with an average time consumption of fewer than 7.5 minutes and 
no serious adverse events. 

Papers III and IV showed that measures of quadriceps function had similar 
levels of correlations (small to moderate) to functional capacity and physical 
activity. In multiple regression analysis, the best models to predict functional 
capacity and physical activity explained between thirty to sixty percent of the 
variation. Regarding quadriceps muscle functions, quadriceps muscle power 
most improved the models’ ability to predict functional capacity, and quadriceps 
endurance assessed isotonic most improved the models’ ability to predict physical 
activity. 
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Physiological and symptomatic responses to arm versus leg 
activities  

Cycle ergometer 
The difference in peak oxygen consumption between arm and leg cycle ergometer 
is expected and in agreement with what is found in healthy young people. The 
difference is, however, considerably smaller. A difference of 890 ml/min and an 
arm/leg ratio of 0.70 have previously been reported (258), and the meta-analysis 
in Paper I shows a 164 ml/min difference that equals an arm/leg ratio of 0.86. 
The smaller difference between arm and leg capacity in people with COPD 
compared to healthy people could be related to differences in limb muscle 
function (101) and is in line with previous research showing that leg muscles often 
are more affected than arm muscles among people with COPD (54), although this 
is not a universal finding (157).  

Another finding is the lower tidal volume and minute ventilation at a similar 
respiratory rate during arm compared to leg cycle ergometer.  This may be 
explained by the multiple roles of the accessory respiratory muscles during arm 
activities, when the accessory muscles of respiration are less available to assist 
with ventilation, since they are recruited for the activity and postural support 
(100). Also, during arm activities, the elastic load of the inspiratory muscles may 
change (99). These combined effects may contribute to a decreased function of 
the respiratory muscles during arm ergometer cycling, but not during leg 
ergometer cycling. 

Resistance exercises 
The differences in physiological responses seen in arm and leg ergometer cycling 
do not seem to be as clear during resistance exercises, which indicates that 
physiological responses depend on activity for people with COPD. For example, 
oxygen consumption was similar during arm and leg resistance exercises, in 
contrast to the higher oxygen consumption during leg cycle ergometer versus arm 
cycle ergometer. Similarly, regarding physiological responses, no differences 
were seen in perceived symptoms between arm and leg resistance exercises, 
despite differences in absolute workloads. The higher fatigability during arm 
activity compared to leg activity found by one study (248) agrees with findings in 
people without COPD (259). 

Functional activities 
The comparisons made of functional activities are more difficult to interpret due 
to the activities performed. Functional leg activities did more often generate 
greater physiological responses, as well as more perceived symptoms, than 
functional arm activities. However, the activities were different, both between 
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studies but also within studies for arm and leg activities. One important fact is 
that all but two studies used activities that involved only one arm (for example, 
moving one dumbbell or erasing a blackboard with one hand at a time), whereas 
all studies used an activity that involved both legs (treadmill walking or ergometer 
cycling). Considering that arm activities using both arms have been shown to 
evoke greater physiological responses and exertional symptoms than one-arm 
activities (251), the findings should be interpreted with caution, as they may be 
different if the conditions for the arm and leg activities are more similar. Also, the 
relative intensity of the activity is most likely an important factor. In one study, 
the activities were performed at equal oxygen consumption, as a result, the arm 
activity was maximal and the leg activity submaximal, and the study showed more 
dyspnoea and minute ventilation during the arm activity compared to the leg 
activity (252).  

Oxygen consumption per unit of work performed 
The amount of oxygen consumed per unit of work performed was investigated in 
two cycle-ergometer and one resistance exercise study with results pointing in 
somewhat different directions. One cycle-ergometer study found less oxygen 
consumption per unit of work during arm compared to leg cycle ergometer (243), 
while another found no difference in oxygen consumed per unit of work between 
the arms and the legs during cycle ergometer (242). Lastly, a study using an 
elastic band for resistance exercise found more oxygen used per unit of arm work 
compared to leg work (251). Healthy controls consumed more oxygen per unit of 
work during arm activities compared to leg activities in all three studies (242, 
243, 251).  

The contradictory findings may partly be explained by differences in the degree 
of muscle dysfunction across studies. The participants in the study with the best 
relative arm function (less oxygen per work performed) had the greatest 
reduction in quadriceps function (~70% lower) when compared with the control 
group (243). Of importance, the reduction in leg muscle function was seemingly 
greater than the reduction in arm muscle function (~54% lower), thus indicating 
that the finding might be related to a more preserved arm function compared to 
the leg function. In contrast, the participants in the study that showed more 
oxygen per work performed during arm activity compared to leg activity had the 
smallest reduction in leg function (~30% lower) and importantly, the reduction 
was similar, not different between arm and leg muscles (251). 
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Test-retest reliability and feasibility of measurements to 
assess quadriceps endurance 

Reliability  
The test-retest relative reliability results from Paper I were consistent with earlier 
studies (214, 237, 260) and the pre-stated hypothesis for isokinetic total work 
(very high relative reliability), isometric time to exhaustion (high relative 
reliability), and isotonic repetitions to exhaustion (high relative reliability). 
Relative reliability for the isokinetic fatigue index was lower than previously 
reported for a protocol using 30 repetitions at a speed of 90°/second but higher 
than a protocol using 180°/second (214). This could be due to difficulties to follow 
the instructions of performing maximal effort on each isokinetic contraction. The 
total work measurement might be reliable despite some repetitions not being 
maximal as it might “even out” after 30 repetitions, whereas the fatigue index is 
more sensitive to within-test variability as the work during the first and last third 
of the test is used as a ratio, and a slow start can quickly affect the result. Indeed, 
three participants displayed none to a very slight decline (-5.3% to 1.8%), 
indicating a failure of the protocol to cause fatigue, or that the peak force was not 
accurately captured. Additional analyses without these three participants 
improve both the relative and absolute reliability of the fatigue index, but not to 
comparable levels of the other measurements. 

Feasibility  
The isokinetic, isometric, and isotonic endurance protocols display similar 
feasibility, and the average time needed to complete the measurements was less 
than 7.5 minutes for each protocol. The actual time for each test, excluding 
instructions, was for the majority of participants about one minute. This can be 
compared to the 6-minute walking test, which takes a minimum of 16 minutes to 
complete, including instructions and rest, (215) or the isometric strength 
protocol, which requires 8 minutes of rest within the protocol (5 warm-up 
contractions of 5 seconds separated by 30 seconds of rest, followed by 2 minutes 
of rest, and five 5-second contractions separated by 1 minute of rest).  

The participants rated leg fatigue higher than dyspnoea. This was interpreted as 
the performance of the participants being limited by quadriceps function, and not 
by cardiopulmonary function. However, to further prove this, cardiopulmonary 
responses during the tests must be assessed. It has been shown that 
cardiopulmonary stress during the 1-minute sit-to-stand test can be higher than 
during an incremental cycle ergometer test in people with COPD (261). During 
the isometric protocol, two participants stopped because of knee 
pain/discomfort, and one additional participant reported knee pain/discomfort 
post-assessment. These events were judged by the research group as minor 
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adverse events, considering that participants could continue with other 
quadriceps muscle endurance tests after the standardised 30-minute rest, or else 
could walk unaffected following the final endurance protocol. Noticeably, the 
other protocols did not result in any knee pain/discomfort. 

The association between quadriceps functions and functional 
capacity and physical activity 

The controlling variables 
Previous studies reported that age, sex, body mass index, FEV1, and the Medical 
Research Council dyspnoea scale significantly contribute to the 6-minute walk 
test distance (82, 229, 230, 262). Accordingly, these variables were selected as 
controlling variables in the multiple linear regression model to predict the 6-
minute walk test distance. Although less is known about the determinants of the 
1-minute sit-to-stand test number of repetitions in people with COPD, age, sex, 
smoking status, balance, and weight seem to be relevant (256, 263, 264). 
However, given the lower level of evidence about the determinants of number of 
repetitions in the 1-minute sit-to-stand test for people with COPD, the same five 
variables used for the 6-minute walk test distance were chosen as controlling 
variables in the multiple linear regression models to predict the 1-minute sit-to-
stand test repetitions as well.  

Given that physical activity was investigated in a separate paper, a separate 
literature review was done and a slightly different set of variables was chosen for 
Paper IV. The known determinants of physical activity available to most clinicians 
that were included as controlling variables in the multiple linear regression 
models to predict physical activity in Paper IV included sex, age, body mass index, 
FEV1 in percent of predicted, the COPD Assessment Test, and 6-minute walk test 
distance (54, 233). The same variables were chosen for the multiple linear models 
to predict daily steps, daily sedentary time, and minutes in moderate-to-very-
vigorous activity. 

Quadriceps strength 
In Paper III, the 6-minute walk test distance was correlated to isometric 
quadriceps strength, but the number of repetitions during the 1-minute sit-to-
stand test was not. Isokinetic strength was correlated to both the 6-minute walk 
test distance and 1-minute sit to stand test repetitions. Isokinetic strength did also 
improve the models’ ability to predict the 6-minute walk distance and the 1-
minute sit-to-stand repetitions to a similar extent as isokinetic power. Previous 
studies report small to moderate correlations between quadriceps strength and 
the 6-minute walking test distance, and the 1-minute sit-to-stand test repetitions 
(70, 77, 84, 265). Others report no correlations between quadriceps strength and 
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the 1-minute sit-to-stand test repetitions (266-268). Isometric quadriceps 
strength was correlated with all physical activity measures. However, when added 
to the basic set of known determinants of physical activity isometric quadriceps 
strength was not a significant contributor to any of the models. These findings are 
in line with previous research (70, 234, 269). However, it can partly be explained 
by the well-preserved quadriceps strength of the included participants, and that 
body mass index was chosen as a controlling variable. Body mass index has a 
known association with physical activity and quadriceps strength in COPD (270). 
However, no multicollinearity was found. 

Quadriceps power 
Quadriceps power is more strongly associated with exercise tolerance, functional 
capacity, and mobility than muscle strength in older adults (95, 271). In people 
with COPD, muscle power has been less investigated than other muscle functions. 
Recently, Bui et al. demonstrated (272) that isotonic quadriceps power was more 
strongly associated with balance, walking, and 5-times sit-to-stand test score, 
than isometric strength in people with moderate COPD (272). Paper III indicates 
that irrespective of measurement, muscle power was more strongly associated 
with 6-minute walking distance and 1-minute sit-to-stand test repetitions, than 
quadriceps strength or endurance. 

Quadriceps muscle power has also been found to be positively associated with 
light-intensity physical activity, and active time per day (r = 0.37–0.51), but not 
with daily steps in older men with COPD (r = 0.30, p > 0.05) (234). In Paper IV, 
active time per day and light intensity physical activity was not explicitly 
investigated but isokinetic quadriceps power was associated with all included 
aspects of physical activity, even daily steps (r = 0.31, p < 0.01). Nevertheless, 
even though quadriceps muscle power has been highlighted as a more important 
predictor of physical activity than maximum strength (234), the results indicate 
that it does not seem to give additional information when controlling for already 
known determinants of physical activity in COPD. It should be noted that the 
association between isokinetic power and the 6-minute walk test distance found 
in Paper III likely contributed to why the basic models were not further improved 
by isokinetic power. 

Quadriceps endurance 
Isometric quadriceps endurance was not correlated with functional capacity in 
Paper III, but did correlate with physical activity at levels similar to the isokinetic 
and isotonic quadriceps endurance measures in Paper IV. However, isotonic 
endurance seems to be more closely associated with physical activity, as isotonic 
quadriceps endurance was independently associated with most physical activity 
measures even after controlling for any other quadriceps function in partial 
correlation analyses. Isotonic quadriceps endurance also improved the models’ 
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ability to predict physical activity. This despite the inclusion of the 6-minute 
walking distance as a controlling variable, a variable with known strong 
associations to physical activity in people with COPD (82, 84). Isotonic 
quadriceps endurance was correlated with functional capacity but did not 
improve the basic models’ ability to predict the 6-minute walking distance or the 
1-minute sit-to-stand test repetitions. 

Clinical reasoning 
The systematic review in Paper I supports recommendations of walking and 
cycling as suitable aerobic exercise for people with COPD (2). This since the 
included studies, in general, showed greater physiological responses at similar 
levels of symptoms when activities were performed with the legs compared to 
when activities were performed with the arms. The similar levels of symptoms 
despite differences in physiological responses and work performed during arm 
activities indicate that people with COPD can be symptom-limited during arm 
activities and that strategies today primarily used to increase exercise tolerance 
during leg activities may be used during arm activities as well. 

Paper II's observed differences in absolute reliability between isokinetic, 
isometric, and isotonic quadriceps endurance measurements might affect the 
applicability of these measures to clinical trials and practice. E.g., the larger 
absolute reliability measure for isotonic versus isokinetic (CV%, 15.8 versus 6.5) 
measurements could be interpreted that a greater change is needed for the 
isotonic measurement to accurately recognise it as an actual change than for the 
isokinetic measurement. However, in clinical practice, we also need to consider 
the sensitivity of the measurement. For example, in a recent review, the 
magnitude of improvement of limb muscle endurance seemed to be different 
based on the measurement used (273). In the review, the mean improvement 
after interventions measured with isokinetic total work endurance measurements 
was 16%, while corresponding values were 42% for isometric and 71% for isotonic 
endurance protocols (273). Thus, it is unlikely that the differences between 
studies can entirely be explained by different true changes in limb muscle 
endurance. The measurements most likely either over-or underestimate the true 
change. In Paper III, quadriceps power was found to be closest associated with 
functional capacity, and isotonic quadriceps was found to be closest associated 
with physical activity in Paper IV. It is possible that the quadriceps power 
measurements, which consist of maximal movements (67, 95, 272), are more 
similar, and therefore, relevant to short assessments of capacity. On the other 
hand, the isotonic endurance measurement is more similar to daily physical 
activities, with dynamic submaximal movements as evident by the results seen in 
Paper IV. In contrast, isometric measurements include a static contraction 
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without movement, not similar to either the 6-minute walking test, 1-minute sit-
to-stand test, or physical activity.  

The relevance of the association can be extrapolated to clinical examples based 
on the predictive models for the 6-minute walking test distance and daily steps, 
where there are established minimally important differences (181, 274). However 
these estimations should be interpreted with caution since the result cannot 
distinguish cause and effect, and because  we assume that all other factors remain 
constant, as they probably would not in a real situation. An improvement of 24–
26% in either functional or isokinetic quadriceps power would be needed to 
achieve a clinically relevant 30 meters improvement in the 6-minute walk test 
distance (181). And, an improvement of 37% in isotonic quadriceps endurance 
would be needed to achieve a clinically relevant 600 daily-step improvement in 
physical activity (274). The necessary improvements are substantial, but 
quadriceps power is adaptable in older people without COPD (~25%) (275), and 
isotonic quadriceps endurance is highly adaptable for people with COPD (+50 to 
97%) (273, 276, 277) with exercise interventions. A change of 40.8% was 
estimated to be needed to detect a true change in isotonic endurance in Paper II.   

Methodological considerations   

Participants 
The included studies in the systematic review in Paper I had participants with 
mean values similar regarding age (60–70 years of age), body mass index (23–
29), and airflow limitation (FEV1 34–61 % of predicted). The difference found in 
mechanical efficiency between studies highlight that, despite similarities, 
important differences may be present regarding mechanical efficiency, and the 
explanation of these differences might be that participants had different degrees 
of limb muscle dysfunction. Other differences between studies can include how 
participants were managed, as the studies included were published between 1986 
and 2018. One notion about generalisation is that no study reported a blood 
oxygen saturation less than 85 percent during peak levels of activity. 

Papers II–IV had the ambition to use broad inclusion criteria of individuals with 
stable COPD and make participation as easy as possible. Individuals were 
excluded if they were expected to be un-stable after an exacerbation; after 
treatment with systemic corticosteroids known to affect muscle function; if they 
performed regular exercise specifically aimed to strengthen the quadriceps; or if 
comorbidity was expected to affect assessments. As comorbidities are very 
common among people with COPD, the existence of comorbidities was 
insufficient to merit exclusion, and was indeed common among participants. 
Convenience sampling was used, which reduces the possibility to generalise the 
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result. The participants included had, on average, a relatively well-preserved 
quadriceps strength, functional capacity, and physical activity despite a diagnosis 
of COPD, and clear airflow limitations. This further reduces the possibility to 
generalise the results to people with more severe functional impairments due to 
COPD. The result does, however, reflect participants from three different 
countries, which improves the ability to generalise the result.  The international 
multicentre design also made it possible to include more participants during the 
available timeframe to prospectively investigate test-retest reliability with 
sufficient power to detect an ICC considered relevant accurately (236), and to 
include relevant controlling variables in multiple linear regression models 
following the general rule that 10–15 participants per variable are needed (238). 
The discomforts and adverse events were accurately anticipated before the 
studies. In total, two participants reported that knee pain was the limiting factor 
when performing the isometric endurance assessment, but could perform other 
assessments or walk unaffected after the standardised 30-minute rest. Otherwise 
the limiting factors in the performed assessments were dyspnoea and limb 
fatigue. 

Assessments used 
Weaknesses in the assessment of quadriceps endurance include that the criteria 
used for ending the isotonic assessment (the test was ended when the participant, 
in three consecutive repetitions, failed to reach the full range of motion or failed 
to maintain the accurate pace) did leave room for interpretation by the assessor. 
Thus, the test-retest reliability results are valid only if the same assessor is used 
at test and retest occasions. The associations found between functional capacity 
and physical activity could also be affected by different assessors’ judgments. 
Furthermore, the study protocol did not include a familiarisation session, and 
only one test at each visit was performed. Since there was a significant 
improvement in two measurements between test and retest visits, the lack of 
additional visits or a familiarisation session reduces our ability to draw firm 
conclusions about how test procedures should optimally be designed to maximise 
reliability for the individual. 

When interpreting the associations between quadriceps functions and functional 
capacity and physical activity, it should be noted that strength, power, and 
endurance of the quadriceps can be measured in various ways (2, 192, 278, 279). 
Thus, the results could be different if other assessments were used. One example 
is the decision to not add a separate assessment of dynamic strength. Even if the 
correlation between isometric and isokinetic strength assessments is strong, a 
specific protocol to evaluate dynamic strength would have been favoured. 
Nevertheless, it is recommended to assess quadriceps strength isometric in COPD 
(54) and the battery of quadriceps function assessments was already extensive. 
For quadriceps power, no such specific assessment recommendation exists (278). 
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However, other strategies such as the stair climb power test (280), or isotonic 
measures of power (272), exist and may have provided different results.  There 
are also many ways to assess functional capacity and physical activity (220, 231, 
262). The 6-minute walking test and the 1-minute sit-to-stand test were chosen 
since they are very common functional capacity assessments (281). Daily steps, 
sedentary time, and minutes in moderate-to-very-vigorous activity assessed with 
an accelerometer were chosen to display physical activity, as these are the three 
most commonly used outcomes in intervention studies for people with COPD 
(219).  

Equipment 
The isokinetic protocol to assess quadriceps endurance demands a computerised 
dynamometer. In Papers II-IV a computerised dynamometer was used for all 
protocols to assess quadriceps strength, power (Paper IV), and endurance. This 
was done to ensure identical positioning of the participants across protocols and 
involved recruitment sites. The isometric and isotonic protocols could however 
be done with other equipment to facilitate implementation. For example, the 
isometric protocol could have been performed with a cheaper strain-gauge 
system or a fixed hand dynamometer (260, 282), and, the isotonic protocol could 
have been performed with leg extension gym equipment. 

Guidelines for reporting of results and registration/publication of the protocol 
Papers I and II were reported in line with the Preferred Reporting Items for 
Systematic Reviews (283) and the Guidelines for Reporting Reliability and 
Agreement Studies (212), respectively. Paper I was also registered in the 
International Prospective Register of Systematic Reviews and a protocol was 
published (206).  

Data acquisition, handling, and statistical analyses 
The systematic review of physiological and symptomatic responses of activities 
performed with the arm or the legs covers a variety of activities and outcomes. 
This since the number of studies that explicitly address the question of differences 
in physiological responses to arm and leg activities is limited, and all studies with 
a cross-sectional comparison of arm and leg activities were included, irrespective 
of activity and outcomes. The diversity of the included studies is explained by 
differences in the specific research questions, for example, regarding disease 
severity or specific activities, highlighting that the comparison of arm and leg 
activities could be addressed in numerous ways.  A weakness in the analyses 
includes a high level of heterogeneity for peak watt and wide confidence intervals 
for some outcomes included for meta-analyses, but the studies showed agreement 
on mean values. 
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Strengths of the analyses of feasibility, reliability, and relevance of quadriceps 
functions include a test for heteroscedasticity before reliability analyses and that 
the data was logarithmically transformed where appropriate (196, 226). 
Providing the result from logarithmically transformed variables increases the 
transferability of the result to the heterogenic population of people with COPD by 
providing a relative measure of absolute reliability that can be applied at an 
individual level. Another strength and novelty of the studies was that several 
measures of quadriceps functions were included and compared. An important 
notion is that only about half or less of the variation in physical activity and 1-
minute sit-to-stand test are explained in the multiple linear regression models. 
The explanatory degree may have been further improved by the inclusion of more 
variables (82, 233, 255), including balance, mobility (263), motivation, social 
participation, meaningful interpersonal interactions, readiness to change, and 
self-efficacy (219, 284, 285). Nevertheless, the basic set of variables, including 
sex, body composition, lung function, and symptoms of COPD, was judged to be 
sufficient to determine and compare the association between different aspects of 
quadriceps function and functional capacity and physical activity in COPD. 

Implications for future research 
The studies included in the systematic review in Paper I provided answers to the 
physiological and symptomatic responses to activities performed with the arms 
compared to activities performed with the legs if the activities were ergometer 
cycling or resistance training exercises. Studies investigating functional activities 
were not conclusive and one reason is the diversity of activity and intensities used. 
To answer the research question in the systematic review, arm and leg activities 
should be more comparable regarding aspects such as intensity and performed 
work. 

The inter-rater agreement of the quadriceps endurance measurements could not 
be assessed due to the multicentre design of the study, where the included 
assessors and participants were in different countries, but this should be a goal of 
future research. Also, the test-retest design did not include a familiarisation 
session, and only one test at each visit was performed. But, since there was a 
significant improvement in two of four measurements, the lack of additional tests 
or a familiarisation session reduces our ability to draw firm conclusions about 
how assessment procedures should be optimally designed to maximise reliability 
for the individual.  

Future studies with a longitudinal design using several measures of limb muscle 
endurance might be necessary to investigate if the ability to detect changes is 
differently indicated by the different reliability. Future longitudinal studies are 
also needed to confirm or reject the importance of the associations found between 
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quadriceps functions and functional capacity and physical activity in this thesis. 
Another interesting future sub-group analysis is to investigate the association 
between quadriceps function and functional capacity and physical activity in 
people with COPD with more severe physical impairments. 

One future study that is currently ongoing further investigates the management 
of limb muscle dysfunction in COPD. As a doctoral student, I have been involved 
in developing the protocol for a randomised controlled multicentre trial (286). 
The study investigates non-linear periodisation within resistance training to 
target both limb muscle strength and limb muscle endurance.  I have been 
involved in writing the application for ethical approval, the design of the training 
program, and I am the first author on the published protocol for the project (286). 
During data collection, I have, at different times, acted as a blinded assessor and 
an instructor for the training programs, and I have been involved in analysing 
available muscle biopsies using morphological techniques. The study will provide 
novel insight into non-linear periodisation within resistance training in people 
with COPD.  
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Conclusions and clinical implications 

The results of this thesis showed that physiological responses were often larger 
during leg compared to arm activities. Simultaneously, the perception of 
exertional dyspnoea and limb fatigue seemed task- and intensity-dependent. 
Regarding the assessment of quadriceps functions, measures of quadriceps 
endurance obtained by isokinetic, isometric, and isotonic protocols had high to 
very high relative reliability, except for measurements of isokinetic fatigue index, 
which had low relative reliability. Isokinetic total work had the smallest 
coefficient of variation and limits of agreement, indicating better absolute 
reliability. Participants performed better on the retest for isokinetic total work 
and isometric measurements. The three protocols had similar feasibility with 
acceptable time consumption, limited perceived dyspnoea compared to leg 
fatigue, and no major adverse advents. Assessments of quadriceps endurance, 
strength, and power were associated with functional capacity and physical 
activity. Among quadriceps functions, quadriceps power contributed the most to 
functional capacity, while endurance, specifically isotonic endurance, was the 
quadriceps function that contributed the most to physical activity in COPD.  

Altogether, the findings may have important research and clinical implications in 
the assessment and management of people with COPD. Larger physiological 
responses during leg activities indicate that if the goal of exercise interventions is 
to maximise outcomes such as minute ventilation and oxygen consumption, 
activities involving both legs should be preferred, if well tolerated by the 
individual. Considering that dyspnoea is an essential factor for exercise 
intolerance, the findings also suggest that strategies used to increase exercise 
tolerance should not be dependent on whether the arms or the legs are used, but 
rather the relative intensity of the specific activity performed. Regarding the 
assessment of quadriceps endurance, isotonic, isokinetic, and isometric measures 
mostly demonstrate high and similar relative reliability. However, different 
absolute reliability might reflect a difference in the ability to detect change. The 
results also indicate that the goal of exercise interventions may guide the 
quadriceps function of interest. Quadriceps power seems to be more relevant to 
functional exercise capacity than strength or endurance. On the other hand, if 
physical activity is the primary goal, quadriceps endurance seems to be more 
relevant. The findings from this thesis suggest that the current international 
recommendation to only measure isometric quadriceps strength among people 
with COPD may need to be revised. Assessing and targeting other aspects of 
muscles and muscle function in COPD, such as quadriceps endurance and power, 
can be done and may be relevant.  
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