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"I have approximate answers and possible beliefs and different degrees of
uncertainty about different things, but I am not absolutely sure of anything and there
are many things I don't know anything about, such as whether it means anything to
ask why we're here. I don't have to know an answer. I don't feel frightened not
knowing things, by being lost in a mysterious universe without any purpose, which is

the way it really is as far as I can tell.”

— Richard P. Feynman

To all those living with chronic obstructive pulmonary disease
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Abstract

Background

Chronic obstructive pulmonary disease (COPD) is a leading global health burden
and a major cause of morbidity and mortality. Beyond airflow limitation and
respiratory symptoms, COPD is associated with multiple extrapulmonary
manifestations including cognitive impairment, decreased cardiovascular fitness
and muscle dysfunction. These systemic effects contribute to lower physical
capacity and increased mortality, independent of lung function. To treat
extrapulmonary manifestations among individuals with COPD, exercise training
has an important role. However, traditional exercise methods are often difficult
for individuals with COPD to tolerate, given their ventilatory limitations and
muscle dysfunction, resulting in sub-optimal treatment effects. Short-duration
watt-controlled supramaximal high-intensity interval training (HIIT) consisting
of 10 x 6 second intervals is promising for individuals with COPD, as it enables
high external intensities while allowing for ventilatory relief. Yet, evaluation of its
feasibility, physiological response, prescription and long-term effectiveness is
lacking. Furthermore, reporting quality in aerobic exercise trials in COPD may be
incomplete, hindering reproducibility and the translation of research findings
into clinical practice.

The overarching aim of this thesis therefore was to advance the development of
effective exercise strategies for COPD by evaluating the feasibility, physiological
responses, and methodological aspects of supramaximal HIIT, and by assessing
the reporting quality of aerobic exercise interventions in the COPD literature.

Methods

This thesis comprises four papers based on two clinical trials and one systematic
review. In a randomised cross-over trial, Paper I examined the feasibility and
acute physiological responses to supramaximal HIIT, compared to moderate-
intensity continuous training (MICT), in 16 individuals with COPD and 16
matched healthy controls (HCs). Paper II, using data from the same trial,
evaluated the feasibility and applicability of the modified Borg Cycle Strength
Test (mBCST) for prescribing supramaximal workloads. Paper III presents the
study protocol of an ongoing, international multicentre randomised controlled
trial (RCT), the COPD-HIIT RCT. The trial compares supramaximal HIIT and
MICT over 3 months in individuals with COPD and HC, with continued training
for 24 months in the COPD group. Paper IV was a systematic review assessing the
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reporting quality and application of exercise training principles in RCTs that
included aerobic training in individuals with COPD.

Results

Paper I demonstrated that supramaximal HIIT was feasible and enabled
participants with COPD to achieve higher external intensities (245 + 88 vs.
71 + 22 W) compared to MICT, with reduced ventilatory demand. Both exercise
modalities increased plasma brain-derived neurotrophic factor by an average of
59%. Paper II deemed the mBCST feasible and applicable for prescription of
supramaximal intensities in COPD. The COPD-HIIT RCT, presented in Paper III,
have enrolled 133 participants of which 82 are individuals with COPD. The
participants with COPD constitute a representative cohort with a varied disease
severity. Compared to matched healthy controls, they exhibit reduced cognitive
function, cardiorespiratory fitness and quadriceps function at baseline. Paper IV
included 298 trials, in which the quality of reporting was generally poor. This was
demonstrated by a mean of 5.4 + 3.0 reported items (out of a maximum of 19) on
the Consensus on Exercise Reporting Template.

Conclusions

This thesis supports the feasibility of short-duration, watt-controlled
supramaximal HIIT for individuals with COPD, allowing higher exercise
intensities with lower ventilatory demand than MICT. The mBCST appears
feasible and applicable for prescribing supramaximal workloads, while further
research is warranted for its clinical implementation. Preliminary data from the
ongoing COPD-HIIT RCT indicates good adherence to supramaximal HIIT and
representative recruitment. Finally, the systematic review revealed suboptimal
reporting of aerobic exercise interventions in COPD research, emphasizing the
need for improved reporting to strengthen reproducibility and clinical
translation.



Sammanfattning pa Svenska

Bakgrund

Kroniskt obstruktiv lungsjukdom (KOL) &r en av var tids storsta folksjukdomar.
Globalt lever hundratals miljoner manniskor med KOL, och sjukdomen &r en av
de vanligaste dodsorsakerna i varlden. Sjukdomen kidnnetecknas av langvariga
symptom fran luftvigarna och en begriansning av luftflodet, vilket gor att fysisk
aktivitet och trianing ofta blir anstriangande.

Utover paverkan pa lungorna leder KOL till en paverkan utanfor lungorna — sé
kallade extrapulmonella manifestationer. Dessa inkluderar bland annat nedsatt
kondition, férsimrad muskelfunktion och férsamrad kognitiv funktion. Dessa
konsekvenser dr nidra kopplade till lagre livskvalitet och ©kad dodlighet,
oberoende av hur nedsatt lungfunktionen ar.

Fysisk traning ar en viktig del av behandlingen vid KOL, sirskilt avseende
forandringar utanfoér lungorna. Trots god effekt av fysisk traning pa gruppnivé ar
det pa individniva en stor variation och méanga far endast sma effekter av den
traning som erbjuds idag. Det beror bland annat pa att ménga med KOL behover
stanna upp, eller till avbryta sin fysiska traning pa grund av andfiddhet, detta
innan belastningen pa exempelvis hjarta och muskulatur ar tillrackligt hog. Det
finns darfor ett behov av nya behandlingsmetoder. En mojlig 16sning &r
supramaximal hégintensiv intervalltraning (HIIT) — mycket korta och intensiva
cykelintervaller pa sex sekunder, som kan mojliggora hog belastning utan att
andningen blir alltfor pafrestande.

Vidare, trots att trdning ar en central del av behandlingen vid KOL ar
beskrivningen av traningsupplagg i tidigare studier ofta bristfillig. Detta gor det
svart att jamfora resultat och att omsitta forskningen i praktiken.

Syftet med avhandlingen var att underséka om supramaximal HIIT &r
genomforbart for personer med KOL, hur kroppen reagerar pa sddan traning, hur
traningen kan individanpassas och vilka metodologiska faktorer som behover
beaktas. Dessutom granskades hur vil tidigare studier om konditionstraning vid
KOL har beskrivit sina traningsmetoder.



Metod

Avhandlingen bygger pa fyra vetenskapliga artiklar baserade pa tva kliniska
studier och en systematisk litteraturoversikt. I artikel I-III studeras bade
personer med KOL och en kontrollgrupp med lungfriska deltagare.

Artikel I undersokte genomforbarheten och fysiologisk respons till supramaximal
HIIT jamfort med traditionell konditionstraning pa mattlig intensitet med
konstant belastning. Artikel IT anvinde data frdn samma studie och undersokte
genomforbarheten och anvindbarheten av ett cykeltest, Borgs cykelstyrketest, for
att bestimma ldmplig traningsintensitet vid supramaximal HIIT.

Artikel III &r ett studieprotokoll som beskriver en pagiende internationell
randomiserad kontrollerad traningsstudie, dar effekterna av supramaximal HIIT
och traditionell traning jamfors 6ver tre samt 24 ménader. Har studeras effekter
pa bland annat kognitiv funktion, kondition och larmuskelkraft.

Artikel IV var en systematisk granskning av tidigare traningsstudier vid KOL,
med fokus pa hur vil traningsuppléagg rapporterats och hur principer for traning
har tillimpats.

Resultat

Supramaximal HIIT var genomforbar for personer med KOL och gjorde det
mojligt att nd hogre belastningar med mindre upplevd andfaddhet an vid
traditionell méttligt intensiv traning. Bdda traningsformerna 6kade nivierna av
brain-derived neurotrophic factor i blodet, vilket kan vara gynnsamt f6r hjarnans
hilsa. Borgs cykelstyrketest visade sig praktiskt genomforbart och anvindbart for
att individanpassa traningsintensitet vid supramaximal HIIT.

I den pigiende randomiserade kontrollerade triningsstudien har hittills 133
personer inkluderats, varav 82 med KOL. Deltagarna representerar olika
sjukdomsgrader och har 6verlag god traningsfoljsamhet. Prelimindra resultat
visar att personer med KOL har ldgre kognitiv funktion, kondition och
larmuskelfunktion jamfort med friska kontrollpersoner.

Den systematiska granskningen omfattade 298 studier. Resultaten visade pa
bristfallig beskrivning av tréningsmetoder inom KOL-forskning. Viktig
information som traningsintensitet samt deltagarnas foljsamhet till traningen,
saknades ofta.
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Slutsatser

Supramaximal HIIT framstar som en lovande och genomforbar traningsform for
personer med KOL, eftersom den mgjliggor hog traningsintensitet utan att 6ka
den upplevda andfaddheten. Forskningen fortsitter nu med att undersoka hur
val denna typ av trining fungerar pé langre sikt och dess effekter p& bland annat
kognitiv funktion, kondition och muskelfunktion

Eftersom personer med KOL uppnar hogre intensitet vid genomférande av Borgs
cykelstyrketest dn vid ett traditionellt arbetsprov, indikerar resultaten att testet
kan vara anvindbart vid forskrivning av traningsintensitet vid supramaximal
HIIT. Borgs cykelstyrketest kan alltsd anvidndas for att individanpassa
supramaximal HIIT, men mer forskning om testets implementering behdvs.

Slutligen visar avhandlingen att forskare behover vara mer tydliga i hur de

beskriver sina traningsuppldgg och resultat, for att framtida studier battre ska
kunna tolkas, jamforas och anvindas inom varden.
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Abbreviations and Acronyms

Commonly used abbreviation throughout the thesis. Abbreviations that only are
included in tables or figures are defined in that table or figure.

ATP
BDNF
CAT
CANTAB
CERT
CRQ
COPD
CONSORT
CPET
GOLD
FEV:
FITT
FVC
HIIT
IL
MAP
MVV
mBCST
mMRC
MICT
MoCA
MPO6

PGC-1a

PRISMA

RCT
RPE
RPM

SPIRIT

Adenosine triphosphate

Brain-derived neurotrophic factor

COPD assessment test

Cambridge Neuropsychological Test Automated Battery
Consensus on Exercise Reporting Template
Chronic respiratory disease questionnaire
Chronic obstructive pulmonary disease
Consolidated Standards of Reporting Trials
Cardiopulmonary exercise test

The Global Initiative for Chronic Obstructive Lung Disease
Forced expiratory volume in one second
Frequency, Intensity, Type and Time

Forced vital capacity

High-intensity interval training

Interleukin

Maximum aerobic power

Maximal voluntary ventilation

Modified Borg cycle strength test

Modified medical research council dyspnea scale
Moderate-intensity continuous training
Montreal cognitive assessment

Maximum mean power output for six seconds

Peroxisome proliferator-activated receptor gamma coactivator
1-alpha

Preferred Reporting Items for Systematic reviews and Meta-
Analyses

Randomised controlled trial
Rating of perceived exertion
Revolutions per minute

Standard Protocol Items: Recommendations for Interventional
Trials
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TIDieR
TMT
VCO-
VO.

VE

Template for Intervention Description and Replication
Trial making test

Carbon dioxide output (volume of carbon dioxide produced)
Oxygen uptake (volume of oxygen)

Minute ventilation (total volume of air expired per minute)



Glossary

Exacerbation

Exerkine

Feasibility

Supramaximal
HIIT

Maximal
aerobic power

Myokine

Physiological
response

W’ (W prime)

An event characterized by an increased dyspnea and/or
cough and sputum that worsens in < 14 days which may be
accompanied by tachypnoea and/or tachycardia and is often
associated with increased local and systemic inflammation
caused by infection, pollution, or other insult to the airways:.

Signalling molecules, including hormones, metabolites,
proteins, lipids, and nucleic acids, that are released in
response to exercise, exerting effects through endocrine,
paracrine, and autocrine pathwaysz2.

Within this thesis, feasibility refers to the extent to which
participants can complete an exercise session, intervention or
test as intended, and whether it is tolerable and practical. In
Paper I, exercise feasibility was determined through exercise
fidelity, defined as the need for modifications to the planned
exercise protocol (intensity, duration or cadence), as well as
completion rate and perceived symptoms. In Paper II, test
feasibility was determined by achieved intensity,
interpretability, familiarity required, duration, scoring
complexity, completion complexity, safety and cost. In Paper
ITI, intervention feasibility is determined by completion rate,
attendance rate, adherence to the prescribed exercise,
exercise fidelity, occurrence of adverse events and participant
satisfaction.

Supramaximal high-intensity interval training (HIIT)
involves short, repeated work intervals performed at an
external intensity that exceeds the maximal aerobic power
(MAP)3.

The external work rate achieved at the point of maximal
oxygen uptake, during an incremental cardiopulmonary
exercise test.

An exerkine that is mainly produced and released by skeletal
muscle4.

Refers to the acute exercise-changes that occur during or
immediately after a bout of physical activity, including
changes in oxygen consumption, ventilation, heart rate and
circulating exerkines.

A parameter in exercise physiology that represents the finite
amount of work that can be performed above the critical
power before exhaustions.
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Preface

I completed my bachelor’s degree in sports medicine in 2015, a subject that had
interested me long before I knew where it would lead. At that time, I did not
imagine that my research journey would take me into the field of chronic
respiratory disease.

Perhaps the first seed of a PhD was planted during my master’s studies in sports
medicine, when I immersed myself in writing my thesis. Or maybe it began even
earlier, during school science projects that allowed me to explore ideas through
reading and writing, guided by a few particularly inspiring teachers.

When this doctoral project was announced, I saw it as an opportunity to unite my
scientific interests with something that could contribute meaningfully to others.

A sense of purpose captured by the Japanese term ikigai.

I hope that this work, in some small or large way, contributes to greater
understanding and to something of value in the world.
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Introduction

As populations age, the burden of chronic diseases is increasing worldwide,
driven by a complex interplay of genetic predisposition, environmental
exposures, and lifestyle factors. Among these conditions, chronic respiratory
diseases are of particular concern, with chronic obstructive pulmonary disease
(COPD) representing a major cause of morbidity and mortality worldwides.

Chronic obstructive pulmonary disease is currently the fourth leading cause of
death?, affecting 400 million individuals globally with climbing prevalence
rates89. Once considered only a pulmonary disorder, COPD is now recognized for
its extensive impact on multiple organ systems, challenging the individual’s
ability to maintain daily function and overall healthc. As such, COPD represents
a major public health challenge. A hallmark of COPD is impaired pulmonary
ventilation and gas exchange, making physical activity particularly challenging
for individuals with the disease. Exercise training is a cornerstone in the non-
pharmacological treatment of COPD. Yet, many individuals with COPD
experience limited benefits from traditional exercise methods, which are often
attributed to the ventilatory constraints imposed by the disease2-14. This
highlights the need for new and effective interventions that address both the
pulmonary and extrapulmonary consequences of COPD.

This thesis explores the feasibility and physiological effects of a watt-controlled
supramaximal high-intensity interval training (HIIT) protocol, compared to
traditional moderate-intensity continuous training (MICT) in individuals with
COPD. My aim is that the findings will contribute to a deeper understanding of
how exercise interventions can be used to address extrapulmonary
manifestations in COPD, ultimately improving outcomes and prognosis for
individuals with COPD.



Background

This background outlines an overview of COPD, beginning with its pathogenesis
and pathophysiology, and how these contribute to exercise limitation. Next, I will
describe the clinical presentation of COPD, followed by an overview of current
management strategies. Emphasis will be placed on pulmonary rehabilitation
and the role of endurance exercise training within the scope of this thesis.

Chronic Obstructive Pulmonary Disease

The definition of COPD has evolved over time. In their 2025 report8, the Global
Initiative for Chronic Obstructive Lung Disease (GOLD) defines COPD as:

“..a heterogeneous lung condition characterized by chronic respiratory
symptoms (dyspnea, cough, sputum production and/or exacerbations) due to
abnormalities of the airways (bronchitis, bronchiolitis) and/or alveoli
(emphysema) that cause persistent, often progressive, airflow obstruction”.

Individuals diagnosed with COPD commonly experience symptoms such as
shortness of breath, wheezing, a sensation of tightness in the chest, fatigue,
restricted physical capability, and/or persistent coughing, with or without
sputum productions. Individuals with COPD are also susceptible to acute
respiratory events, exacerbations, which are marked by a sudden increase in
respiratory symptoms.

Global Burden of COPD

While prevalence data vary widely, the global prevalence in people aged 30-79 is
currently estimated to be 10.3% when using the GOLD definition's. Therefore,
roughly 400 million people suffer from the disease, causing 3.5 million deaths in
2021, accounting for 6% of all deaths globally78. Further, COPD is the eighth
leading cause of years of life lost's, and a leading cause of disability-adjusted life
years!67, In Sweden, an estimated 400 000 to 700 000 people live with COPD,
corresponding to a prevalence of 7-17%, depending on the cohort and age range
studied:8:19. Overall, prevalence increases with age!s:18,

With the aging of the world’s population, increased prevalence of smoking in
developing countries, urbanization, and continued exposure to other risk factors,
it is projected that the global prevalence and annual deaths of COPD will rise over
the coming decades and approach 600 million patients with COPD by 205020:21,
Historically, COPD has been more prevalent in men than in women, primarily



due to higher rates of cigarette smoking among men2223. However, recent data
indicate that the prevalence of COPD is close to equal in males and females, and
future trends suggest a continued increase among women and a decline among
meno8.18,23,

Beyond morbidity and mortality, COPD imposes a significant economic burden
worldwide. Its high prevalence, chronic course and high treatment costs,
combined with productivity loss, place a substantial strain on our healthcare
systems and society817:24. This financial burden of COPD is related to both itself
and its multiple comorbidities.

With this in mind, one can argue that COPD is a highly neglected disease
worldwide, by some organizations called a forgotten public disease25. As a leading
contributor to the global burden of disease, COPD is significantly underfunded
compared with other chronic diseases. For example, research expenditure per
death is substantially lower for COPD than for cardiovascular disease, diabetes
and cancer'7:26. A possible reason for this disparity might be the social stigma
inaccurately portraying COPD as a self-inflicted disease. Such stigma is less
prevalent in cardiovascular disease and type 2 diabetes, despite lifestyle factors
significantly contributing to these conditions as well7. This misalignment is also
true for other chronic diseases, such as asthma, which receives 100 times more
funding per death compared to COPD in the US=6,

Pathogenesis: Causes and Risk Factors

The development of COPD is more complex than the traditional view of it as a
self-inflicted disease caused by tobacco smoking, as initially formulated?7. Rather,
as described in a recent proposal2829, COPD is the result of complex, dynamic,
cumulative and repeated gene-environment interactions over the lifetime that
can damage the lungs and/or alter their normal development and aging
processes. Beyond smoking, various risk factors contribute to COPD through
distinct pathophysiological ~mechanisms, influencing diagnosis and
treatment817:30, Understanding these risk factors is crucial for a more
comprehensive approach to COPD prevention and management.

Environmental Risk Factors

Environmental factors are the most significant risk factors for COPD. Of these,
cigarette smoking remains indeed a key factors:, but other forms of tobacco
exposure, including second-hand smoking32, pipes, cigars, water pipes33,
marijuanas4, and likely electronic nicotine delivery systems such as vaping3s'—also
increase the risk. Yet, about half of all COPD cases worldwide are due to non-
tobacco-related risk factorsse. In low- and middle-income countries, non-



smoking environmental exposures account for most COPD cases. Indoor
pollution from biomass fuel combustion, used by three billion people
worldwidess, leads to high household air pollution and is a major cause of COPD
in never-smokers, with estimates suggesting up to 70% of cases in low- and
middle-income countries occur in non-smokers3®. Globally, air pollution,
including greenhouse gases, ozone, particulate matter and heavy metal, is
another major contributor to COPD8:36, Notably, the risk of air pollution is dose-
dependent with no safe threshold8. Additionally, occupational exposure to gases,
fumes, chemicals, and dust is a major risk factor for COPD and common in many
industries including mining, steelworks, farming, manufacturing and automotive
repair?.

Factors Affecting Lung Function Trajectories

Chronic obstructive pulmonary disease can result from reduced peak lung
function early in life, or accelerated lung function decline later in life. Several
factors influence our normal trajectory of lung function, which typically peaks in
early adulthoods”. These factors can either reduce peak lung function or hasten
its decline, thereby increasing the risk of COPDs38. These include so-called
childhood disadvantage factors or early life events that alter the respiratory and
immune system, making the lungs more susceptible to risk factors in adult lifers.
Some important early life events include childhood asthma, repeated respiratory
infections, in-utero and early-life exposure to tobacco smoke, prematurity, low
birth weight, and malnutrition3s.

Other Risk Factors

Multiple genetic variants associated with increased risk of COPD have been
identified39. However, the best documented genetic risk factor is mutations in the
SERPINA1 gene, which lead to alpha-1 antitrypsin deficiency. This condition is
present in 1-2% of individuals with COPDz3940, In brief, alpha-1 antitrypsin
deficiency impairs the protection of lung tissue, resulting in neutrophil-elastase-
mediated development of emphysema4t.

Lower socioeconomic status and poverty are also associated with increased risk
for COPD4+243, Whether this reflects exposures to environmental risk factors, poor
nutrition, infections or other factors related to low socioeconomic status is
unclear. Still, almost all risk factors for developing COPD are also associated with
low socioeconomic status?7.

Furthermore, a history of chronic bronchial infections44 or tuberculosis4s, as well
as being HIV positive4647, are risk factors for COPD. Notably, in lower- and
middle-income countries, pulmonary and systemic infections are among the most



important non-smoking risk factors” for COPD and other chronic respiratory
diseases.

COPD Beyond Tobacco Smoking

Growing recognition of non-smoking-related COPD has led to new taxonomic
proposals, based on the different causes contributing to the disease!748, In short,
the taxonomy has been expanded to include different types of COPD, capturing
the variation in its causes and linking underlying endotypes to distinct
pathophysiological mechanisms. By combining two recent proposalsi748, the
following etiotypes of COPD can be categorized8: 1) genetically determined
COPD; 2) COPD related to early-life events; 3) infection-related COPD; 4) COPD
related to smoking or vaping; 5) biomass and pollution exposure-related COPD;
6) COPD and asthma, and 7) COPD of unknown cause. To date, this proposal has
little impact on current clinical practice, and further research is needed into these
subtypes to advance COPD managements:17.

Pathophysiology: From Cellular Damage to
Systemic Effects

Pathological changes in COPD include both inflammatory and structural changes
to the airways, lung parenchyma and the pulmonary vasculature49. Inflammation
in COPD involves an increased number of macrophages, neutrophils, and
lymphocytes, which release inflammatory mediators, leading to tissue damage
and remodelingsost. Oxidative stress, driven by both inhaled irritants and
immune cell activation, further amplifies inflammation and tissue
destructionse:52.

A key feature of COPD pathobiology is the imbalance between proteases, which
degrade connective tissue and antiproteases that counteract this action, leading
to alveolar destruction and airway remodelings3. Peribronchiolar fibrosis, excess
fibrous connective tissue around the bronchi, and altered lung vasculature have
also been reporteds45s.

Airflow Obstruction, Hyperinflation and Impaired Gas
Exchange: Contributors to Exercise Intolerance

Airflow obstruction in COPD results from pathological changes in the smaller
airways (bronchioles) and emphysema. Chronic inflammation narrows and
destroys bronchioles, increasing airway resistance’6. Emphysema is
characterized by irreversible destruction of alveolar walls, enlargement of air
space, leading to loss of lung elastic recoil and airflow limitation. These processes



may occur independently or at different rates8, but both impair lung emptying
during expiration, leading to gas trapping, the inability to fully exhales7.

Gas trapping and reduced elastic recoil cause lung hyperinflation, defined as an
abnormally increased end-expiratory lung volumes’. Hyperinflation contributes
to dyspneas859, hospitalizations and mortality®e.61. It may be present at rest (static
hyperinflation) or during exercise, when increased ventilatory demand and
reduced expiratory times due to higher breathing frequency lead to dynamic
hyperinflations2. In a laboratory setting, dynamic hyperinflation is assessed
using an inspiratory capacity manoeuvre during exercises263, Dynamic
hyperinflation has multiple negative effects on exercise tolerance, as it leads to:
1) increased work of breathing; 2) weakened inspiratory muscles due to
shortening of the diaphragm muscle fibers®4; and 3) reduced ability to expand
tidal volume, leading to mechanical limitation of ventilation. In turn, this can in
some cases lead to carbon dioxide retention and oxygen desaturation%s. In
addition, dynamic hyperinflation can negatively affect cardiac function by
reducing preload and increasing afterloads.

Structural changes in the airways, alveoli, and pulmonary vasculature may
disrupt the normal balance between air supply (ventilation) and blood flow
(perfusion). This ventilation-perfusion mismatch contributes to inefficient gas
exchange and exercise intolerance®s, as some lung regions are well perfused but
poorly ventilated, and others are well ventilated but underperfused®’.
Emphysematous changes further reduce the available surface area for gas
exchange, leading to decreased lung diffusing capacitys6. Together, these
mechanisms increase the ventilatory demand during exercise in COPD.

Exacerbations

An exacerbation is defined as an event characterized by an increased dyspnea
and/or cough and sputum that worsens in < 14 days which may be accompanied
by tachypnoea and/or tachycardia and is often associated with increased local
and systemic inflammation caused by infection, pollution, or other insult to the
airways!. Exacerbations are often caused by viral or bacterial respiratory
infections or pollutants, and are significant events in the trajectory of COPD®8,
Exacerbations increase gas trapping, hyperinflation, expiratory flow and
therefore increase dyspna%s. They contribute to COPD progression by means of
airway inflammation° and long-term decline in lung function”.



Symptoms and Diagnosis

A diagnosis of COPD should be considered in individuals who are presenting
symptoms related to the lungs, such as dyspnea, chronic cough, sputum
production, or recurrent lower respiratory tract infections, and/or a history of
exposure to risk factorss72. Chronic dyspnea is a cardinal symptom of COPD and
one of the major causes of the disability and anxiety associated with the disease?3.
It is prevalent across all stages of the disease and particularly occurs during
physical activity and exercise74. Further, a cough with or without sputum
production is present in many individuals with COPDS8. Importantly, these
symptoms can precede a measurable airflow obstruction by multiple years.
Fatigue, the subjective feeling of tiredness or exhaustion, is also a common and
distressing symptom in COPD that impacts the ability to perform daily life
activities and impacts the patient’s quality of life7s76. Chest tightness and
inspiratory or expiratory wheezes are also common symptoms that might vary
between and within dayss.

To confirm a diagnosis of COPD, spirometry is required to demonstrate a
persistent, non-fully reversible limitation of expiratory airflow8.72. This is defined
by a post-bronchodilator ratio of forced expiratory volume in one second (FEV:)
to the forced vital capacity (FVC) of less than 0.7. Currently, this represents the
gold standard for diagnosing COPD and offers a simple, non-invasive, low-cost,
reproducible and readily available test®17. In Sweden, the diagnosis of COPD is
based on a triad comprising evidence of airway obstruction, the presence of
relevant risk factors, and respiratory symptoms?.

However, this approach has recently been challenged, as it precludes the
detection of early disease, oversimplifies COPD and fails to capture the
heterogeneity of the disease!”78. Notably, airway and parenchymal changes can
be present even in individuals without spirometric evidence of expiratory airflow
limitation79. Consequently, there are suggestions to explore alternative diagnostic
methods with greater sensitivity, including methods that show lung destruction
or airway remodelling (directly or indirectly), either using chest computer-
tomography, diffusion capacity measures or measures of respiratory mechanics7.
Today, chest computed tomography is not needed to establish a diagnosis of
COPD. Yet, it is used to provide insight into the structural and pathophysiological
abnormalities present in the lungs, such as emphysema and airway
abnormalitiess.

Once confirmed by spirometry, the diagnosis of COPD is further assessed based
on the severity of airflow obstruction using GOLD spirometric grades I to IV,
based on the predicted FEV.depicted in Figure 18. Then, symptoms are evaluated
using standardized questionnaires, either using the COPD assessment test8o



(CAT) for disease-specific symptoms or the modified Medical Research Council
dyspnea scale8:t (mMRC) for dyspnea. Additionally, the frequency of moderate
and severe exacerbations is considered. This framework provides insight into
airflow obstruction severity, symptom burden and exacerbation risk. Individuals
with COPD are then classified as A, B or E (Figure 1) which is used to guide
treatments.

GOLD ABE Assessment Tool

Figure 2.11
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Figure 1. The GOLD ABE Assessment Tool. The assessment of airflow limitation by
spirometry is shown on the left side and is one part of the classification. It is combined
with the presence of symptoms or dyspnea, and the history of exacerbations. Being
categorized into group A means one has a lower risk of exacerbations and less severe
symptoms. In group B, one has a lower risk of exacerbations and more severe symptoms.
Those with a higher risk of exacerbations are categorized into group E, irrespective of the
level of symptoms or dyspnea. Abbreviations: FEV1: Forced expiratory volume in one
second; FVC: Forced vital capacity; mMRC: modified Medical Research Council dyspnea
scale; CAT: Chronic obstructive pulmonary disease assessment test. © 2024, 2025 Global
Initiative for Chronic Obstructive Lung Disease, available from www.goldcopd.org,
published in Fontana, WI, USA. With permission.

While this classification is well-established, additional measures have been
proposed. These suggestions are not yet formally integrated into current



guidelines but may provide potential avenues for future refinement. For example,
in relation to exercise and cardiorespiratory fitness, a central theme of this thesis,
there have been suggestions to incorporate VO.peak in this assessment tool, with
VO:peak < 14.6 mL-kg! min? or <55% predicted as a cut-off for increased
mortalitys2.

COPD Beyond the Lungs: Extrapulmonary
Manifestations

Beyond being a pulmonary disease, COPD presents multiple extrapulmonary
manifestations and comorbidities. These include decreased brain health8384,
cardiovascular disease®s, skeletal muscle dysfunction8¢87, metabolic
disorders88:89, osteoporosiso®, mood disorders?92, sarcopenia®3 and cachexia%,
amongst others (Figure 2). Together with the pulmonary symptoms, these
extrapulmonary manifestations contribute to reduced exercise tolerance,
diminished physical activity levels, overall functional impairment and decreased
survival95-97, Systemic inflammation is a hallmark of the disease and appears to
be a common denominator for many of these manifestations, not least related to
cognitive dysfunctions298-101, Furthermore, the presence of one or more
comorbidities is associated with increased hospitalizations and higher mortality
ratesto2103, in many cases independent of airflow obstructionto4. Despite their
significant impact on key clinical outcomes, extrapulmonary aspects remain an
area that has not been optimally addressed in COPD management.

In the following section, I will introduce the extrapulmonary manifestations of
COPD most relevant to this thesis (Figure 2).
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Figure 2. Selected pulmonary and extrapulmonary manifestations in chronic obstructive
pulmonary disease0-84,

Cognitive Impairment

Individuals with COPD exhibit a greater risk of developing cognitive impairment
compared to those without the disease!01105.106, Reported prevalence rates vary
widely, ranging from 5% to 77%7:108 with an average prevalence of 32%108. This
wide variation is primarily attributed to differences in assessment methodologies
and study populations!©o. Importantly, cognitive impairment is seen across the
entire range of airflow obstruction severity!c. Cognitive impairment can
negatively impact medication adherence and proper inhaler technique13,
leading to a higher risk of hospitalizations. Further, having coexisting COPD and
cognitive impairment increases the mortality risk threefold compared to having
either condition alone?°s.

Several pathophysiological mechanisms have been proposed to explain the
elevated risk of cognitive impairment in COPD. These include hypoxemia,
systemic inflammation, and oxidative stress, which are factors inherent to the
disease, as well as the presence of comorbidities such as cardiovascular disease,
which can further compromise cerebral function84.109.114.115. Neuroinflammation
has also been suggested as a potential contributor, but this remains insufficiently
investigated in the COPD contexts. The development of cognitive impairment in
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COPD is therefore likely multifactorial, and the underlying mechanisms are not
yet fully understood:09.

Neuroimaging studies have identified structural brain abnormalities in
individuals with COPD, including grey matter atrophy and reduced white matter
integrityu6. Cognitive deficits in this population span multiple domains83, with
impairments most commonly reported in memory and attention17:118, Deficits in
information processing speed, learning abilities and executive function have also
been documented!17-119-121,

Although evidence increasingly supports a link between COPD and cognitive
impairment, several research gaps persist. Research indicates benefits from
exercise for cognitive abilities?22-124, with the hippocampus being one of the more
plastic brain regions, responsive to exercise-induced changes!25-127, Yet, research
on the treatment of cognitive impairment in individuals with COPD is still in its
infancy, and the role of exercise should be further investigated:28. Both general
and COPD-specific literature highlight the need for well-designed, longitudinal
studies employing standardized, reproducible exercise protocols?3.128. In
particular, the effects of varying exercise intensities, as well as the underlying
mechanisms linking exercise to cognitive outcomes in COPD, remain
insufficiently addressed.

Cardiovascular Function and Cardiorespiratory Fitness

Cardiorespiratory fitness, commonly quantified as maximal oxygen uptake
(VO=2max or VOqpeak), is a fundamental measure in exercise physiology, a
measure of respiratory, cardiovascular and muscular performance. It is widely
used as an indicator of overall health and disease risk29130, In individuals with
COPD, cardiorespiratory fitness is highly reduced compared to healthy
individuals of the same age74131-133,

The cardiovascular system in COPD is adversely affected in several ways®s.
Concomitant cardiovascular disease is common and individuals with COPD have
a higher prevalence of conditions such as heart failure, ischemic heart disease and
cardiac arrhytmias34. Cardiovascular diseases are not within the scope of this
thesis; however, they contribute to reduced cardiovascular fitness and exercise
intolerance in COPD. Yet, in the absence of cardiovascular disease, the traditional
perspective reasons that ventilatory constraints in COPD prevent individuals
from reaching sufficient cardiac stress during exercise, such as maximal cardiac
output®2135, This, in turn, may restrict the cardiovascular system’s ability to adapt
to regular exercise.
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The cyclical interplay of dyspnea, which leads to reduced physical activity,
deconditioning and further declines in cardiovascular fitness, might be further
aggravated by cardiovascular comorbidities. Notably, both physical capacity and
physical activity levels have repeatedly been identified as important predictors of
mortality in COPD, independent of airflow limitation severity82136, Given these
considerations, exercise interventions aimed at enhancing cardiorespiratory
fitness are essential in the management of COPD137:138,

Also, COPD is associated with imbalance in autonomic nervous control of cardiac
rhytm39. Evidence indicates a pattern of sympathetic dominance accompanied
by reduced overall parasympathetic tone, yet an enhanced local parasympathetic
activity in the airwayst9:140. This autonomic dysfunction represents both a
marker and a potential modifiable mechanism of systemic involvement in COPD.
By targeting this imbalance through structured exercise it may be possible to
improve cardiovascular regulation and overall disease outcomes4:-142, yet more
long-term exercise trials in COPD are warranted43.

Limb Muscle Dysfunction

Limb muscle dysfunction is a major extrapulmonary consequence of COPD.
Compared to individuals without COPD, those with COPD often elicit structural
and functional abnormalities in muscless¢. The lower limbs, particularly the
quadriceps, are the most studied and will be emphasized herein, although similar
alterations can be found in other muscle groups44. Reduced lower-limb muscle
capacity is associated with clinical outcomes, including exercise intolerance45.146,
increased healthcare use47 and mortality48:149,

The pathophysiology underlying muscle dysfunction in COPD overlaps with
mechanisms implicated in other comorbidities such as cognitive impairment and
cardiovascular disease, namely chronic inflammation, oxidative stress,
hypoxemia, hypercapnia8é:iso. Skeletal muscle dysfunction in COPD is
characterized by abnormal fibre type distribution, with a shift from oxidative type
I to glycolytic type II fibre proportions, in contrast to normal aging!st-154, Other
important alterations include reduced muscle fibre size!53155, diminished
oxidative enzyme activity’s4 and impaired capillarization such as reduced
capillary density?5515¢, One study has suggested that individuals with COPD fail
to co-ordinately activate some cellular pathways related to bioenergetics,
inflammation and tissue remodelling, leading to skeletal muscle abnormalities in
COPD1.

In recent years, mitochondrial dysfunction has received growing attention as a

key feature of COPD-related muscle dysfunctionst.158. Several changes have been
observed. These include reduced mitochondrial density?59-160, impaired oxidative
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phosphorylation6t162 and increased production of reactive oxygen species61.163,
In addition, a lower drive for mitochondrial biogenesis, indicated by reduced
expression of key mitochondrial transcriptional factors and coactivators has been
suggested:64,

A significant proportion of the COPD population shows reduced muscle
strength165166, In the quadriceps, strength loss is often attributed to muscle mass
reduction'67, with long-term systemic corticosteroid use likely contributing to this
process68.169, Muscle endurance, the ability to repeat a contraction over time7o,
is also markedly reduced in COPD7%172, Somewhat counterintuitively, leg fatigue
can be as limiting as dyspnea in contributing to exercise intolerance in this
population45.173-175, Further, muscle power — the product of force and velocity76
— has been proposed as an important target to enhance physical capacity and
preserve independence in later life for the elderly7z. In COPD, reduced muscle
power has recently been linked to declines in functional exercise capacity78.

Importantly, limb muscle dysfunction in COPD may have prognostic
implications. Though causality has not been definitively established, lower limb
muscle mass and strength are both associated with increased mortality risk. For
instance, a mid-thigh cross-sectional area below 70 cm? is associated with a
fourfold increase in mortality, even after adjusting for age, sex and airflow
obstruction8. Similarly, a quadriceps strength measured as maximal voluntary
contraction force (kg) to BMI (kg/m2) ratio less than 120% is associated with
increased mortality, and a 10% increment of this ratio is associated with a 9%
reduction in mortality49.

The aetiology of limb muscle dysfunction in COPD remains to be fully elucidated.
Ongoing research tries to determine whether it stems from chronic muscle disuse
and deconditioning due to physical inactivity and sedentarism, from a COPD-
related myopathy caused by pathophysiological mechanisms and
pharmacological treatment, or from a combination of both86.179.180, To shed light
on this, longitudinal exercise training trials are needed. These should investigate
limb muscle function and intramuscular adaptations, ideally including non-
COPD control participants matched for physical activity levels8¢, to gain insight
into the question of disuse versus disease.
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Management of COPD

The following section provides a brief overview of key management strategies
before introducing pulmonary rehabilitation and exercise-based interventions.

The management of COPD should be based on the assessment of airflow
obstruction, symptoms, history of exacerbations, exposure to risk factors and
comorbidities8. The primary aims of COPD management are to reduce symptoms
and risk of future exacerbation, disease progression, and mortality. Evidence-
based treatment includes pharmacologic and non-pharmacologic treatments,
including pulmonary rehabilitation8. Effective COPD management begins with
identifying and reducing exposure to risk factors. Smoking, a major and easily
identifiable risk factor, is a key target for intervention. Smoking cessation not only
improves symptoms8! and reduces the frequency of exacerbations!82, but can also
slow the rate of airflow decline by halfi83. The most effective approach, supported
by high-quality evidence, combines behavioural therapy and pharmacotherapy,
adapted to the level of nicotine dependence84185. Additionally, legislative
smoking bans are effective in increasing quit rates and reducing harms from
second-hand smoke?8¢. Beyond smoking, minimizing exposure to household and
outdoor pollutants, occupational dusts, fumes, and gases should also be
addresseds. In relation to climate change, people with COPD are at increased risk
of death as a consequence of exposure to heat87188 and higher outdoor
temperatures are associated with increased risk of hospitalizations87:189,
Therefore, these risks should be considered in patient education.

People with COPD should receive all recommended vaccinations in line with local
guidelines. International guidelines suggest vaccinations for influenza, SARS-
CoV-2 (based on World Health Organization recommendations), pneumococcal
vaccine, respiratory syncytial virus, pertussis and zoster vaccine8. Vaccination
against influenza and pneumococcal viruses reduces the risk of severe respiratory
illness90.191 and exacerbations in COPD92.

Pharmacological Interventions

Pharmacotherapy is based on the individual’s GOLD class (A, B or E: Figure 1).
The most common medications for symptom management and exacerbation
reduction include short and long-acting bronchodilators and long-acting
muscarinic antagonists8. These medications relax airway smooth muscles?9s,
improve expiratory airflow, reduce dyspnea and enhance quality of lifer94. In
advanced COPD, inhaled corticosteroids may be considered if blood eosinophil
counts are elevated, the risk of exacerbation is high, or if concomitant asthma is
present®195, Inhaled corticosteroids exert an anti-inflammatory effect on the
airways and lungs9¢. For severe COPD, an oral phosphodiesterase-4 inhibitor,
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targeting systemic inflammation may be added to the treatment regimen97:198,
During exacerbations, other treatments include systemic corticosteroids99,
antibiotics2c0, and methods for respiratory support such as oxygen therapy2c* and
non-invasive ventilatory support2°2,

Non-pharmacological Interventions

Long-term oxygen therapy is delivered to individuals with COPD who suffer from
resting hypoxemia, as it increases survival203.204, For individuals with mild or no
hypoxemia, supplemental oxygen therapy can relieve breathlessness during
exercise but shows no improvements in breathlessness in daily life204.205, During
exacerbations, in very severe COPD or in those with obstructive sleep apnoea,
non-invasive ventilation is considered to decrease hospitalizations and
mortality8:206,207,

Surgical treatment can benefit a small number of individuals with COPD,
especially those with severe emphysemad208, One example is lung volume
reduction surgery, where the most emphysematous portion of the lungs is
removed to reduce hyperinflation. While associated with risks, this can lead to
better lung function and health status in selected individuals209. Other surgical
treatments include lung transplantation or bullectomy, where enlarged alveoli
are removed=208,

Pulmonary Rehabilitation

Pulmonary rehabilitation is a structured program based on a thorough patient
assessment, incorporating individualised therapies such as exercise training,
education, and behaviour modification. It aims to improve the physical and
psychological well-being of individuals with chronic respiratory disease while
promoting long-term adherence to health-enhancing behaviours8:t137, All
individuals with COPD, especially those with high symptom burden and risk of
exacerbation (GOLD groups B and E) are recommended to take part in a
pulmonary rehabilitation program8*. An initial assessment should identify the
individual’s needs and expectations, including identifying health status, exercise
capacity and limitations8:21°,

A rich body of high-quality evidence demonstrates that pulmonary rehabilitation
is effective in increasing exercise capacity, relieving symptoms, and improving
overall health status, with improvements being clinically meaningful and
substantial8 211, Additionally, it plays a crucial role in reducing symptoms of
anxiety and depression, offering benefits that are considered clinically relevant2:2.
The best benefits are seen in programs lasting six to twelve weeks8:213.214) while
some argue that the longest program possible and practical is optimal but that
improvements tend to plateau after 12 weeks. Pulmonary rehabilitation is one of
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the most cost-effective therapies for individuals with COPD215. Troublesome,
pulmonary rehabilitation is underutilised worldwide215216, including Sweden217.

Education and Self-management

Education is a part of pulmonary rehabilitation where individuals with COPD are
educated about the disease, its medical treatment, strategies to minimize
dyspnea, decision-making during exacerbations, exercise and physical activity8.
The educational component should promote self-management strategies by
providing skills and knowledge required to take part in one’s healthcare2:8,
Education with a single component action plan for exacerbations, reduces
hospital utilization and increases treatment with corticosteroids and
antibiotics219. Yet, one randomised controlled trial (RCT) found no additional
benefit of education when added to exercise training, compared to exercise
training alone220.

Exercise Training

Exercise training is a cornerstone in the non-pharmacological treatment of
COPD. Its beneficial effects have been well documented, either as a standalone
intervention or part of pulmonary rehabilitations7.211, People with COPD have
reduced exercise capacity due to both pulmonary and extrapulmonary
manifestations221-224, Nonetheless, the general principles of exercise training do
not differ between healthy individuals and those with COPD137. To be effective,
exercise must be of sufficient dose. The physiological stimulus must exceed
habitual levels to drive adaptation, and to maintain adaptations, the training
stress must be continually progressed. Without continued stimulus, these
adaptations will regress toward baseline225:226, National and international
treatment guidelines recommend both endurance and resistance training?s7.210.211,
Exercise training is also recommended to be delivered posthospital discharge for
an exacerbation of COPD, as it reduces hospital readmissions and improves
health-related quality of life, dyspnea and exercise capacity227.

Exercise Physiology in COPD: Key Considerations

An understanding of the physiological limitations underlying exercise intolerance
in COPD is important to inform effective exercise prescription.

During exercise, a primary physiological goal is to meet the increased metabolic
demand of working muscles through the production of adenosine triphosphate
(ATP). This process relies on the efficient uptake (diffusion), transport
(convection), and utilization of oxygen. In its journey from the atmosphere to the
muscle, oxygen (O:) is inhaled into the lungs, diffuses across the alveolar-
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capillary membrane into the bloodstream, is transported via the circulatory
system, and ultimately diffuses into muscle cells where it is used by mitochondria
to generate ATP through oxidative phosphorylation22® (Figure 3). In healthy
individuals, this oxygen cascade is finely tuned to support the increased energy
demands of physical activity. In the absence of disease, cardiac output is typically
the limiting factor for oxygen delivery during intense physical activity229,230. In
COPD, however, cumulative impairments across the oxygen cascade, including
ventilation, gas exchange, circulation, and muscle oxygen utilization limit the
efficiency of oxygen transport and ATP production during exercise23:-233, These
deficits contribute to early onset of dyspnea and fatigue during exercise, markedly
reducing exercise capacity compared to healthy individuals. As described by
O’Donnell (2014)234, individuals with COPD exhibit increased ventilatory
demands, gas trapping, and mechanical constraints on tidal volume even in the
early stages of the disease (GOLD I). These abnormalities manifest as a steeper
dyspnea—-VO. slope compared with healthy controls, indicating that
breathlessness develops more rapidly in response to increasing workload.

Given these impairments, conventional continuous exercise often leads to an
early ventilatory limitation, restricting the ability to sustain sufficient exercise
intensity235-237, Thus, there is a need for exercise interventions that reduce the
burden on the ventilatory system while providing adequate cardiometabolic and
limb muscle stimulus. This issue will be addressed in this thesis.

Ventilation Circulation Muscle

Air

CO, Mitochondria

Pulmonary O, diffusion
Muscle 0, diffusion

Figure 3. A schematic overview of the oxygen transport cascade. In chronic
obstructive pulmonary disease, oxygen transport can be compromised at multiple levels of
the cascade. As described in the background , and by others238, this begins with mechanical
restraints on ventilation due to obstruction, causing abnormal breathing and
hyperinflation. Next, pulmonary oxygen diffusion might be impaired due to the presence
of emphysema and ventilation-perfusion mismatch. Convective oxygen transport through
the circulation may be impaired due to lower cardiac output and/or impaired
hemodynamic response, potentially worsened by dynamic hyperinflation239-241. Muscle
diffusion capacity of oxygen might be adapted to the lower muscle oxygen delivery24:, but
the skeletal muscle with a low oxidative phenotype and oxidative enzyme abnormalities is
less capable of efficiently utilizing the available oxygen86:154,
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Endurance Training

Endurance training is the most used exercise modality in pulmonary
rehabilitation, commonly performed as walking or cycling!37214.215. Endurance
training can improve cardiorespiratory fitness, needed for being more physically
active in daily life, which is a primary goal of endurance training in COPD37. For
example, a six-week cycling intervention improved peak work rate by 36%, and
time to exhaustion of 77% in a constant work rate test242. Another trial with ten
weeks of cycling improved maximal work capacity, six-minute walking distance
and health-related quality of life243. Endurance exercise can also enhance limb
muscle function, quality of life and reduce symptoms, amongst other clinically
meaningful benefits!37,211,215,244-246,

Guidelines on endurance exercise training in COPD is generally mirroring the
ones by the American College of Sports Medicine247. As such, it is recommended
that endurance exercise training is performed three to five times a week, at an
intensity of 260% of maximal work rate to maximize benefits37.247. Moderate-
intensity continuous or interval training has traditionally been prescribed for
people with COPD. However, achieving sufficient exercise intensity, or total
exercise dose, to attain physiological adaptations is challenging. As such, the
response to exercise training in COPD is heterogenerict2-14.

Endurance training interventions in COPD have traditionally been based on
continuous exercise, in which exercise is performed at a constant intensity for an
extended duration!37214. Exercise programs including high-intensity training
yield superior physiological benefits, compared with low-intensity
exercise242248249, As indicated by a recent network meta-analysis, at least
moderate-intensity training is needed for improvements in VO:peak, while high-
intensity tended to result in the greatest improvement2sc. However, high-
intensity exercise is often difficult to tolerate for people with COPD, given their
ventilatory limitations and muscle dysfunction, resulting in early exercise
termination235, and suboptimal training adaptations. To address these
challenges, alternative training modalities have been explored to enable higher
intensities without overwhelming ventilatory load?s. Interval training has gained
increasing attention as an approach to achieving high exercise intensities.

Exercise Intensity — From Moderate to Supramaximal.
A few words on exercise intensity are warranted to provide context for how
exercise intensity is defined, prescribed and measured in this thesis. These

concepts are important for understanding the physiological demands of different
exercise training and testing modalities.
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The duration of which exercise can be sustained is closely linked to its intensity.
This relationship is defined by the power-duration curve, which demonstrates a
non-linear decline in sustainable exercise duration as intensity increasess (Figure
4). The curve approaches a level (asymptote) known as critical power, the highest
sustainable exercise intensity, or rate of ATP regeneration, that can be
maintained over a prolonged periods252. Critical power marks the upper
boundary of the heavy intensity domain. The lactate threshold, the intensity at
which blood lactate begins to rise, defines its lower boundary253. Importantly,
physiological responses differ significantly to whether constant power exercise is
performed above or belove these metabolic thresholdss, providing the rationale
behind the different domains of exercise intensity (Figure 4).

Exercise intensities exceeding critical power (severe intensity or high intensity)
have been suggested to rely on a finite pool of energy, termed W’ (W prime),
which is largely independent of the uptake of atmospheric O.. This reserve
includes stored O., high-energy phosphates and energy derived from non-
oxidative glycolysiss252. The power-duration concept is well established in
healthy humans and different forms of exercise, and is also conserved across the
animal kingdoms. It is also apparent in people with COPD in which both critical
power and W’ are reduceds254. Yet, in COPD, reasons for exercise intolerance at
intensities close to critical power, partly explained by dyspnea and ventilatory
constraints25s, likely differ from healthy individuals.

Exercise intensity is typically prescribed relative to an individual's maximal or
submaximal capacity, using a defined anchor2s6. In endurance training, it is
common to prescribe intensity as a percentage of maximal heart rate or maximal
oxygen consumption. These are ideally determined through an adequate exercise
test and are objective measures of internal intensity. Intensity can also be
assessed subjectively, for instance using the rating of perceived exertion (RPE)
scale257 or as commonly used in COPD, perceived dyspnea on 0-10 scale (Borg
CR-10)258. In contrast, external intensity refers to the actual work performed,
such as power output measured in watts (W). One commonly used anchor for
external intensity is the peak work rate achieved during an incremental exercise
test until exhaustion, namely the maximal aerobic power (MAP). Other
commonly used anchors include peak power output and various threshold-based
conceptss256,259-261, A more intricate breakdown of exercise intensity terminology
and the power-duration relationship is certainly possibles253:256,262, Yet, I am
avoiding venturing too deeply into that terrain herein. With regards to critical
power, some data indicate that individuals with COPD have their critical power
at a relatively higher percentage of MAP, compared to healthy individuals254.255,

This thesis primarily distinguishes between moderate- and supramaximal
training intensities based on external intensity. These are linked to both objective
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and subjective measures of internal intensity. Moderate-intensity training
typically involves continuous work, lasting from minutes to hours, performed at
intensities at a physiologically sustainable intensity within the moderate to heavy
domains of exercise (Figure 4). This generally corresponds to external intensities
of 40—70% of MAP and occurs below metabolic thresholds such as critical power.
Supramaximal intensity refers to external intensities exceeding MAP, commonly
performed as short-duration intervals of 30 seconds or less, performed in the very
severe or extreme intensity domain (Figure 4). When performed as all-out efforts,
this is commonly referred to as sprint-interval training262, but as further
discussed below, supramaximal intensities could also be reached without using
all-out efforts.

Lastly, between moderate- and supramaximal intensities lies high intensity
exercise, as in traditional HIIT. This typically includes exercise intensities close
to 80%-100% MAP, performed at the upper border to the severe intensity
domain3-253:263. Distinguishing between these intensities, or domains, is central
not only to exercise physiology but also to evaluating how different training
protocols challenge individuals with COPD in terms of feasibility and
physiological response.
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Figure 4. An illustration of the power-duration relationship and exercise intensity domains. The red line illustrates the maximum duration to
task failure for a given intensity. In this thesis, supramaximal HIIT is performed as 10 x 6 second intervals, and moderate-intensity continuous
training as 20 minutes continuous exercise. HIIT: high-intensity interval training.
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Resistance Training

To improve the strength and function of the limb muscles, resistance training is
recommended for individuals with COPD in addition to endurance training!37.264,
Resistance training is effective in enhancing muscle mass, muscle strength,
endurance capacity265267 and potentially muscle power268. It can also confer
benefits in daily life activities, such as stair climbing and sit-to-stand tasks269.270,
To improve walking capacity, a higher number of repetitions using a lower load
have been shown effective27!. Resistance training is often used as an adjunct to
endurance training86-264 in which it can increase the achieved benefits in muscle
function, but not health status or maximal oxygen uptake2¢5272:273. Thus, a
combination of endurance training and resistance training improves outcomes to
a greater degree than either modality alone and is recommended in COPD274 264,

High-Intensity Interval-Training

In HIIT, short periods of high-intensity efforts are combined with periods of
lower intensity. In itself, interval-training is nothing new, as it has been studied
and practiced for decades by athletes27s, potentially stemming from the Swedish
phenomenon “Fartlek training” minted in the 1930’s276. More recently, HIIT has
been increasingly studied beyond young and healthy athletes. Research has
expanded to include older adults and clinical populations277-279 such as
individuals with heart failure28° who share a severely reduced exercise tolerance
and experience exercise-induced dyspnea, similar to those with COPD. In
general, these studies show that HIIT confers at least similar adaptations
compared to MICT on outcomes including cardiorespiratory fitness279-281 and
cardiometabolic health282. Some studies also indicates that HIIT is more
enjoyable than MICT, although this is not a universal finding?283.284,

In COPD, interval training, not necessarily of high intensity, has traditionally
been used as an alternative in individuals who are unable to tolerate continuous
exercise, especially for those with severe airflow obstruction24.264. Higher
intensity interventions have been shown superior or equally effective as low-
intensity interventions?37,285286_ enabling increased peak oxygen uptake242, ability
to sustain a given workload=87, reduction in ventilatory requirements242288 and
increased quality of life289. In the strive for effective training stimulus for
physiological adaptations in COPD, HIIT has become an attractive strategy in
recent years243:290-293 predominately performed at 80%-100% of MAP.

High-intensity interval training is of particular interest in COPD because it may
offer a way to achieve high training intensities without imposing excessive
ventilatory demands. Large fluctuations in external workload typically elicits
small oscillations in ventilation294. Moreover, individuals with COPD exhibit

22



slower oxygen uptake and ventilatory kinetics compared to healthy
individuals295296, As a result, at the onset of high external intensity, the increase
in ventilation is both delayed and relatively small297. As such, shortening the
work-phase duration may allow individuals with COPD to tolerate very high work
rates without reaching their ventilatory ceiling. Still, the feasibility and
effectiveness of different HIIT modalities in COPD, especially those performed at
intensities exceeding MAP — supramaximal HIIT — remains to be investigated.
This thesis seeks to address that gap.

Considerations when Prescribing High-Intensity Exercise in COPD

In COPD research, cycling exercise intensities are generally based on results from
an incremental cardiopulmonary exercise test (CPET)290292203, The CPET,
described more in the methods chapter, is commonly used in COPD to determine
prognosis, determine factors contributing to exercise limitation and to assess
response to treatment82298, It allows for the evaluation of physiological responses
at submaximal and maximal exercise intensities. It involves the measurement of
respiratory gas exchange including oxygen uptake (VO.), carbon dioxide output
(VCO-) and minute ventilation (VE)299. In brief, it is performed as a progressively
increasing work rate protocol, ideally lasting 8-12 minutes until symptom-
limitation or exhaustion is reached. The highest workload achieved, MAP, is then
commonly used for prescription of MICT and HIIT in COPD24,

Considering the ventilatory limitations in COPD that may limit performance on a
CPET, prescribing high-intensity exercise based on CPET work rates, MAP, might
underestimate the metabolic, muscular or cardiovascular capacity for shorter
duration work at intensities exceeding MAP300-303, For instance, one study
showed that individuals with COPD exhibit a much larger evocable power reserve
at the limit of tolerance in a CPET, equivalent to 260% of MAP compared to 130%
in age-matched controlsse4. Also, it can be argued that exercise at intensities
exceeding MAP should preferably be based on exercise tests in this intensity
domainsos,

Accordingly, prescription of supramaximal HIIT for individuals with COPD is
preferably based upon exercise tests with a shorter duration and higher intensity,
accessing supramaximal intensities within the very severe intensity domain,
(Figure 4) while circumventing disabling dyspnea. Yet, commonly used tests in
this domain, such as the Wingate test3o6, often involve all-out efforts
characterized by high and uncontrolled pedalling cadence, which may be
unsuitable for older individuals with COPD, often naive to intense exercise3°7.

For this purpose, a few studies have investigated alternative tests, such as the
steep ramp anaerobic test, initially developed for prescription of HIIT in people
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with heart failuresos. It is a progressive work rate protocol with a markedly faster
rate of workload increase compared to a CPET, resulting in about twice the
achieved peak workload with a test duration of approximately one minute3©7,
Nonetheless, the steep ramp anaerobic test induced similar levels of ventilatory
constraint as the CPET307.

In the context of prescribing supramaximal HIIT, a modified version of the Borg
cycle strength test (mBCST) has been developed and used by Hedlund et al.
(2019)399 and Simonsson et al. (2023)3°. It is a less strenuous alternative to all-
out tests, and uses a submaximal, stepwise incremental approach with controlled
cadence to estimate maximum mean power output over 30 seconds (MPO30)31.
In older adults, it is feasible and applicable for prescribing supramaximal
HIITs09:310, Its relatively short duration of approximately five minutes, and
intermittent nature, makes it an interesting test also in COPD but its feasibility
and applicability in COPD are yet to be investigated.

Supramaximal HIIT

As introduced above, supramaximal HIIT refers to exercise intensities exceeding
MAP. Supramaximal HIIT protocols have been suggested as a time-efficient
alternative with health-benefits similar to those achieved in moderate-intensity
training in adults32 and healthy older adults279313. Several different
supramaximal HIIT protocols exist, with varying work-rest ratios and intensities.
Notably, most of these protocols have been developed and tested in healthy
younger populations and are often performed as all-out intervals, commonly
ranging from six to 30 seconds3!2314, However, a recently developed concept of
supramaximal HIIT involves regulated, watt-controlled cycling intervals of ten
times six seconds3°9.

In older inactive adults, Simonsson et al. (2023)31° and Frykholm et al. (2024)315
found this type of supramaximal HIIT to be feasible and well-tolerated. A key
feature of this protocol is that it includes an individually regulated intensity,
based on an individual’s capacity for six-second power output and prescribed as
a percentage of that. It also utilises standardized pedalling cadence throughout
the intervals. As such, excessive perceived exertion and a negative affective state
can be reduced compared to an all-out regimen35-317. Considering the potential of
interval exercise to reduce the ventilatory constraints during exercise in COPD,
short-duration supramaximal HIIT like that used by Simonsson et al. and
Frykholm et al., may be specifically suitable in this population.
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Supramaximal HIIT in COPD: Extrapulmonary Benefits?

In COPD, HIIT protocols using work rates exceeding MAP have rarely been
explored. However, it holds the potential to circumvent limitations imposed by
continuous exercise in this population. By accessing external intensities well
above MAP for short periods, it enables prolonged exposure to high-intensity
exercise while potentially keeping ventilatory requirements below limiting
thresholds.

In healthy adults, a systematic review including 16 RCTs found sprint interval
training it to be equally effective as continuous training in improving
cardiorespiratory fitness, despite reduced exercise volumes:2. Studies have
further found improvements in endurance capacity and mitochondrial oxidative
enzyme contents8:319, Supramaximal HIIT can improve skeletal muscle function
and strength, given the high stress on skeletal muscles20:321,

Exercising at high-intensities is an important factor for activation of peroxisome
proliferator-activated receptor gamma coactivator-1a (PGC-1a)322, an important
regulator of mitochondrial biogenesis323324. Some evidence suggests that high
intensity is a key factor for PGC-1a upregulation with similar or greater
upregulation seen in supramaximal HIIT compared to moderate-intensity
training325326. Yet, initiation of mitochondrial biogenesis is complex and
investigation of more targets is warranteds2’. Nonetheless, given the reduced
expression of PGC-1a in the skeletal muscles of individuals with COPD164,
stimulating its activation via supramaximal HIIT might be a viable option for
improving mitochondrial function in this population.

While research on the effects of supramaximal HIIT on cognition is scarce,
especially in COPD, exercise can promote cognition and brain health through
multiple mechanisms!23.328.329, One is via exerkines such as brain-derived
neurotrophic factor (BDNF), an important mediator for neurocognitive
benefits3so:33t, Increased BDNF levels promote neurogenesis, synaptic plasticity,
and overall cognitive function332. In turn, exercise-induced upregulation of PGC-
1a pathways has been suggested as an important mechanism to elevate brain- and
circulating levels of BDNF333:334, Further, high exercise intensities seem to be
most effective in increasing BDNF and other neuroprotective exerkines, such as
cathepsin B and irisin335:336,

Taken together, short duration supramaximal HIIT may be particularly relevant
to enable extrapulmonary adaptations in COPD. However, studies investigating
the feasibility, acute physiological responses, prescription and long-term
adaptations of supramaximal HIIT compared to MICT are yet to be conducted
but will be explored in this thesis (Paper I-III).
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Quality of Reporting in Exercise Trials for COPD

Regardless of the exercise training modality, the successful implementation of
exercise interventions in clinical practice depends on clear and detailed reporting
of the prescribed protocols. Without such information, it becomes challenging to
interpret outcomes, translate findings to real-world settings, or synthesize
evidence across studies to inform best practice3s”. The methodological quality and
transparency of exercise training trials are thus critical for advancing evidence-
based rehabilitation in COPD. Despite the clear rationale for implementing
exercise training in COPD, the quality and consistency of evidence underpinning
clinical recommendations remain a concern.

Evidence-based medicine depends on high-quality, well-designed, properly
executed and transparently reported RCTs337. Yet, evidence suggests that the
completeness of reporting of RCTs is often inadequate338339, including non-
pharmacological interventionss4°, leading to wasted time and resources in
medical research34:. To address this, the Consolidated Standards of Reporting
Trials (CONSORT) statement was introduced in 1996 to improve transparency
and reproducibility in RCTs342. Two decades later, the Template for Intervention
Description and Replication (TIDieR) checklist was introduced to further
strengthen the reporting of interventions343.

The field of exercise science and respiratory medicine are not exempt from these
concerns, but suffer from methodological concerns344345, including poorly
reported trials34¢, Incomplete reporting of exercise interventions is a widespread
problems47-349. This is troublesome and led to the development of the Consensus
on Exercise Reporting Template (CERT) in 2016346. The CERT provides
structured guidance on key items considered essential to report in exercise trials
to enhance reproducibility and practical implementation.

These challenges must not be underestimated. Obviously, to implement effective
exercise interventions, researchers and clinicians must understand what has been
prescribed. Only with complete and transparent reporting can interventions be
accurately evaluated, findings translated into clinical practice, and data
synthesized to inform evidence-based guidelines33”. Furthermore, effective
exercise prescription should adhere to the principles of exercise training, such as
progression, overload and specificity225226350, These should, preferably, be
applied and reported together with other key components such as frequency,
intensity, time and type of training, i.e. the FITT-components70:346, Moreover,
understanding who the participants were, through proper reporting of relevant
demographic and clinical characteristics is vital for assessing relevance and
external validity of the findings3s:.
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The quality of reporting and exercise prescription in exercise training trials have
been systematically investigated across several clinical populations348.349,352-360,
One systematic review of 136 RCTs in cancer patients found that exercise
interventions were often incompletely reported when assessed using the TIDieR
checklist; no study adequately reported all items, and on average, 29% of items
deemed essential for replication were missing3t. Another systematic review of 25
RCTs in obesity reported that only 47% of CERT items were sufficiently
describeds®:.

In COPD, this issue has received limited attention to date. A systematic review of
26 trials in COPD exacerbations reported substantial variability and generally
poor reporting of exercise prescription details3s2. However, the quality of
reporting and exercise prescription in the broader COPD literature remains
insufficiently investigated3¢3364. Addressing this limitation is essential to improve
transparency, facilitate replication, and enhance the translation of exercise
training research into clinical practice. This issue is examined in the present
thesis (Paper IV).
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Key Messages - Background

COPD is characterized by airflow obstruction, dyspnea, lung hyperinflation
and impaired gas exchange, all of which contribute to exercise intolerance.

COPD extends beyond the lungs, with multiple extrapulmonary
manifestations including, but not limited to cognitive impairment, reduced
cardiovascular fitness and muscle dysfunction, contributing to reduced
exercise capacity, functional impairment, and mortality.

Pulmonary rehabilitation, including endurance training, is a cornerstone of
COPD management, improving symptoms, functional capacity, and health
status, yet remains underutilised globally.

Achieving high intensities remains a challenge in individuals with COPD.
Supramaximal HIIT, characterized by short-duration bouts performed at
very high external workloads, may offer a feasible and effective alternative for
targeting extrapulmonary manifestations in this population.

To ensure clinical relevance and reproducibility, exercise training trials must

clearly report intervention details and exercise prescription, an area that is
yet to be systematically evaluated in COPD literature.
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Rationale for This Thesis

Chronic obstructive pulmonary disease is one of the deadliest societal diseases of
the 215t century with globally increasing prevalence rates. Accordingly, COPD is a
significant public health challenge. In addition to pharmacological treatment,
exercise training is a cornerstone in the management of COPD and an essential
component of pulmonary rehabilitation programs. Exercise interventions can
improve and preserve physical and cognitive function, enhance independence,
and promote quality of life in people with COPD.

Current clinical guidelines emphasize pulmonary rehabilitation and endurance
exercise as key components in the management of COPD37210, Yet, many
individuals with COPD fail to achieve clinically relevant adaptations from
endurance exercise. This highlights the need for new and individualised
endurance exercise methods that can overcome the ventilatory constraints
inherent to the disease.

Supramaximal HIIT has the potential to reduce the impact of the ventilatory
limitations for exercise in people with COPD, resulting in increased exercise
intensities and potentially extrapulmonary benefits. Yet, the feasibility and acute
physiological responses to watt-controlled supramaximal HIIT in COPD remain
unexplored. Moreover, how supramaximal HIIT compares to MICT, has not been
systematically evaluated in COPD.

Understanding disease-specific exercise limitations and adaptations also requires
appropriate reference data. Therefore, inclusion of age-, sex-, and physical
activity—matched healthy controls is important to disentangle the specific impact
of COPD from that of aging and inactivity. Such comparisons can provide
important insights into the extent to which COPD alters the acute response and
adaptations to exercise.

Finally, to advance the field of exercise training trials in the COPD literature, the
quality of reporting and exercise prescription in the field has to be investigated.
A systematic evaluation of reporting practices is therefore warranted to identify
gaps and guide future research toward higher methodological standards. As such,
recommendations to enhance the quality of exercise prescription and study
reporting practices can be addressed.
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Aims of the Thesis

The overarching aim of this doctoral thesis was to contribute to the development
of effective exercise strategies for the management of COPD. It sought to advance
the understanding of the feasibility, physiological responses and methodological
considerations of supramaximal HIIT in people with COPD and to evaluate the
reporting quality in aerobic exercise interventions in the COPD literature.

The specific aims of this thesis were to, in people with COPD and matched healthy
controls:

e Evaluate the feasibility? and acute physiological responsesP of supramaximal
HIIT compared to MICT (Paper I)

e Assess the feasibility> of the mBCST and its applicability in enabling
supramaximal external exercise intensities (Paper II)

And to:

e Describe the study design of the COPD-HIIT RCT investigating the effects
and mechanisms of supramaximal HIIT and MICT in people with COPD
compared to matched healthy controls on clinical outcomes (Paper I11)

e Present the current trial status and preliminary baseline characteristics of
enrolled participants in the COPD-HIIT RCT

e Systematically review the reporting quality and application of training
principles in aerobic exercise interventions for people with COPD (Paper IV)

a In Paper I, exercise feasibility was determined through exercise fidelity, defined as the
need for modifications to the planned exercise protocol (intensity, duration or cadence),
as well as completion rate and perceived symptoms. In Paper II, test feasibility was
determined by achieved intensity, interpretability, familiarity required, duration, scoring
complexity, completion, cost and safety. In Paper III, intervention feasibility is determined
by completion rate, attendance rate, adherence to the prescribed exercise, exercise
feasibility, occurrence of adverse events and participant satisfaction.

b Refers to the acute exercise-changes that occur during or immediately after a bout of

physical activity, including changes in oxygen consumption, ventilation, heart rate and
circulating exerkines, with brain-derived neurotrophic factor specifically targeted.
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Materials and Methods

Overview

This thesis comprises four scientific papers, summarized in Table 1. Papers I-III
are based on trials conducted within the COPD-HIIT project.

Papers I and II utilise data from a randomised crossover trial, the COPD-HIIT
acute study. Paper I investigate the feasibility and acute physiological responses
to supramaximal HIIT compared with MICT, whereas Paper II evaluates the
feasibility of the mBCST and its applicability for prescribing supramaximal HIIT.

Paper III presents the study protocol for the ongoing COPD-HIIT RCT, hereafter
called the RCT, detailing its design and methodology. In addition to the published
protocol, the thesis includes preliminary trial data, providing an overview of trial
status and baseline characteristics of enrolled participants. To preserve blinding
and prevent bias among investigators, no post-intervention outcome data has
been analysed. Instead, the enrolled participants are characterized, and the
groups are compared on selected outcomes. Paper I11 is presented in the methods
while preliminary data from the ongoing RCT is presented in the results.

Lastly, Paper IV is a systematic review evaluating the quality of exercise
prescription and completeness of reporting in aerobic training trials within the
COPD literature.

Recruitment and Participants in Paper I-111

Individuals with COPD were recruited via four main pathways: 1) referrals by a
COPD/asthma nurse or pulmonologist; 2) previous study participators who had
consented to being contacted for future studies; 3) advertisement and 4) referrals
by primary care health care professionals who had been informed about the trial
(Paper III only). Healthy controls were recruited via advertisement. Sample sizes
for the respective papers are presented in Table 1.
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Table 1. An overview of the trials and papers included in the thesis

Paperl Paperll Paper Il Paper IV
Project COPD-HIIT Acute study COPD-HIIT RCT Quality of
reporting
. . . Study protocol, . .
Study design Randomised cross-over trial RCT Systematic review
Location Umea Ume3, Belgium NA
. . ClinicalTrials.gov: ClinicalTrials.gov: PROSPERO:
Registration
NCT05874999 NCT06068322 CRD42021247343
Ethical 2020-03199, 2020-06883, 2023-007471-01, NA
approval 2021-05408-02 Z-2022078
barticioants  COPD:N=16  COPD:N=18  COPD:N=138 N =22:§égals’
P HC:N=16 HC:N =16 HC: N =70 °
participants
Perioddata ) @ 12022~ December 2022 \ovember2023- 2007 - 2025*
collection ongoing
Exercise Cognitive and
Primary intensity (W) - cardiorespiratory . .
outcomes and change Feasibility function, Reporting quality
in BDNF quadriceps power
. Repeated Systematic
Main L . .
analytical measures Pairwise Analysis of synthesis,
analysis of comparisons covariance descriptive
methods : ot
variance statistics
- SPIRIT, CERT, PRISMA-P,
Guidelines CERT, CONSORT TIDieR, CONSORT  PRISMA, SWiM
. Belgium, Belgium,
Internatlor.\al None Netherlands, Netherlands,
collaboration
Denmark Canada

*Trials published between 2007 and 2025 were included in the systematic review. COPD: Chronic
obstructive pulmonary disease; HIIT: High-intensity interval training; HC: Healthy controls; RCT:
Randomised controlled trial, BDNF: Brain derived neurotrophic factor; CERT: Consensus on Exercise
Reporting Template; CONSORT: Consolidated Standards of Reporting Trials; SPIRIT: Standard Protocol
Items: Recommendations for Interventional Trials; TIDieR: template for intervention description and
replication; PRISMA: Preferred Reporting Items for Systematic reviews and Meta-Analyses; SWiM:
Synthesis-without meta-analysis; NA: Not applicable

Table 2 outlines the criteria used to determine eligibility for participation in
Papers I-111. In general, we aimed to include a broad range of participants in
terms of COPD severity and a balanced sex distribution. All stages of the disease
were eligible, and most comorbidities were not reasons for exclusion, provided
that the participant met the other eligibility criteria.
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Table 2. Eligibility criteria in Paper |, Il and lll

Inclusion criteria

Details

Papers

1)

2)

Age

COPD diagnosis
and lung function

Symptoms

Physical activity

Physical activity
mBCST

Independence

60 years or older

COPD: Diagnosis of COPD based on post-
bronchodilator spirometry (forced expiratory volume
in one second/forced vital capacity < 0.70)

Healthy control: Normal lung function

Symptomatic (COPD assessment test = 10 or
modified Medical Research Council dyspnea
questionnaire = 2), and/or meeting inclusion criteria
4).

Not regularly physically active at moderate or high
intensity over the past year (i.e., not meeting World
Health Organization physical activity guidelines)
and/or meeting inclusion criteria 3).

A step count too low or too high to allow physical
activity matching (Healthy controls only)

Completed at least three steps in the mBCST at
intended cadence

Independent in activities of daily living

1,10, 1

1,10, 100

1,10, 101

Exclusion criteria

Comorbidities

Comorbidities
COPD

Lung conditions

Exacerbation

Rehabilitation

MRl and PET/CT
specific criteria

Unstable movement-related, cardiovascular,
neuromuscular, metabolic, skeletal, or rheumatic
conditions that prohibit exercise or testing based on
physician screening.

Comorbidities that limit exercise capacity more than
COPD itself, based on screening by physician
Including but not limited to severe asthma,
interstitial lung disease, pulmonary fibrosis and
pulmonary hypertension, diagnosis and treatment of
lung cancer in the last five years

Acute exacerbation of COPD within the last six
weeks

Current participation in pulmonary rehabilitation or
have been involved in pulmonary rehabilitation in the
last 12 months

MRI-incompatible factors, such as metal implants
and pacemakers

1,10, 101

1, 10,101

1,10, 1

1, 10,101

COPD: Chronic obstructive pulmonary disease; mBCST: modified Borg cycle strength test; MRI:
Magnetic resonance imaging; PET/CT: Positron emission tomography/computed tomography
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The COPD-HIIT Acute Study

A single centre randomised controlled crossover trial was conducted between 15t
of March and 227 of December 2022. The trial design is outlined in Figure 5.
Participants attended the facility four times on separate days within 14 days
(Figure 5). The first visit included two parts. Part A included pulmonary function
tests and a CPET conducted at the Unit of Clinical Physiology at University
Hospital of Umeé. Then, after 1.5 hours of recovery, Part B was conducted at the
Umea Movement and Exercise laboratory at Umed University. Here, participants
performed the mBCST3u. Additional participant characteristics assessments,
including body composition, were also performed. The second and third visit
encompassed either supramaximal HIIT or MICT in a randomised order. Lastly,
the fourth visit consisted of a second session of the supramaximal HIIT protocol
but at a higher intensity than the first session of supramaximal HIIT. To
investigate the feasibility and physiological response of the exercise modalities
(Paper I) and the mBCST (Paper II), several physiological parameters and
subjective ratings were measured during the exercise, detailed in the Assessments
and Outcomes section.

Reporting of Paper I follows applicable items from the CONSORT extension for
crossover trials3¢s and CERT346, while Paper II is reported following applicable
items from The Strengthening the Reporting of Observational Studies in
Epidemiology statement3®o.
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Figure 5. Overall design of the randomised cross-over trial (Paper I and Paper IT). Adapted from Paper I, Jakobsson (2025)3¢7.
CPET: cardiopulmonary exercise test; mBCST: modified Borg cycle strength test; HIIT: High-intensity interval-training; MICT: moderate-
intensity continuous training. HIIT60 and HIIT80 refers to supramaximal HIIT performed at 60% or 80% of maximum mean power output

for six seconds, estimated from the mBCST.
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Exercise Modalities

In Paper I, we investigated the feasibility and acute physiological response of a
single session of supramaximal HIIT and MICT. This section describes the
exercise protocols and how they were designed in Paper I. The modalities are also
used in the RCT, with study-specific considerations in its own section.

Both supramaximal HIIT and MICT were conducted on stationary cycle
ergometer (Monark LC6, Monark, Vansbro, Sweden). By using RPM-
independent ergometers, the power output was kept constant regardless of the
user’s pedalling cadence. This was achieved through automatic adjustments to
the torque applied to the pedals.

Both supramaximal HIIT and MICT began with a three-minute resting phase in
which baseline (oxygen consumption, ventilation, heart rate etc.) data were
collected. Then, protocols continued with a five-minute warm-up and ended with
a five-minute cool-down, both performed at 30% of MAP, with a self-selected
cadence of 50-70 RPM. Characteristics of the interventions used in Paper I and
the RCT are described below and summarized in Table 3. Each exercise session
was performed individually in a laboratory-setting, supervised by a
physiotherapist or exercise physiologist.

Supramaximal HIIT

Following the warm-up, supramaximal HIIT was performed as ten intervals of
six seconds at a cadence of 80-90 RPM, interspersed with a 54-second recovery.
The recovery period was separated into 24 seconds of passive rest followed by 30
seconds of active recovery at 30% of MAP, with a cadence of 50-70 RPM (Figure
6A, Table 3).

Interval intensity was individually prescribed. This was anchored to a short-
duration power metric, namely the estimated maximum mean power output for
six seconds (MPO®6). The MPO6 is estimated from the mBCST (further described
in the Assessments and Outcomes section), by multiplying the achieved power
output at the last stage of the test by 1.75. Then, interval intensity corresponded
to 60% and 80% of MPO6, referred to as HIIT60 and HIIT80, respectively.
Including warm-up and cool-down, the total session duration was 20-minutes
(Figure 6A). The HIIT80 session was predetermined as the last session to ensure
an unbiased comparison between HIIT60 and MICT, not knowing the feasibility
a priori.
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The supramaximal HIIT protocol followed the methods developed by Hedlund et
al.309 and Simonsson et al.31° with modifications tailored to the current cycle
ergometer setup.

Due to the delay in resistance adjustment on cycle ergometers, the programmed
interval durations were set to eight seconds in Paper I and twelve seconds in the
RCT. Pilot testing and analysis of power output data showed that approximately
two seconds (Paper I) and six seconds (the RCT) were required to ramp up to the
target intensity, resulting in a six-second segment performed at, or close to, the
intended power output. However, these measurements do not account for the
additional power required to accelerate the flywheel as cadence increased from
50-70 RPM during active recovery, to 80-90 RPM during the intervals.

Moderate-Intensity Continuous Training

Following the warm-up, MICT was performed as 20 minutes of constant
workload of 60% of MAP, with a target pedalling cadence of 60-70 RPM.
Including warm-up and cool-down, the total session duration was 30-minutes
(Figure 6B, Table 3). The MICT was designed following current guidelines's” and
common practice24 for moderate-intensity continuous exercise in people with
COPD, which suggests an intensity of >60% of MAP for 20 to 60 minutes, to
maximise benefits.
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Figure 6. An overview of the exercise protocols for a representative
participant. Power output during a (A) supramaximal high-intensity interval-training
session performed at 80% of maximum mean power output for 6-seconds and (B)
moderate-intensity continuous session, performed at 60% of maximal aerobic power
achieved during a cardiopulmonary exercise test. HIIT: high-intensity interval training.
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Table 3. Overview of interventions characteristics in Paper | and Paper llI

General characteristics Supramaximal HIIT MICT
Duration?® 20 min 30 min
of which warm-up and cool-down 5 min each 5 min each
of which main work-phase 10 min 20 min
Number of intervals x duration? 10 x 6 seconds Continuous
Recovery between intervals® 54 seconds NA
of which passive 24 seconds NA
of which active 30 seconds NA
Maximal duration at end of phase 1 25 min (15 intervals) 48 min
Maximal duration at end of phase 2 30 min (20 intervals) 60 min
Target pedalling cadence, RPM
Warm-up, active recovery and cool-down 50-70 50-70
Intervals or main work-phase® 80-90 60-70
External intensity
Warm-up, active recovery and cool-down 30 % of MAP 30% of MAP

Intervals or main work-phase® 60%-80% of MPO6 50%-60% of MAP
Progression criteria for external intensity and duration in the RCT

Able to maintain cadence during the last

interval or minute 80 60
Rating of perceived exertion (6-20 points) <17 3
Regress if =19 5
Dyspnea (0-10 points) <7
Regress if 29 27

Possible progression or regression in the RCT (Phase 1)
+2.5-10%
+ 1 interval (week 8)

+2.5-10%
+ 2 min (week 3)
+ 1 session / week

Workload (from second session)
Duration (week of first extension)

Frequency (phase 1), from week seven + 1 session / week

2Inthe RCT, duration for both interventions is progressed throughout the trial. For supramaximal HIIT,
this is done by adding one interval at a time, for a maximum of 15 intervals in phase 1 and 20 in phase
2. For MICT, duration is extended by adding two to four minutes at a time, for a maximum of 38 minutes
in phase 1 and 50 minutes in phase 2. ® Due to small delay in the cycle ergometers in adjusting the
resistance to achieve the target power output, the interval duration was programmed as 8 seconds in
Paper | and 12 seconds in the RCT. °If needed, 60-70 RPM is allowed in supramaximal HIIT. ¢ In Paper
I, supramaximal HIT was performed at 60% and 80% of MPOG6, respectively, while MICT was
conducted at 60% of MAP. In the RCT, supramaximal HIIT starts at 60% of MPO6, with the goal to
increase to 80% during the first few sessions, and MICT starts at 50% of MAP, aiming to reach 60% in
the same period. HIIT: High-intensity interval training; MICT: moderate-intensity continuous training;
RPM: revolutions per minute; MAP: maximum aerobic power; MPO6: maximum mean power output
for six seconds; NA: not applicable
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The COPD-HIIT Randomised Controlled Trial

Trial Design

The COPD-HIIT RCT is a prospective, multi-centre, randomised, controlled,
parallel-group superiority trial with assessor and statistician blinding. The trial is
performed at two centres: in Umed, Sweden and Hasselt, Belgium. While the aim
of Paper III is to describe the study design of the RCT, the RCT comprises of two
phases with the following primary objectives:

e To determine and compare the effect of 12 weeks of supramaximal HIIT and
MICT on cognitive function, cardiorespiratory fitness, and quadriceps power
in individuals with COPD compared to matched healthy controls (phase 1).

o To determine and compare the effect of 24 months of supramaximal HIIT,
MICT, and usual care on cognitive function, cardiorespiratory fitness, and
quadriceps power in individuals with COPD (phase 2).

As such, phase 1 of the trial spans 12 weeks and includes both individuals with
COPD and healthy controls. After completing the 12-week intervention and
follow-up assessments, people with COPD, but not healthy controls, will proceed
to phase 2 of the trial. Phase 2 comprises a 21-month maintenance exercise
program until a 24-month follow-up. In addition, a separate passive control
group of individuals with COPD, receiving usual care only, will undergo
assessments at baseline and 24 months. This arm is not included in the
randomisation; thus, phase 2 is a partially randomised controlled trial. Separate
recruitment will be conducted specifically for this group. However, participants
who are unable to take part in the exercise interventions arms, for example due
to medical contraindications or long travel distance to the training facility, can
also be considered for inclusion in this group.

The RCT started to enrol participants in November 2023. Phase 1 is expected to
be completed by the end of 2026 and phase 2 at the end of 2028. Two thirds of
the participants (n = 138) is planned to be enrolled in Ume4, and the remaining
third (n = 70) in Hasselt. Figure 7 outlines the general design of the trial and
Figure 14 in the results outlines the participant flow of the trial.

Paper III entails the study protocol for the RCT and describes the rationale,
design, interventions, assessments, and analysis plan for the trial. The protocol is
reported according to the Standard Protocol Items: Recommendations for
Interventional Trials (SPIRIT)368:369, Template for Intervention Description and
Replication343 and CERT346,
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Figure 7. Overall design of the COPD-HIIT randomised controlled trial. In phase 1, supervised exercise training
(supramaximal HIIT or MICT) will be performed two to three times per week. In phase 2, participants with COPD will
continue to exercise until a 24-month follow-up. HC: healthy controls; COPD: chronic obstructive pulmonary disease;
HIIT: supramaximal high-intensity interval training; MICT: moderate intensity continuous training; RT: resistance
training.
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Interventions: Phase 1

Training was performed for two (first six weeks) to three times (last six weeks)
per week for a total of 30 sessions. Both intervention arms performed supervised
group training with groups of up to eight participants at the same time (Picture

1).

Picture 1. Picture from a group training session in the COPD-HIIT RCT.

Eligible participants were randomised to either supramaximal HIIT (intervention
arm) or MICT (active control arm) on a stationary bicycle (Smart Zbike, Zycle,
Valencia, Spain). Each bicycle is coupled with a tablet showing visual supporting
information including remaining time, RPM, target power and current power
output (Picture 2). For this, the exercise training application Kinomap (Kinomap,
Douai, Nord-Pas-de-Calais, France) is used.

The starting point for both exercise protocols followed the design described in
Paper I (Figure 6, Table 3), with some adaptations for the RCT. Because different
cycle ergometers used, requiring a longer time to apply breaking resistance, the
intervals in supramaximal HIIT were programmed to last 12 seconds, yielding six
seconds at the target output of 60% of MPO6. To maintain session duration, the
recovery period was set to 48 seconds, comprising 20 seconds of passive and 28
seconds of active recovery. In addition, MICT was initiated at a slightly lower
intensity, starting at 50% of MAP.
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Both protocols allow controlled adjustments of training intensity, duration, and
frequency using standardized criteria to achieve progressive overload, ensure
consistency across centres, and facilitate replication in clinical settings.
Progression or regression of intensity and duration was guided by three criteria
(Table 3): 1) Able to maintain the target RPM the last interval or last minute of
exercise in a controlled manner; 2) RPE and 3) perceived dyspnea. For 2) and 3),
these ratings were collected by the training instructor at the end of exercise.
Notably, the instructor can override the suggested progression criteria if deemed
necessary, though this option is used with caution. The detailed-oriented reader
finds further details on the interventions in the study protocol (Paper 111, Table

1-3).

RRRRRRREN

1

Picture 2. The tablet with visual information for the ongoing exercise sessions, placed on
the handlebar of the stationary bicycle. It shows the remaining duration of the whole
session, remaining duration of the current block, such as warm-up or interval, target
power output, current power output and cadence.

Interim Assessments

During week six of the intervention, one training session was replaced by an
interim assessment consisting of a CPET and a mBCST. These provide updated
MAP and MPO6 values to optimize exercise intensities for supramaximal HIIT
and MICT in the following six weeks. Would a participant already be exercising
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at or above the intensity estimated from the interim assessment, the higher
training intensity load was kept.

Interventions: Phase 2
Supramaximal HIIT and MICT

For participants in phase 1, the subsequent phase 2 includes a 21-month
maintenance phase. After two weeks with outcome assessments and one or two
weeks of rest, participants with COPD continues to exercise using the same
training modality as during phase 1, for two times per week. Now, participants
can select to perform their training either at home, outpatient, or a mix setting.
In the home setting, participants are provided with a cycle ergometer for
unsupervised training at home. Would a participant like to continue at home but
does not want to receive a cycle ergometer, they can continue with walking-based
HIIT or MICT. In the outpatient setting, participants continue with supervised
group training. In mix, participants combine home-based sessions with one
supervised outpatient session every two weeks. Irrespective of the setting a
participant chooses to continue in, data analysis will be conducted per allocated
trial arm.

Resistance Training

Irrespective of the original arm and chosen setting, all participants also perform
an adjunct resistance training regime in phase 2. The regime consists of an
exercise battery of ten exercises, including exercises for both the upper- and lower
body. The participants were instructed to choose and perform four exercises in
each exercise session, with two sets per exercise. Of these, a sit-to-stand exercise
should always be included (if performed in an outpatient setting, a leg press or
knee extension should always be included), but the participant should select three
additional exercises each session. The goal of the resistance training regime
changed monthly and focused on either strength, endurance or power. All
exercises will be performed using body weight of the participant and/or with
elastic bands (Thera-Bands®, The Hygienic Corporation, Akron, OH, USA). If
performed in an outpatient setting, available resistance training equipment at the
facility will be used.

Passive Control Group: Usual care
The passive control group receives usual care alone and a standardized phone call
every three months including assessment of symptoms of exacerbations.

Participants in the usual care group will also receive the CAT and CRQ
questionnaire via the post to self-administer. Participants in the usual care group
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were matched to those randomised to supramaximal HIIT or MICT by age, sex,
disease severity (GOLD A/B/E classification), years of education, and objectively
measured physical activity levels (steps per day).

In Sweden, usual care for COPD could (and should) include: 1) support for
smoking cessation; 2) assessment of physical capacity with a six-minute walk test;
3) supervised aerobic and resistance training to individuals with stable COPD and
decreased physical capacity and those with an exacerbation; 4) nutritional
treatment for those with BMI <22 and 5) patient education and support for self-
treatment. However, despite these guidelines, availability and utilization of
proper pulmonary rehabilitation is far from optimal217:370.37t, For most, treatment
is limited to pharmacological interventions. In Belgium, there are no national
guidelines for COPD management and like Sweden, most patients receive only
pharmacological intervention. Centre based pulmonary rehabilitation is provided
in many hospitals in Belgium, but access remains poor. While there is no official
data, it is said to be around 2%.

Standardized Phone calls and Follow-ups

All participants in the supramaximal HIIT and MICT arms received a phone call
once every 14 days during phase 2. Using a standardized protocol, we gathered
the necessary information to progress the exercise and information about
attendance and adherence to the intervention. Every third month, information
about symptoms of exacerbations were gathered as well. Additionally, questions
on the impact of COPD using the CAT, and disease-specific quality of life, using
the CRQ were collected every third month via self-administered questionnaires.

Intervention Adherence, Modifications and Discontinuation

In phase 1, attendance was recorded by the instructor at each centre. Missing
sessions without notice prompted a follow-up call. If needed due to missed
sessions, the intervention period may be extended by up to two weeks to reach a
minimum attendance rate of 75% or 22 sessions, would a participant consent.
Adherence to prescribed exercise training in terms of duration, intensity, and
RPM were tracked by the instructors and via the Kinomap training app.

In phase 2, participants chose their preferred training environment (home,
outpatient, or mixed) to support adherence. Those training at home or in a mixed
setting received an initial home visit to deliver equipment, instructions on
exercises, including a booklet related to the bike and the training application.
Instructors are available to provide support during office hours. Adherence were
monitored via the training app, providing data on actual training dose
undertaken and not only attendance, addressing a common limitation in similar
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maintenance programs372-375, Objective data from the application, participant
reported ratings, and follow-up calls guided exercise load adjustments. The
duration of Phase 2 will not be extended to compensate for missed sessions.

Assessments and Outcomes in Paper I-111

Table 4 provides an overview of the assessments and outcomes included in this
thesis. While covering every procedure in detail would be enough to overwhelm
even the most dedicated reader of a doctoral thesis, the following section focuses
on some of the key assessments and outcomes most central to the papers and this
thesis. Yet, the full COPD-HIIT project expands beyond this thesis including
additional outcomes in the RCT such as brain magnetic resonance imaging,
positron emission tomography, muscle-biopsy related outcomes and heart rate
variability, amongst others. Those interested can find further details in Paper III.

Pulmonary Functions Tests

Pulmonary function testing was conducted at baseline to confirm the COPD
diagnosis, assess eligibility and characterize participants. Testing was done with
each test site’s standard routine equipment (Vyntus or Masterscreen; Vyaire
Medical, Mettawa, USA). Pulmonary function was assessed using spirometrys7s,
body plethysmographys””? and single-breath diffusion capacity for carbon
monoxide3”8 following American Thoracic Society/European Respiratory Society
guidelines. In the RCT, spirometry is performed at 3- and 24-month follow-ups
for up-to-date pulmonary function data during cycling tests.

Cardiorespiratory Fitness

Cardiorespiratory fitness was assessed as the maximum oxygen uptake (VO.peak,
mL O--kg? min?) during a standardized ramp-protocol CPET298 on a RPM-
independent cycle ergometer using electro-magnetic braking (Lode Corival
CPET, Lode, Groningen, The Netherlands). The maximum work rate achieved
during the test is defined as the MAP, used as a secondary outcome and to
prescribe exercise intensities in the RCT. Within this thesis, the MAP is used as
an outcome from the CPET.

In the RCT, VO:peak is selected as a primary outcome as it is clinically relevant,
an adaptation in cardiorespiratory fitness following an exercise intervention is a
key objective in international guidelines!37. A CPET provides an assessment of the
integrative exercise responses involving the pulmonary, cardiovascular, and
skeletal muscle system, provides quantification of the level of impairment, and
measures the effects of an intervention?37.298,
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Table 4. Overview of the assessments and outcomes in Paper I-lll

Paperl Paperll Paper Il

Baseline assessments

Spirometry

Whole-body plethysmography

Diffusion capacity for carbon monoxide

Physical activity

COPD assessment test

Modified Medical Research Council dyspnea scale
Montreal Cognitive Assessment

Self-Mini Nutritional Assessment

Outcomes

Cardiorespiratory fitness' X X
Coghnitive function

Quadriceps power

Borg cycle strength test X
Exercise intensity during exercise X

Exercise modality preference X

Constant workload test

Quadriceps strength

Quadriceps endurance

Five-time sit-to-stand

Stair-climb power test

Blood samples? X

Muscle biopsy

Brain MRI

Positron emission tomography

Heart rate variability

Chronic respiratory disease questionnaire

Health-related quality of life: EQ-5D-5L

Hospital anxiety and depression scale

Body composition? X X
Feasibility* X X
Safety (adverse events, serious adverse events) X X
Exacerbations, hospitalizations, mortality

Primary outcomes are indicated by bold text. "Medical assessment and characterizing assessmentin
Paper I. 2 Brain-derived neurotrophic factor being a primary outcome in Paper |. *Only baseline
assessment for Paper I-Il. “Feasibility of the modified Borg cycle strength test being a primary
outcome in Paper Il. See text for further information on measures of feasibility. MRI: magnetic
resonance imaging.

X X X X X X
X X X X X X
X X X X X X X X

X X X X X

XX XX X X X X X X X X XX X X

>

In brief, the CPET started with a three-minute resting phase prior to a three-
minute warm-up phase with a minimal load (0-10 W). Next, the ramp-phase
starts at 10-20 W with a continuous increase of 5 to 20 W per minute until
exhaustion, followed by a three-minute unloaded recovery phase.
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Instruments

During cycle test assessments, fractions of inspired and expired gas (0= and CO-),
respiratory rate and tidal volume were measured using indirect calorimetry with
breath-by-breath data collection. For this, the Metamax-3B (Cortex BioPhysik
GmbH, Leipzig, Germany379) was used in Paper I and IT (mBCST), and the Vyntus
CPX380 (Vyaire Medical) was used in the RCT, as well as the CPET in Paper II.

During CPET, except for the interim assessment in the RCT, participants were
equipped with standard 12-lead electrocardiography for medical monitoring
(Cardiolex EC Sense, Cardiolex Medical, Solna, Sweden; Vyntus ECG). Blood
pressure was measured with a manual (AB Henry Eriksson, Bandhagen, Sweden)
or automatic sphygmomanometer (Tango M2, Suntech Medical, Morrisville,
USA), heart rate was measured with electrocardiography or chest strap (Polar Hg
or Hio, Polar Electro, Kempele, Finland) and oxygen saturation with pulse
oximetry on forehead or earlobe (Vyntus SpO.) or fingertip (Nonin 3150, Nonin
Medical, Plymouth, MN, USA). Additional paper-specific details are found in the
papers and their supplementary materials.

Cognitive Function

Global Cognitive Function

Global cognitive function was assessed as the z-score determined by the
performance of five tests from the Cambridge Neuropsychological Test
Automated Battery (CANTAB), and the trail making test (TMT) part A and B.

A global cognitive score constitutes the primary outcome, as recommended by
recent meta-analysis on the effects of exercise on cognition?24. In addition to the
global cognitive score, each separate test score is assessed as a secondary
outcome. In the thesis, you will find baseline data on some of these separate test’s
scores.

Cognitive function is selected as a primary outcome as the research on cognitive
function and brain health in people with COPD is scarce!28, and the pathogenesis
of cognitive impairment is not fully understood. The test battery is fully described
in Paper 111381,

Mild Cognitive Impairment
Baseline cognitive function and prevalence of mild cognitive impairment were

assessed using the Montreal Cognitive Assessment (MoCA, 0-30 points),
frequently used as a screening tool for cognitive function and mild cognitive
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impairment in various populations3s2-384, The MoCA takes approximately 10
minutes to perform and evaluates multiple domains of cognition384.

The original recommended cut-off score to distinguish healthy individuals from
those with mild cognitive impairment is >26384, yet lower cut-offs have been
suggested for higher diagnostic accuracy. Herein, the number of participants
scoring <23 and <21 points is reported, which corresponds to approximately 1.5
and 2.0 standard deviations below the normative mean for Swedish adults aged
70-80 years with secondary school educations3ss.

Quadriceps Power, Strength and Endurance

Quadriceps power was assessed as peak power (W) during a single repetition
seated single leg extension on a computerized dynamometer using isotonic mode
against a fixed resistance of 0.5 Nm (Biodex System 3 or 4, Biodex Medical
Systems Inc., Shirley, NY, USA), further detailed in Paper III. Within this thesis,
the secondary outcome peak velocity (°/s) from the same assessment is
presented.

Quadriceps power is chosen as a primary outcome because it is associated to
functional capacity and physical activity levels78.386, After the quadriceps power
assessment, quadriceps strength was determined as the one-repetition maximum
defined as the maximum torque (Nm) able to be lifted through the full range of
motion during seated leg extension in isotonic mode. Then, quadriceps
endurance was assessed as the maximal number of repetitions at an intensity of
45% of one-repetition maximums381.387,

Modified Borg Cycle Strength Test

This thesis evaluated the feasibility and acute physiological response of the
mBCST (Paper II). The test was also used to assess anaerobic exercise capacity in
Paper III and to prescribe supramaximal HIIT in Paper I and the RCT.

The mBCST3, fully described in Paper 11388 and III384, is a submaximal cycle
ergometer test used to estimate maximum mean power output for 30 seconds
without an all-out effort. The mBCST consists of 30-second bouts with increasing
intensity, interspersed with 30-seconds passive recovery between each bout.
With an externally paced target pedalling cadence of 80-90 RPM, participants
cycled until they scored an RPE of =17, or until they could not keep the target
cadence.

To tailor the test to our population, we modified the initial load (15-50 W) and

the rate of increase (15-50 W) from the original BCST3.. The initial load and
increment were determined on the participant’s previously determined MAP,
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with the goal of reaching an RPE of 17 after 4-6 stages. For MPO6 calculation,
incomplete 30-second stages lasting =10 seconds were considered by adding a
proportional load based on the completed duration (e.g., completing 15 seconds
of a 50-W increment would add 25 W to the last fully completed stage). The MPO6
was then estimated by multiplying power during the last completed stage by 1.75
as previously describeds3o9.

Anaerobic Exercise Capacity

Anaerobic exercise capacity was assessed as external intensity expressed as W
and % of MAP, at the final stage of the mBCST. From this, the estimated MPO6
was calculated. The mBCST was performed on a Monark LC6 (Paper II) or Lode
Corival CPET (Paper III).

Feasibility

Feasibility of the mBCST was assessed by participants reaching a supramaximal
intensity (> 100% MAP) and using Robertson et al.’s389 test quality framework,
including the following feasibility criteria: interpretability, familiarity required,
duration, scoring complexity, completion complexity and cost. Also, adverse
events were reported as a safety criterion. How these criteria are defined is further
detailed in the results section Table 8.

Blood Sampling and Analysis

Non-fasted venous blood samples were collected in conjunction with exercise in
Paper I to assess the acute response of certain exerkines to the different exercise
modalities. These were collected at rest; directly after the main work-phase (10
min supramaximal HIIT or 20 min MICT); and 30 minutes after exercise. In
addition, an iso-time sample was collected after 10 minutes of MICT. In the RCT,
fasted venous blood samples were collected at baseline, 3-months and 24-
months.

Venous blood was collected into dipotassium ethylenediaminetetraacetic acid,
serum separator, lithium-heparin and sodium-citrate tubes and kept at room
temperature for 15-30 minutes before centrifugation for 15 minutes at 1500 x g.
Aliquots of plasma, serum, buffy coat, erythrocytes or whole blood (the latter
separated prior centrifugation) were put in -80°C immediately or analysed within
an analyte-appropriate timeframe.

In Paper I, haemoglobin (Hb 201+, HemoCue, Angelholm, Sweden) and
haematocrit (Hematocrit 200, Andreas Hettich GmbH, Tuttligen, Germany) were
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determined in whole blood for correction of exercise-induced changes in plasma
volume following the method by Dill and Costill3°.

Circulating levels of exerkines and inflammatory markers were measured in
plasma and serum samples using immunoassay techniques. Analytes were
assessed using single- or multiplex bead-based immunoassays (Luminex
methodology, Luminex Corp. Austin, TX, USA) or enzyme-linked
immunosorbent assays, using commercially available kits with a Bio-Rad Bioplex
200 (Bio-rad Laboratories Inc., CA, USA [Luminex]) or Synergy HT plate reader
(Agilent Technologies Inc. CA, USA). A technician blinded for group allocation
performed all analyses in duplicate. Allocation of participant’s samples to 96-
plates was randomised, though all within-participant samples were put on the
sample plate.

Brain-Derived Neurotrophic Factor

In Paper I, change-from-baseline in plasma BDNF (pg-mL™1) during exercise was
a primary outcome. It was also expressed as relative change (%) and normalized
to duration at target intensity. Brain-derived neurotrophic factor is an established
exerkine believed to in part mediate some potential benefits of exercise on brain
function, being involved in neuronal differentiation, synapse function and
cognitive development330:331.391, Specifically, we were primarily interested in
plasma BDNF, as it is likely of greater physiological importance than serum
BDNF. Serum levels capture both BDNF stored in platelets and the free, unbound
fraction. Free, unbound plasma BDNF, however, is thought to cross the blood-
brain barrier bidirectionally392:393,

Neurotrophic Factors, Exerkines and Markers of Inflammation

In Paper I, additional neurotrophic factors and exerkines including lactate, irisin,
cathepsin B, and interleukins were assessed to examine the acute effects of the
different exercise modalities. Inflammatory markers such as tumour necrosis
factor-alpha and interleukins were also evaluated. In the RCT, change from
baseline in resting levels of various neurotrophic factors and systemic
inflammation markers, including high-sensitivity C-reactive protein, fibrinogen,
and eosinophils are investigated.

Physiological Responses and Cardiorespiratory Demand

The acute physiological response to exercise (Paper I) and exercise tests (Paper
II-IIT) was measured by means of indirect calorimetry, monitoring of heart rate
(beats per minute), blood pressure (mmHg), peripheral blood oxygen saturation
(%) and subjective ratings of dyspnea and leg fatigue (0-10 points) and RPE (6-
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20 points). These variables were analysed as means during exercise or tests, and
at end of exercise.

In addition to rate of oxygen consumption (VO., mL-kg'-min?), outcomes
providing information on the ventilatory demand including minute ventilation
(Ve, L-min), Ve to maximal voluntary ventilation (Ve/MVV), respiratory rate
(breaths-min-) were of interest. Related variables, such as respiratory exchange
ratio and ventilatory efficiency (Ve/VO.; Vi/VCO:) were also analysed. In
addition, inspiratory capacity manoeuvres were performed to measure dynamic
hyperinflation, but only data from the mBCST was of enough quality for further
analysis. For CPET and mBCST, ventilatory limitation was assessed based on
Ve/MVV = 85% and having at least one other positive ventilatory limitation
criteria: drop in SpO-: = 5% or Borg Dyspnea > upper limit of normal, or Ve/VCO-
nadir > 34.

Patient Reported Outcomes

The mMRC8! and CAT8° questionnaires are used in Paper I-III for characterising
the symptom burden in individuals with COPD. In the RCT, the CAT and CRQ are
used to investigate change-from-baseline impact of COPD and disease-specific
quality of life. Further, health-related quality of life is assessed with the EQ-5D-
501394, a valid and responsive tool in COPD39%. Symptoms of depression and
anxiety were assessed using the Hospital Anxiety and Depression Scale39¢.

Feasibility of Interventions

In Paper I, feasibility was determined by exercise fidelity defined as exercise
sessions needing modifications; adherence to prescribed cadence, intensity, and
duration; session completion; symptoms including RPE, dyspnea, and leg fatigue.

In the RCT, feasibility of the interventions is measured as attendance rate (%),
adherence to exercise duration and intensity, exercise fidelity i.e. incidence of
exercise sessions requiring modifications, occurrence of adverse events and
participant satisfaction based on a questionnaire previously used in COPD397.
Reasons for dropouts and non-adherence will be obtained. In addition, individual
interviews will be used to explore participants’ experiences after both phase 1 and
phase 2.

Assignment of Interventions, Blinding and Bias

In Paper I, eligible participants were randomised in a 1:1 ratio to one of the
sequences for the experimental conditions (starting with either supramaximal
HIIT or MICT). The randomisation was stratified by sex and computer-generated
using a dedicated tool (randomization.com). Due to the nature of the
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experiments, blinding of assessors was not feasible, and allocation concealment
was therefore not possible. To ensure an unbiased comparison between
supramaximal HIIT at 60% of MPO6 and MICT, supramaximal HIIT at 80% of
MPO6 was excluded from the randomisation sequence. In Paper II,
randomisation of test order (mBCST and CPET) was not possible, as CPET served
as an initial medical assessment and eligibility screening.

In the RCT participants were randomised in a 1:1 ratio to the intervention or
control arm using a computer-generated blocked randomisation schedule (Sealed
Envelope Ltd., London, UK) with variable block sizes of two or four, stratified by
sex and centre. The usual care arm in phase 2 is not included in the
randomisation. A delegated person independent from recruitment, assessments,
and training generated the allocation sequence. Group allocation occured after
baseline assessments and eligibility confirmation. The allocation sequence is
stored in an opaque, tamper-proof, sealed, and stapled envelope that is concealed
until the outcome assessment is completed. Outcome assessors and data analysts
were blinded for group allocations. Thus, participants were requested not to
disclose any aspect of their intervention to the blinded outcome assessor at any
stage during the post-intervention assessment. Would unblinding of an assessor
occur, there was a change of assessors. Given the nature of the interventions,
neither participants nor instructors of the training sessions can be blinded during
the intervention. Participants were informed of the study’s general purpose but
not its hypotheses.

Systematic Review of Aerobic Training Trials in
COPD

Paper IV is a systematic review that assessed the quality of reporting and
application of exercise training principles in RCTs including aerobic training in
people with COPD. The published study protocol is available in the Appendix363.
A summary of the methodology for Paper IV is provided herein. Notably, the
protocol for paper IV includes two objectives; however, only the first objective-
evaluation of reporting quality and application of training principles, is relevant
to this thesis. Consequently, the second objective, related to efficacy of the
interventions, that will risk of bias assessment, assessment of the certainty of the
evidence and meta-analyses, is not described herein.

The paper is reported following the Preferred reporting items for systematic
reviews and meta-analyses statement (PRISMA)398 and the review was
prospectively registered in the International prospective register of systematic
reviews (PROSPERO: CRD42021247343).
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Study Eligibility

Studies including individuals with a diagnosis of COPD being >90% of the
participants were considered. There were no eligibility criteria for sex, age, body
composition, comorbidities or ethnicity. Any type of training intervention
independent of duration or number of sessions that was aerobically demanding
for the lower limbs was eligible. This included cycling and walking, water-based
movements and aerobics, but excluded Tai Chi and Qigong. There were no
eligibility criteria for comparators. If there was one group with an eligible aerobic
training intervention, it was included independent of type of, or the existence of,
a control group. Further, studies were excluded if they did not measure any
outcome related to aerobic fitness. Only RCTs written in English were included.
Since our unit of analysis was the trial rather than individual publications, only
the primary publication was included when multiple reports of the same RCT
were identified.

Search Methods for Identification of Studies

Two systematic searches were performed. Studies published from the 1st of
January 2007 until 215t of February 2025, the date for the second search, were
included. The cutoff for 2007 was chosen because that would include RCTs
published after the first joint statement on pulmonary rehabilitation by American
Thoracic Society and the European Respiratory Society in 200639.

Studies were identified using electronic searches in the databases MEDLINE,
Embase, CINAHL, Cochrane Central Register of Controlled Trials, and PEDro.
The search strategy was developed by the authors together with an experienced
librarian. Comprehensive searches were constructed of both index terming
(medical subject headings term), free-text terms and synonyms.

Selection and Data Collection Process

The selection process of potentially relevant studies occurred in two steps:
screening of title and abstracts, and full texts. Title and abstracts were screened
by one (first search) or two authors (second search), while full texts were reviewed
by two authors independently. A third reviewer assessed agreement and resolved
disagreements on eligibility using a majority rule.

Data extraction was performed by authors in duplicate independently using a
standardized and pilot-tested data extraction form in Microsoft Excel. To assess
the quality of reporting and application on exercise training principles, extensive
data extraction was conducted, encompassing up to 77 variables (see appendix A
or Paper IV). These included study details such as study design; eligibility criteria;
participant characteristics including pulmonary function, body composition;
aerobic training intervention details such as exercise type, supervision, and
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setting; training principles: progression, overload, specificity, individuality,
initial values, periodization and reversibility; and training variables such as
duration, frequency, and intensity.

Each variable was independently rated by two reviewers as “1” (reported), “0”

» &«

(not reported), “not clear”, “insufficient” or “not applicable”.

Analyses and Statistical Methods

Software

Statistical analyses for Paper I, IV and findings specifically presented in this
thesis were performed using JMP Pro version 17 or 18 (JMP Statistical Discovery
LLC, Cary, NC, USA), while analyses for Paper II were performed using the
Statistical Package for the Social Sciences version 30 (IBM, Armonk, NY, USA).
Microsoft Excel has been used for data curation and data conditioning (Paper I
and IT) partly by using Visual Basic Application macros. Standard curve fitting for
blood analyses (Paper I) was performed using manufacturer guidelines using
GraphPad Prism 10.0. Records identified in the literature searches in Paper IV
were uploaded to Rayyan (Rayyan Systems Inc., Cambridge, MA, USA), a web-
tool for collaborative systematic reviews that facilitates the management of
records, including deduplication and abstract screening4o°.

Statistical Analysis

This thesis employs null hypothesis significance testing as the primary statistical
approach, drawing on the frameworks established by Fisher4ot and by Neyman
and Pearson402,

Continuous variables were reported as mean (SD) for normally distributed data,
as determined by normal Q-Q plots and histograms. Non-normally distributed
variables were presented as median (quartile 1 [Q1] — quartile 3 [Q3]). Ordinal
variables were presented as median (Q1 — Q3) or asn (%), and categorical
variables as n (%).

Pairwise Comparisons in Paper I-III and Within the Thesis

Pairwise group comparisons for continuous, normally distributed data were
conducted using independent t-tests or Welch’s t-tests, depending on variance
homogeneity as assessed by Levene’s test. For non-normally distributed data, the
Mann—Whitney U test was used. Categorical variables were compared using the
Chi-square test for homogeneity or Fisher’s exact test. Analysis of covariance was
applied to assess between-group differences in cognitive function (MoCA score),
with adjustment for years of education.
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Group comparisons were performed at baseline to evaluate cohort differences
and assess the success of matching, as well as at different time points to assess
differences between individuals with COPD and healthy controls, including
analyses of change scores. Within-group comparisons (Paper II) were carried out
using paired t-tests or Wilcoxon signed-rank tests, based on data distribution. In
Paper II, within- and between-group differences are reported with mean or
median differences with 95% confidence intervals.

Linear Mixed Models in Paper I

In Paper I, linear mixed-effects models were used to analyse differences in
external exercise intensity, cardiorespiratory outcomes, symptom ratings, and
exerkine concentrations. To assess within-group changes over time, separate
models were fitted for each group (COPD and healthy controls), with time as a
fixed effect and participant as a random effect. Models were estimated using
restricted maximum likelihood approach. To meet model assumptions, including
normality of residuals and homoscedasticity, log transformations were applied
where appropriate to improve model fit. Following significant main effects, post
hoc comparisons of estimated marginal means were performed using Tukey’s test
with adjustments for multiple comparisons.

Correlation Analysis in Paper I-II

Non-predefined exploratory correlation analyses using Pearson’s and
Spearman’s correlation coefficients were used to measure the strength and
direction of associations between; 1) baseline characteristics to selected
outcomes, such as airflow obstruction (FEV:%pred) and symptoms (CAT and
mMRC) to change in plasma BDNF during exercise (Paper I) and 2) relative
mBCST workload in individuals with COPD (Paper II). The strength of the
correlation coefficients was categorized as, for Pearson’s r: low (0-0.25),
moderate (> 0.25—0.50), strong (> 0.50—0.75) and very strong (> 0.75); For
Spearman’s Rho: trivial (<0.1), low (0.1-0.3), moderate (0.3—0.5), strong (0.5—
0.7), very strong (0.7-0.9) and extremely strong (>0.9)4°3,

Statistical Considerations and Methods in Paper I11

A preliminary plan for statistical methods can be found in Paper III as
summarised herein. Yet, for the RCT, a detailed statistical analysis plan with
further details will be published before the study is completed. A statistical
analysis plan enhances transparency and reproducibility, and might be updated
in response to new methods, emerging evidence and challenges encountered
during a trial that spans over several years404405, It will include details on the
method to handle family-wise error rate for the multiple primary outcomes.
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Analyses will, as recommendeds3st, employ the intention-to-treat principle when
applicable, meaning that all participants randomised, whether they receive their
allocated intervention or withdrew from the trial, will be included in the analysis.
In addition, a per-protocol analysis (defined as > 75% attendance rate as well as
no exacerbations during the last 2 weeks prior to follow-up assessment), and a
complete case analysis (including participants with complete outcome
measurements independent of attendance rate) will be reported. Missing data
will be imputed using multiple imputations by chained equations.

The primary analysis approach for outcomes with continuous data in the final
dataset will be analysis of covariance. Treatment effects will be estimated using
post-intervention values as the dependent variable and baseline values, age, sex,
trial centre, and VO:peak as covariates. Age, sex and VO:peak are used as
covariates given that there are deemed to have prognostic value for the primary
outcomes406, Also, the variables used for stratifications (trial centre and age) are
also recommended to use as covariates337497. Mean change-from-baseline (A)
with 95% confidence intervals and effect size will be reported.

Assumptions of linearity, normality of residuals, and homogenous variance will
be checked using residual plots, normal quantile plots, and histograms.
Violations of assumptions will be dealt with by transformations of the dependent
variable or non-linear modelling of the independent variables. Outliers will not
be removed unless there is a methodological reason for it.

Mortality, hospitalizations, and exacerbations will be summarized with
descriptive statistics and analysed using Kaplan—Meier curves and Cox
proportional hazard models. In addition, longitudinal mediation analyses will be
performed on the entire magnetic resonance imaging and positron emission
tomography sample between changes in VO.peak and neurodegenerative
measures, such as cognitive function and hippocampal volume and inflammation
levels between baseline and 24 months.

Statistics and Synthesis in Paper IV

Given the descriptive objective of Paper IV, no meta-analysis was performed. The
sum scores of applied training principles and number of items reported
concerning participant characteristics, intervention characteristics and training
variables including the FITT-components, were calculated for each study and
presented using descriptive statistics. The number and percentage of studies
complying with all training principles, FITT-components, and all relevant
training variables were calculated.
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Using data collected, included studies were also appraised using the CERT
checklist. Studies were provided with 0-19 points on CERT-compliance. The
number and percentage of studies complying for each CERT item was calculated,
and an average CERT compliance (%) adjusted for non-applicable items were
calculated. In addition to descriptive statistics a narrative synthesis was
presented.

Sample Size

A priori sample size calculations were performed with a two-sided alpha level of
0.05 and beta of 0.20, corresponding to a power of 80%.

Sample Size in Paper I and IT

For this trial, a sample size was calculated to detect a within-group mean
difference in external exercise intensity between supramaximal HIIT and MICT
of 50 + 30 W, considered the smallest difference of interest. This revealed a
minimum sample size of six. For plasma BDNF, a sample size of 16 was based on
meta-analyses4°8409 examining the acute response of exercise on BDNF, with
effect sizes around 1.0, revealing a sample size of 10. Considering the uncertainty
and high variability in these measures, a sample size of 16, able to detect an effect
size of 0.80, was determined. This sample size was also judged reasonable to
investigate our feasibility aims in Paper I as well as sufficient for Paper I141°.

Paper 11T

Sample size calculations were made to ensure a sufficient sample size to detect
between-group differences in change in the three primary outcomes.

For cognitive function, a sample size of 60 (n = 30 per arm) is needed to detect a
clinically relevant mean difference of 0.27 (SD: 0.40) in a global cognition z-
scored measured using a cognitive test battery'2”. A decrease in global cognition
of this magnitude is associated with increased all-cause and cardiovascular
mortality41.. This sample size is sufficient to detect a mean difference of 3.5 (4.6)
mL O:-kg? mint measured during a CPET (n = 26 per group). This increase is
associated with a 15% decrease in risk for cardiovascular disease!29. Further, a
sample size of 30 per arm is also sufficient to detect a difference of 19.4% (26.8%)
in quadriceps power4:2, While there is no minimal clinically relevant difference in
this outcome, a difference of 19.4% is the minimal detectable change. To account
for an assumed drop-out rate of approximately 15% at three months follow-up, a
total of 70 participants (35 per arm) are needed for these outcomes.
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In phase 2, the sample size is increased to 46 participants in each arm, including
usual care, to account for an additional 30% drop-out rate at 24-month follow-
up. However, an interim blinded sample size re-estimation will be performed
after half of the participants have completed 24-month follow-up, using
recommended procedures for non-comparative data preserving allocation
concealment41s,

The multicentre trial utilises individual randomisation at each centre. Unlike
cluster randomised designs, which typically reduce statistical power due to intra-
cluster correlation, this approach enhances statistical power by avoiding such
correlation44415, Additionally, incorporating predictive covariates is also
associated with a gain in statistical power406.416.417. Nonetheless, the potential
gains in statistical power have not been considered in the sample size
calculations.

Ethical Considerations

As with all clinical trials, research on exercise training in older individuals with
and without COPD necessitates ethical considerations. The trials have been
approved by the Swedish Ethical Review Authority (Table 1) and the Comité
Medische Ethiek at Ziekenhuis Oost-Limburg (Belgium, Paper III). The studies
are conducted according to the World Medical Association’s Declaration of
Helsinki’s ethical principles for conducting research with human subjects48. All
participants received verbal and written information about the trials’ aims and
methods, prior to study participation. Written informed consent was obtained
from all participants before study entry. Participants were compensated for costs
related to study participation and were given economic compensation according
to the respective Universities guidelines.

Participants in the trials are covered by insurance via the Swedish Legal,
Financial and Administrative Services Agency (Kammarkollegiet) and, for visits
at the Umed University Hospital, a patient injury insurance. Participants in
Belgium are covered by an insurance for clinical experiments (Allianz).

Strenuous exercise entails certain risks, temporary fatigue and discomfort. To
mitigate these, several measures were implemented throughout the studies. A
medically responsible physician screened the medical records of potentially
eligible participants. The first assessment was a CPET with ECG, overseen by a
medical doctor. During assessments with high cardiorespiratory stress,
participants were monitored with indirect calorimetry, blood pressure and
oxygen saturation by medically trained personnel, with defibrillators close by.
Although supramaximal HIIT is a novel procedure not used in COPD, it is proven
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to be feasible and safe for older non-exercising adults3c9:31°, Other types of HIIT
have been previously used, and proven to be safe in people with COPD23s,

Some procedures, such as blood sampling is invasive. This is commonly used in
exercise training trials and are performed by experienced registered personnel
with adequate medical education.

If cases of incidental findings of potential clinical relevance, the participant was
referred to the appropriate specialized care. All personal data is processed in
accordance with the EU General Data Protection Regulation (GDPR) and Umea
University regulations. Paper records are stored in locked file cabinets, and
electronic data is stored on local servers utilizing two-factor authentication that
are backed up daily.

In summary, COPD is one of our most common and most serious chronic

diseases. The potential benefits, knowledge gained and clinical insights from the
project are considered to outweigh the associated risks.
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Results

This results section is divided into three parts. The first part presents results from
Paper I and II. The second part includes preliminary data from the ongoing RCT
(Paper III). Lastly, the third part presents results from the systematic review
(Paper IV).

Participants in Paper I and Paper II

Figure 8 depicts the flow of participants from screening to analysis.

~__ CoPD Healthy controls
o - Potentially
g eliF;?;Tengzgrﬂe Excluded 36/38)* eligible healthy
e with COPD xcluded (n = 36/38) °"(j: r_afsu)hs
3 (n=25) Telephone and physical activity
a measurement (n = 22)
| * Too physically active (n =9) »
7] Declined participation (n = 8) h
- * Contraindicative health condition
@ (n=4)
g Examined for * Too young(n=1) Examined for
g eligiblity ) . eligiblity
g (n=20) Medical screening ar'1d CPET (n=15) (n=21)
(%) * Unstable heart disease or abnormal
I ECG reading (n = 8)*
N No COPD diagnosis (n = 2)
I * Declined participation (n = 2)
] ] Inability to perform full CPET (n=1)
g eCIiogri]EIren;i(il Undiagnosed lung condition (n = 1) Confirmed
g included Musculoskeletal pain during cycling eligible and
5 L (n=1) included
2 (l:n=16, (n=16)
— ll:n =18) After screening, prior randomisation*
(n=1)
Inability to perform mBCST (n=1)
wv
«; Analysed Analvsed
= (in=16 ”a_Vlsg
= ll: n=18) (n=16)

Figure 8. Participant flow chart in Paper I and Paper II. *Two individuals with
COPD were eligible for Paper II but not Paper I based on pre-defined criteria. One
participant was excluded from exercise training due to incomplete performance on the
mBCST. Another participant completed the mBCST but was excluded from exercise
training following abnormal ECG findings during CPET. COPD: chronic obstructive
pulmonary disease; ECG: electrocardiogram; mBCST: modified Borg cycle strength test.
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Baseline characteristics of the included participants are presented in Table 5.
Individuals with COPD and healthy controls were well matched for age and sex
and had comparable body composition. Although physical activity levels were not
statistically different between groups, the difference in average daily step count
is considered clinically meaningful419. Participants with COPD had mild to severe
airflow limitations, a higher number of prescribed medications, and more
comorbidities compared to the matched healthy controls.

Table 5. Baseline characteristics of included participants in Paper | and Il

COPD (n=16) COPD (n=18) HC (n=16) pa
Paperl Paper I Paper | &l

Anthropometrics and demographics
Age, years 74.8 (6.1) 74.8 (5.9) 74.2 (4.5) 0.746
Female sex, n (%) 8 (50) 10 (56) 8(50)
Body mass index, kg-m™ 24.9 (3.8) 24.8 (3.6) 25.2(2.1) 0.782
Fat-free mass index, kg-m™ 17.4 (2.6) 17.2(2.5) 17.9(1.6) 0.511
Cardiorespiratory fitness and physical activity
MAP, W 119 (37) 111 (42) 164 (38) 0.002
MAP, % predicted® 85 (20) 81 (23) 116 (22) <0.001
VOzpeak, mL Oz-kg-min’ 21.8(5.2) 21.1 (5.1) 25.4 (3.8) 0.003
VOzpeak %pred® 95 (18) 93 (18) 113 (19) 0.012
mBCST Wpeak, W 175 (63) 175 (63) 256 (55) <0.001
Steps/day, n¢ 6727 (3212) 6727 (3212) 8450 (2520) 0.069
Clinical characteristics
CAT score, 0-40 14.2(5.7) 14.7 (6.4) - -
mMRC score, 0-4, n 2/7/5/1/1 2/716/2/1 6/10/0/0/0 0.022
GOLD stage, I/1I/1II/IV, n 5/10/1/0 6/10/2/0 - -
GOLD stage A/B/E, n 4/12/0 4/12/2 - -
Exacerbations and hospitalizations last 12 months, n, 0/1/22
Exacerbations 15/1/0 15/2/1 - -
Hospitalizations 13/1/2 14/2/2 16/0/0 0.226
Emergency visits 10/4/2 10/5/3 13/2/1 0.528
Smoking
Smoking status, n (%) 0.006

Current 1(6) 1(6) 0(0)

Ex-smoker 14 (88) 16 (89) 7 (44)

Never-smoker 1(6) 1(6) 9 (56)
Pack years 24.2 (16.6) 26.0(16.9) 5.4 (9.8) <0.001
Medications
Non-inhaler medications, n 4.4(2.7) 4.4(2.5) 1.6 (1.5) 0.002
Inhaled medications, n 2(1-3) 2(1-3) 0 (0-0) <0.001
ICS use, n (%) 6 (38) 8 (44) 1(6)
LABA + LAMA, n (%) 12 (75) 14 (78) 0(0)
Triple therapy, n (%) 5(31) 6 (33) 0(0)
Cholesterol-lowering, n (%) 5(31) 6 (33) 5(31) 1.000
Betablockers, n (%) 7 (44) 7 (39) 2(13) 0.113
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Table 5. Baseline characteristics of included participants in Paperland Il

COPD (n=16) COPD (n=18) HC (n=16) pe

(Cg/(t);Ier heart medication, n 12(75) 14(78) 8 (50) 0.273
Anti-thrombotic, n (%) 6 (38) 7 (39) 2(13) 0.220
Spirometry, diffusion capacity and lung volumes

FEV4, L 1 8(0.3) 1.7 (0.4) 2.8(0.5) <0.001
FEV+1, % predicted 3(13) 72 (16) 106 (13) <0.001
FVC, % predicted 98 (16) 98 (16) 108 (12) 0.044
FEV4/FVC 0. 56 (0.08) 0.54(0.09) 0.73(0.04) <0.001
Inspiratory capacity, L 5(0.5) 2.4 (0.6) 2.8(0.5) 0.096
MWV, L-min™ 69 6(14.1) 65.6 (17.6) 92.9(21.4) 0.001
Dico, mmol-min'-kPa™ ( 5) 5.0(1.5) 6.8(1.3) 0.004
Dico, % predicted 2(16) 71 (15) 90 (16) 0.003
TLC, % predicted 7(11) 99 (13) 97 (7) 0.922
FRC, % predicted 105( 7) 109 (28) 93(12) 0.103
FRC/TLC, % 5(6) 66 (7) 58(7) 0.006
RV, % predicted 98 (26) 102 (29) 84 (14) 0.078
RV/TLC, % 43 (4) 44 (7) 37 (5) 0.002
Blood markers®

Plasma BDNF, pg-mL™ 3638 (1762) 3246 (1745) 0.786
Cathepsin B, ng-mL™"f 157 (79) 181 (94) 0.476
Interleukin-6, pg-mL™ (0.717'?15.24) (0.406.—610.08) 0.021
TNF-q,pg-mL™’ 8.52(2.26) 8.29 (3.31) 0.819

Data is presented as mean (SD) or median (Q1-Q3) if not otherwise stated. ® P-values refer to
comparisons between groups in Paper |. Notes: ® Using Brudin 2014 equation. °: Using Glaser 2013
equation. Same sample size (n=16) for step count assessment. ¢ Mean of three resting samples on
different days. 'n=14 for both groups. COPD: chronic obstructive pulmonary disease; HC: healthy
controls; FFMI: fat-free mass index; MAP: Max aerobic power; mBCST: modified Borg cycle strength
test; CAT: COPD assessment test; mMMRC: modified medicalresearch council; GOLD: global initiative
for chronic obstructive lung disease; ICS: inhaled corticosteroid; LAMA: Long-acting muscarinic
antagonist; LABA: long-acting beta-agonist; FEVi: forced expiratory volume in one second; FVC:
forced vital capacity; MVV: maximum voluntary ventilation; TLC: total lung capacity; FRC: functional
residual capacity; RV: residual volume; Dico: diffusion capacity of the lung for carbon monoxide;
BDNF: brain-derived neurotrophic factor; TNF-a: tumour-necrosis factor alpha.

Feasibility of Supramaximal HIIT in COPD

Completion Rates and Preference

Supramaximal HIIT was feasible with a 100% completion rate in both individuals
with COPD and healthy controls, without requiring modifications to intensity,
cadence or duration. Five out of 16 individuals with COPD were unable to
complete the 20 minutes of MICT, stopping due to voluntarily exhaustion after 5
to 15 minutes. In addition, a majority preferred supramaximal HIIT over MICT:
13 of 16 individuals with COPD (2 = 6.7, P = 0.009) and 14 of 16 healthy controls
(x2 =10.1, P = 0.002).
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Exercise Intensity

External exercise intensity was significantly higher during supramaximal HIIT
compared with MICT in both groups (COPD: F[2,30] = 102.9, P < 0.001; healthy
controls: F[2,30] = 283.6, P < 0.001; Figure 9).

In individuals with COPD, mean (SD) workloads were 184 + 66 W in HIIT60 and
245 + 88 W in HIIT80, compared with 71 + 22 W during MICT, which represents
a 2- to 3.5-fold increase. Healthy controls showed a similar pattern, exercising at
269 + 58 W (HIIT60), 358 + 77 W (HIIT80), and 98 + 23 W (MICT). At HIIT80,
COPD participants exercised at 204 + 33% of MAP, while healthy controls
reached 220 + 23 %.

Across all three protocols, participants with COPD consistently exercised at lower
intensities than healthy controls (all P < 0.01). Exploratory analyses revealed no
significant correlations between FEV: % predicted (r[16] = 0.16, P = 0.567) or
MAP % predicted (r[16] = 0.33, P = 0.218) and the increase in exercise intensity
from MICT to supramaximal HIIT among COPD participants (Paper I, Figure 3b-
c).
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COPD HC

Figure 9. Boxplots of external exercise intensity (W) during each modality in COPD (left)
and healthy controls (right). Supramaximal high-intensity interval training (HIIT60 and
HIIT80) enabled a 2—3.5-fold increase in exercise intensity compared with moderate-
intensity continuous training (MICT). Dashed line indicates the mean maximum aerobic
power for each group. *** = significant difference between modalities, Tukey’s post hoc
comparison (P < 0.001). COPD: chronic obstructive pulmonary disease; HC: healthy
controls.
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Adverse Events and Safety

No serious adverse event occurred during supramaximal HIIT or MICT. One
participant with COPD experienced moderate tachycardia during cool-down in a
HIIT80 session. This participant, on inhaler treatment and dual antiarrhythmic
therapy with known persistent atrial fibrillation, remained asymptomatic and
had a stable blood pressure. Supramaximal HIIT had a comparable
cardiopulmonary response as MICT, yet slightly lower blood pressure response
(Table 6). Peripheral oxygen saturation was maintained during both
supramaximal HIIT and MICT, with slightly higher levels during supramaximal
HIIT than MICT, though not of clinical relevance.

Acute Responses to Supramaximal HIIT in COPD

Cardiorespiratory Demand and Symptoms

The ventilatory demand in supramaximal HIIT was reduced compared to MICT,
as seen in the Vg, Ve/MVV ratio, and breathing frequency (Table 6). During
supramaximal HIIT, individuals with COPD had a mean %VO.peak of 68 + 11%
and 75 + 11% (HIIT60 and HIIT80, respectively), reaching 77 + 14% and 85 +
13% at end-of-exercise (Paper I, Table S5). Regarding heart rate, they exercised
at 72 + 8% and 74 + 7%, peaking at 77 + 8% and 80 + 7% of % peak heart rate,
respectively. Similar values were seen in healthy controls. In both groups, MICT
induced a significantly higher VO- and heart rate (Table 6).

Peripheral oxygen saturation maintained at slightly higher levels during
supramaximal HIIT (94-95%) compared to MICT (93%), for individuals with
COPD. Yet, the decrease in saturation during MICT was modest. In both groups,
systolic blood pressure was higher during MICT compared supramaximal HIIT
(Table 6).

Those with COPD had a lower VO. compared to healthy controls. In relation to
VO:peak and peak heart rate, the groups exercised at a similar relative intensity
while the SpO. and blood pressure response were similar across all sessions.
While the groups had similar levels of ventilation (L-min~1), those with COPD
utilised a higher percentage of their MVV during all sessions (Table 6) and
displayed a lower ventilatory efficiency as seen in the Ve/VO. and Ve/VCO- ratios.

Dyspnea, leg fatigue and RPE were generally lower in supramaximal HIIT
compared to MICT when analysed as mean during session (Table 6) and at end
of exercise (Table 7). Among individuals with COPD, clinically relevant
reductions in dyspnea, leg fatigue and RPE were seen in HIIT60 compared to
MICT (Table 7). Still, they experienced higher dyspnea and leg fatigue compared
to healthy controls (Table 6-7).
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Table 6. Cardiorespiratory variables, perceived exertion and symptoms during supramaximal HIIT and MICT

HIIT60 HIIT80 MICT
COPD HC P-group COPD HC P-group COPD HC P-group
Cardiorespiratory parameters
VO, mL Oz-kg''min™ 14.5 (2.7)* 17.7 (2.2)* 0.001 16.1(3.3)* 18.8(3.2)* 0.027 18.6 (3.5) 21.8(3.3) 0.012
VO2,% peak 68 (11)* 70 (6)*" 0.641 75 (11)* 74 (14)* 0.930 87(11) 86 (10) 0.914
Heart rate, % peak 72 (8)* 71 (5)" 0.610 74 (7)* 77 (7) 0.163 80 (9) 85 (5) 0.054
RER, ratio 0.90 (0.02)* 0.91(0.04)" 0.443 0.92 (0.04) 0.94 (0.03) 0.154 0.93(0.04) 0.93(0.02) 0.812
Vg, L 38.5 (8.6)" 37.8(8.2)" 0.819 41.7 (9.6)* 43.7 (8.2)* 0.546 47.4(13.1) 48.6 (10) 0.774
VE/MVV, % 56 (14)* 38 (9)* <0.001 61 (15)* 44 (7)* <0.001 70(17) 49 (10) <0.001
Ve/VO2 33.1(5.4) 26.1(3.4)" <0.001 33.2(5.6) 29 (4.3)* 0.026 32.9(5.7) 27.8(4.5) 0.009
Ve/VCO2 36.9(5.8) 28.9(3.8)" <0.001 36.0 (6.8) 30.8 (4.2) 0.014 35.4 (6) 30.0 (4.5) 0.007
BF, min™’ 28.3 (4.6)" 24.5 (3)" 0.011 28.5(3.8)" 26.3(3.3) 0.089 30.5(5.5) 27.4(4.3) 0.090
Vi, L 1.4(0.3)*" 1.6(0.2)*" 0.117 1.5(0.4) 1.7 (0.3)* 0.132 1.6(0.4) 1.8(0.3) 0.117
Sp02, % 95 (2)* 95 (1)* 0.568 94 (2)* 95 (2) 0.449 93(2) 94 (1) 0.181
Systolic BP, mmHg 160 (29)* 156 (29)* 0.678 152 (37)* 155 (27)* 0.819 182(32) 187 (23) 0.637
Perceived exertion and symptoms, mean during exercise
RPE, points 13.5(2.4)* 12.5(2.6) 0.267 14.3(2.0) 13.3(2.2) 0.170 15.1(2.3) 13.1(2.0) 0.014
Dyspnea, points 4.3(1.8)* 3.0(1.5)* 0.034 5.0(1.5) 3.6(1.3) 0.006 5.5(1.7) 3.7(1.3) 0.002
Leg fatigue, points 4.1(1.7)* 3.0(1.5)* 0.044 4.9(1.5) 3.4(1.7) 0.014 5.4(1.8) 3.7(1.5) 0.008
Session RPE, points 3.9(1.6)* 3.2(1.3)* 0.149 4.6(1.8) 3.6 (1.4)* 0.117 5.3(1.9) 4.9(2.1) 0.595

Datais shown as mean (SD). Indirect calorimetry data, blood pressure and perceived exertion/symptoms are averages over the whole exercise session (10 minutes
of supramaximal HIIT, up to 20 minutes of MICT), excluding warm-up and cool down. Notes: n=16 for all except HC at HIIT60 where n=14 for VO2/VCO:-related
variables and n=15 for VE-related variables due to technical issues. Supramaximal HIIT at 60% (HIIT60) and 80% (HIIT80) are performed at 60% and 80%,
respectively, of maximum mean power output for six seconds. MICT is performed at 60% of maximal aerobic power. Tukey’s post hoc comparisons were made
after a significant main effect: #: significantly different from MICT (p<0.05), ": significantly different from HIIT80 (p<0.05). p-group indicates p-value for pairwise
comparison with independent t-test or Mann-Whitney U-test. COPD: chronic obstructive pulmonary disease, HC: healthy control; VO2: oxygen consumption; RER:
respiratory exchange ratio; VE: minute ventilation; MVV: maximal voluntary ventilation; BF: breathing frequency; Vr: tidal volume; SpO2: peripheral oxygen
saturation; BP: blood pressure; RPE: rating of perceived exertion.
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Table 7. Perceived symptoms and exertion at end of exercise

Effect of session

COPD HC
(n=16) (n=16) P-group COPD HC
HIIT60 5.1(2.3)""  3.6(1.5)* 0.036
Dyspnea, F=10.6, F=7.0,
boints HIIT80 6.3(1.9) 4.3(1.8) 0.004 P<0.001 P=0.003
MICT 7.1(1.9) 5.1(2.3) 0.009
Leg HIIT60 4.7(1.9"  3.3(1.7)* 0.027
fatigue HIIT80 6.1(1.7)  4.3(2.2) 0.012 F=135  F=11.1,
gue, R o : P<0.001 P<0.001
points MICT 6.8(1.6) 5.0 (2.5) 0.022
HIIT60 14.8 (2.4)F 13.7(2.5) 0.233
RPE, . F=8.4, F=11.8,
points HIIT80 15.8 (1.9)F  14.2(2.3) 0.034 P=0.001 P<0.001
MICT 17.0(2.1)  15.1(2.4) 0.021

Supramaximal HIIT at 60% (HIIT60) and 80% (HIIT80) are performed at 60% and 80%, respectively, of
maximum mean power output for six seconds. MICT is performed at 60% of maximum aerobic power.
Tukey’s post hoc comparisons were made after a significant main effect. *:significantly differentfrom

MICT; T: significantly different from HIIT80. p-group indicates p-value for pairwise comparison with
independent t-test or Mann-Whitney U-test. COPD: chronic obstructive pulmonary disease, HC:

healthy control

Plasma BDNF

Circulating levels of plasma BDNF increased during all sessions in both groups,
depicted in Figure 10. The change from baseline was not different between
exercise sessions in any group (COPD: F[3, 40.0] = 1.1, P = 0.345; healthy control:
F[3, 43.5] = 1.3, P = 0.299) or between those with COPD and healthy controls for
any modality (P > 0.05 for all sessions). The average relative increase from
baseline in plasma BDNF was 59% (range: 30% to 87%) across modalities and

groups (Paper I, Table S3, Figure S2).

Exploratory correlation analyses in individuals with COPD showed that
symptoms, dyspnea and MAP % predicted were associated with the change in
plasma BDNF during MICT, but not during supramaximal HIIT, depicted in

Figure 11.

66



COPD HC 10000 - m COPD m HC

7500 °
N 5 7500
2 6000 E
E g
g = 5000 -
[T =
Z 4500 a
@ w2500
© E
& 2
S 3000 - 04
a <
B HIIT60 ——HIIT80 --- MICT 22500 -
Pre Iso Post +30' Pre Iso Post +30' HIIT60 HIIT8D  MICT-Iso MICT

Figure 10. Exercise-induced change in plasma brain-derived neurotrophic factor
(BDNF). A) Change in plasma BDNF during and after exercise. B) Change from baseline
in plasma BDNF for each session depicting a significant increase from baseline to post-
exercise, as well as to MICT-Iso (10 minutes of MICT). * P < 0.05, ** P < 0.01, *** P <
0.001. COPD: chronic obstructive pulmonary disease, HC: healthy control
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Figure 11. Linear associations between change in plasma brain-derived neurotrophic
factor (pBDNF) during moderate-intensity continuous training (MICT; upper panel) and
supramaximal high-intensity interval training (HIIT; lower panel) at 60% of maximum
mean power output for six seconds (HIIT60), and CAT score, mMRC score, FEV1 %
predicted and MAP % predicted for individuals with chronic obstructive pulmonary
disease. For mMRC, the lines illustrate a linear trend for visualization while statistical
analysis was performed using Spearman’s rank correlation. CAT: COPD assessment test;
mMRC: modified medical research council dyspnea scale; FEV1: forced expiratory volume
in one second; MAP: maximum aerobic power.
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Exerkines and Inflammatory Markers

Markers generally responded similarly to exercise in those with COPD and
healthy controls. As shown in Figure 12, exercise induced changes in clusterin,
IL-6, hepatocyte growth factor, and lactate, all of which were responsive to the
intervention. No noteworthy changes were observed in cathepsin B, irisin, IL-10,
IL-15, tumour necrosis factor-a or vascular endothelial growth factor-A during
any session (Paper I, Table S12-S19).
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Figure 12. Exercise induced change in A) plasma interleukin 6 (IL-6), B) plasma
hepatocyte growth factor (HGF), C) plasma clusterin and D) lactate during supramaximal
high-intensity interval training (HIIT) and moderate-intensity continuous training
(MICT) in people with chronic obstructive pulmonary disease (COPD) and matched
healthy controls (HC). *: significant difference (p < 0.05) between timepoints for HIIT60:
#: significant difference (p < 0.05) between timepoints for HIIT80; x: significant
difference (p < 0.05) between timepoints for MICT.

Modified Borg Cycle Strength Test

Feasibility

All participants in both groups with a valid test reached supramaximal intensities
during the mBCST (COPD: 145 (125—-168) %$MAP; healthy control: 154 (148-163)

%MAP). Feasibility of the mBCST, evaluated using the test feasibility framework,
is presented in Table 8 (see Paper II for additional details). The test duration was
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approximately five minutes (Table 8), significantly shorter than the CPET which
lasted approximately ten minutes, namely 523 + 162 sec in individuals with
COPD, and 642 + 73 in healthy controls. In terms of applicability, the
extrapolated MPO6 values provided appropriate external workloads for
supramaximal HIIT, as evaluated in Paper I.

External Intensity and Physiological Response

The external intensity achieved during the mBCST was significantly higher than
MAP in both groups. Although individuals with COPD demonstrated a smaller
absolute increase in external intensity (AWumscst-cper) compared to healthy
controls, the mBCST workload expressed relative to MAP did not differ between
groups (Figure 13).
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Figure 13. A) Achieved mBCST workload and B) relative mBCST workload for people
with COPD (n = 16; blue bar) and healthy older adults (n = 16; pink bar) are depicted in
panel A and B respectively. In panel A mean + SD are indicated by bar height and error
bars, and the mean is provided on the left side of the bar. In panel B median and
interquartile range are indicated by bar height and error bars, and the median is provided
on the left side of the bar. Abbreviations: COPD: chronic obstructive pulmonary disease;
mBCST: modified Borg cycle strength test; MAP: maximal aerobic power.
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Table 8. Feasibility of the modified Borg cycle strength test

— Results
Fea'5|b|'l|ty Measure during mBCST
criteria COPD (n=18) Healthy adults (n = 16)
Reaching Achieved mBCST workload in W? 175+ 63 W 256+ 55 W
supramaximal Percentage of participants that achieve a o o
intensity mBCST workload exceeding MAP? 100% 100%

Interpretability

Description of the practical meaning of
mBCST achieved workload

The highest power output someone can maintain for 30 seconds with an RPE < 17. We used the
achieved workload for estimation of maximum mean power output for six seconds.

Percentage of participants that
successfully completed the familiarization

94% 100%

Familiarity Reasons for failing the familiarization Not reaching target RPM (n = 1) -
required
q _— e . All participants were familiar with the RPE scale as the scale was used during CPET. The RPE
Description of familiarization with RPE scale X . . .
scale was explained again to the participants prior to the mBCST.
Duration Test duration, excluding rest and recovery 274 + 32 sec 324+ 44 sec
urati
Test duration, including rest and recovery 634 + 32 sec 684 = 44 sec
Percentage of test conduction problems 12% 0%
Scoring Reasons for test conduction problems ) M|smt§rpreted encouragement (n=1) -
complexity - Technical problem with bike (n = 1)
Percentage with RPE stop-criteria® 69% 44%
Percentage with RPM stop-criteria® 31% 56%
Percentage that completed the test® 94% 100%

Completion

Reason for non-completion of test/non-

complexity valid test® Not able to reach at least 3 steps (n=1) -
Description of the equipment needed, -Equipment: acycle ergometer able to quickly (2-3 sec) adjust the resistance, RPE scale
Cost monitoring equipment, and expertise of test - Optional equipment: HR sensor, blood pressure device, pulse oximeter, Borg CR 10 scale
administrator Test administrator’s expertise (in our study):
- Master’s degree in Sport Sciences or alike, expertise in exercise testing
Safety Frequency and type of adverse events n=1(6%); saddle pain n =1 (6%); high HR during cool-down

2 non-completers and people that could not do the familiarization session were excluded (n = 2); ® = persons that were not able to do the familiarization session
are excluded (n = 1). mBCST: Modified Borg cycle strength test; CPET: Cardiopulmonary exercise test; MAP: maximal aerobic power; RPM: revolutions per minute;
RPE: rating of perceived exertion; HR: heart rate.
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As shown in Figure 13, individuals with COPD displayed greater heterogeneity in
mBCST workload relative to MAP. Higher relative mBCST workload was
moderately to strongly associated with lower mMRC dyspnea score (p = -0.618;
P = 0.011), higher diffusion capacity (Dico; p = 0.575; P = 0.025). Subgroup
analysis further showed that those with an abnormal exercise response
characterized by ventilatory limitation had lower relative mBCST workloads than
participants with a normal response; 25 [95% CI; 2—47] %$MAP; Paper II, Figure
6).

Peak VO- during the mBCST was comparable to that achieved during the CPET
in both groups. However, ventilatory demand and heart rate were lower during
the mBCST (Table 9). Further, the mBCST elicited lower ratings of RPE, dyspnea
and leg fatigue, except for leg fatigue in healthy controls (Table 9). At iso-MAP
(the mBCST workload corresponding to peak CPET work rate), all
cardiorespiratory variables and symptom ratings were significantly lower
compared to end-CPET in both groups. The only exceptions were Ve/VCO2 in
participants with COPD and oxygen pulse in healthy controls (Paper II, Table S5).

Dynamic hyperinflation data were available for 12 participants. The mean
reduction in inspiratory capacity from baseline to end-mBCST was -0.50 L (95%
CI, -0.82 to -0.19; P = 0.005). This indicates dynamic hyperinflation; however,
the change was not significantly different (P = 0.094) from that in healthy
controls (-0.15 L; 95% CI, -0.46 to 0.16; P = 0.301)

No significant group differences were observed in the mean changes between
mBCST and CPET, or in the relative expression of cardiovascular, ventilatory, gas
exchange, metabolic parameters, and symptom ratings (Table 9). However, at
iso-MAP, healthy controls demonstrated greater mean difference (AmBCST-
CPET) than COPD participants in gas exchange efficiency, respiratory exchange
ratio and absolute ventilation (P < 0.05; Paper II, Table S5).
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Table 9. Physiological response at end-exercise modified Borg cycle strength test and CPET

COPD (n=16) Healthy controls (n = 16) COPDvs. HC
AmBCST-
AmBCST-CPET P- AmBCST-CPET P-
mBCST CPET LG value mBCST CPET LG value CPET
P-value
Workload (W) 175 (63) 119 (37) 56 (39 to 74) <0.001 256 (55) 164 (38) 92(79t0105)  <0.001 0.002
VOo, mL-kg 0.9
o 20.9 (4.5) 21.8(5.0) e 0.068 25.7 (3.5) 25.4(3.8) 0.3(-1.2t01.7)  0.709 0.173
120 135 16 135 148
. in-la - - -
HR, b-min (104-130) (123 145) (25t0.-12) 0001 o s (138 156) 14(-17t0-10)  <0.001 0.520
V, L-min” 56 (47-68) 60 (52-82) -8(-15t0 -4) 0.002  69(54-84) 82 (58-98) 11 (-16to -4) 0.013 0.445
Vi, %MVV® 82(78-89) 97(85-111)  -13(-20t0-7) 0.001  76(62-87) 87 (70-98) -13(-16t0-3) 0.015 0.892
BF, b-min"' 35(31-43)  41(36-49) -6(-10t0 -3) 0.002  36(31-40) 39 (30-46) -4(-6100) 0.034 0.086
SpO2,% 95(93-97)  98(95-98) 2 (-4t0-1) 0.004 95(94-96)  98(95-99) -3(-41t0-2) 0.011 0.520
VE/VO,, ratio 35.7 (5.2) 39.2(4.8)  -3.4(-5.6t0-1.3) <0.004  33.4(5.4) 38.3(7.0)  -4.9(-7.2t0-2.6)  <0.001 0.323
VE/NCOy, ratio 35.6 (5.1) 36.5 (4.1) -0.9(-2.6t00.8)  0.275 31.1(4.6) 33.1(5.3)  -1.9(-3.0t0-0.9)  0.002 0.276
RER, ratio 1.01(0.08)  1.07(0.08) -0.07 0.003  1.07(0.05)  1.16(0.09) -0.09 0.002 0.573
’ AT Sl (-0.11 t0 -0.03) : Sl i (-0.13t0 -0.04) : :

SBP, mmHg 164 (27) 212 (24) 49(-61t0-36)  <0.001 170 (29) 215(22) 45(-58t0-33)  <0.001 0.688
RPE, points 17(17-17)  20(18-20) 2(-3to-1)* 0.016  17(15-17) 17 (16-19) 1 (-2to0-1) 0.003 0.423
Egisn‘izea’ 7(7-9) 9(7-10) 2 (-3to 0)* 0.029 6(4-7) 7(4-9) 1 (-2t00) 0.028 0.669
Leg 7(5-8) 9(7-10) 2 (-3to 0)* 0.035 7(4-7) 7(4-9) 1 (-2t00) 0.070 0.149

Fatigue, points

Data is reported as mean (SD), median (Q1-Q3) or for AMBCST-CPET as mean difference (95% confidence interval [Cl]) or median Hodges-Lehman median
difference (95% confidence interval). #: altered sample size (COPD: n = 15) due to technical failure HR equipment; °: altered sample size (COPD: n = 15) due to
MVV value not being available. CPET: Cardiopulmonary exercise test; mBCST: Modified Borg cycle strength test; VO2: oxygen consumption; HR: heart rate; RER:
respiratory exchange ratio; Ve: minute ventilation; MVV: maximal voluntary ventilation; BF: breathing frequency; SpOa: peripheral oxygen saturation; VCO2: carbon

dioxide production; SBP: systolic blood pressure; RPE: rating of perceived exertion.
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The COPD-HIIT RCT

Trial status

The trial started enrolling participants on the 9 of November 2023 in Umeé and
the 16 of September 2024 in Hasselt. As of 11 November 2025, 133 participants
had been enrolled in the trial: 82 with COPD (29 in the usual care arm) and 51
healthy controls (Figure 14). Recruitment included 98 participants in Umeé and
35in Hasselt. The first five participants are scheduled to complete their 24-month
follow-up in November 2025.

People with COPD and healthy controls: People with COPD: Invitation to participate in
Invitation to participate in intervention via phone Participant with COPD who assessments via phone call or E-mail
call or E-mail declines or is ineligible to
take part in exercise l
l intervention, but agrees to

Eligibility screening (n = 220) take partin assessments Eligibility screening (n = 220)

l

Baseline assessments Excluded: Not meeting Baseline assessments
(t=-3 weeks) eligibility criteria (n = 76) (t=-3 weeks)

I !

Randomization (COPD: n=53/92, HC: n =51/70)

A 4

Usual care allocation (n = 29/46)

(t=0week) (t=0week)
¢ ¢ v
Phase 1: HIIT for 12 weeks Phase 1: MICT for 12 weeks Usual care for 24 months
(COPD: n =26/46, HC: n = 25/35) (COPD: n =27/46, HC: n = 26/35) (n=29/46)
Interim assessments (t = 6 weeks) | | Interim assessments (t = 6 weeks)
Lost to follow-up or discontinued
(COPD:n=3;HC:n=1) Follow-up assessments
(3 months: n=26/46
6 months: n=11/46
12 weeks: Follow-up assessments 12 weeks: Follow-up assessments 9 months: n =10/46
(COPD: n = 18/46, HC: n = 20/35) (COPD: n =18/46, HC: n = 21/35) 12 months: n = 8/46
‘ ¢ 15 months: n=6/46
18 months: n=6/46
Phase 2: COPD only Phase 2: COPD only 21 months: n = 5/46)
HIIT + RT for 21-months MICT + RT for 21 months
Lost to follow-up or discontinued Lost to follow-up or discontinued
(n=0) (n=1)

Follow-up assessments (HIIT or MICT)
(6 months: n=31/46
12 months: n = 18/46
18 months: n = 12/46)

+ 24-months: Follow-up
24 Follow-up (HNT or MICT) assessments
(COPD: n=1/46) (n=0/46)

Figure 14. Study timeline of the COPD-HIIT RCT and participant flowchart as
of 2025-11-12. COPD: chronic obstructive pulmonary disease; HC: healthy control; HIIT:
supramaximal high-intensity interval-training; MICT: moderate-intensity continuous
training; RT: resistance training.
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Participant Characteristics

Table 10 presents the characteristics of the participants including participants to
date. For brevity, and given that recruitment is still ongoing, individuals with
COPD are presented as a single group rather than separated by intervention and
usual care.

In those with COPD, airflow obstruction ranged from mild to very severe (FEV1
% predicted range: 26—115%), with most participants classified as having
moderate airflow obstruction. The COPD group was well matched to healthy
controls in terms of age and sex. As in Papers I-1I, the healthy controls exhibited
a clinically relevant higher step count.

Participants enrolled in the usual care arm did not differ from those with COPD
in the intervention arms on characteristics such as age, body mass index, FEV,,
CAT score, smoking habits or step count (P > 0.05, data not shown). In terms of
the different centres, COPD participants in Hasselt exhibit a higher degree of
airflow limitation (FEV: %predicted: 52 [18]; vs. Umeé: 69 [19], lower exercise
capacity (MAP: 81 [28]; vs. 99 [35]) and greater history of smoking (pack years:
51 [30]; vs: 26 [16]) to name a few characteristics (all P<0.05).

Table 10. Participant characteristics of enrolled participants in the COPD-HIIT RCT

COPD N HC N P

Anthropometrics and demographics

Age, years 74(7) 74 72(7) 49 0.085
Female sex, n (%) 39 (53) 74 25 (51) 49 0.855
Body mass index, kg-m™ 27 (5) 69 29 (4) 47 0.116
Fat mass, % 36 (8) 69 37 (8) 47 0.882
Lean mass, % 63 (8) 69 63 (8) 47 0.827
Years of education 12.0(3.8) 73 14.4 (3.6) 48 <0.001

Highest education level,
Primary/secondary/tertiary, n (%)
Physical activity

Mean steps/day, n 5649 (3253) 53 6436 (2561) 32 0.247
Median steps/day, n 5631(3467) 53 6119(2603) 32 0.494
Clinical characteristics
COPD assessment test, score,
0-40

mMRC dyspnea score,
0/1/2/3/4, n

16/31/27 74 2/16/31 49 0.002

14.9(7.3) 71 NA

9/20/31/5/9 74 11/31/5/0/0 49 <0.001

GOLD I/II//IV, n 13/28/14/3 58 NA
GOLD A/B/E, n 10/49/11 70 NA
CRQ Dyspnea domain score, 0-7 5.3(1.2) 69 NA
CRQ Fatigue domain score, 0-7 4.4 (1.1) 65 NA
CRQ Emotion domain score, 0-7 5.3(1.1) 65 NA
CRQ Mastery domain score, 0-7 5.6 (1.2) 65 NA
CRQ Overall score, 0-7 5.1(1.0) 65 NA
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Table 10. Participant characteristics of enrolled participants in the COPD-HIIT RCT

COPD N HC N P

Fibrinogen, g-L" 3.3(0.5) 57 3.3(0.5) 44 0.789
Lung function®
FEV4, L 1.7 (0.5) 61 2.8(0.6) 42 <0.001
FEV4, % predicted 63 (21) 61 101 (15) 42 <0.001
FVC, L 3.1(0.8) 61 3.7(0.7) 42 <0.001
FVC, % predicted 88 (19) 61 101 (13) 42 <0.001
FEV4/FVC 54 (11) 61 76 (7) 42 <0.001
Inspiratory capacity, L 2.6 (0.6) 27 2.9(0.7) 28 0.059
MWV, L 62 (16) 27 93 (22) 28 <0.001
Dico, mmol-min'-kPa™! 4.8(1.9) 19 7.7 (1.6) 9 <0.001
Dico, % predicted 63 (19) 19 100 (13) 9 <0.001
RV, % predicted 176 (36) 19 102 (17) 9 <0.001
RV/TLC, % 58 (7) 19 38 (4) 9 <0.001
Exacerbations and hospitalizations last 12 months, n, 0/1/22
Exacerbations 53/10/11 74 NA
Hospitalizations 55/13/6 74 43/3/0 46 0.002
Emergency visits 52/15/7 74 35/9/2 46 0.821
Smoking and exposure
Smoking status, n (%) 74 49 <0.001

Current smoker 8(11) 1(2)

Ex-smoker 60 (81) 22 (45)

Never-smoker 6(8) 26 (53)
Pack years® 32 (23) 57 11(13) 16 <0.001
Passive smoking early life, n (%) 52 (70) 74 31(67) 49 0.777
Passive smoking adult life, n (%) 53(73) 74 15(31) 49 <0.001
Occupational exposure, n (%) 30 (41) 74 7 (14) 49 0.001
Early-life eventrisk factors, n (%) 9(12) 74 3(6) 49 0.313
Infection-related risk factors, 9(12) 74 4(8) 49 0.561
n (%)
Medications and comorbidities
Self-MNA, 13(12-14) 70 14 (12-14) 43 0.008
Self-MNA <11, n (%) 16 (23) 70 2(5) 43 0.015
HADS-Depression 3(1-6) 72 2(1-3) 47 0.002
HADS-Anxiety 4 (2-8) 72 3(1-5) 47 0.009
EQ-5D-Visual analogue scale 69 (19) 72 81(13) 47 <0.001

Data is presented as mean (SD) or median (Q1-Q3) if not otherwise stated.

#Data on diffusion capacity and lung volumes are only available from the Hasselt centre at the time.
Pack years calculated for current and ex-smokers who primarily smoked cigarettes.

COPD: chronic obstructive pulmonary disease; HC: healthy control; mMRC: modified Medical
Research Council Dyspnea Scale; GOLD: Global Initiative for Chronic Obstructive Lung Disease;
CRQ: Chronic Respiratory Disease Questionnaire; FEV+: forced expiratory volume in one second;
FVC: forced vital capacity; IC: inspiratory capacity; RV: residual volume; TLC: total lung capacity;
D.co: diffusion capacity of the lung for carbon monoxide; MNA: Mini-Nutritional Assessment; HADS:
Hospital anxiety and depression scale
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Systematic analyses of medication use and comorbidities are pending.
Participants with COPD showed lower nutritional status (Self-MNA) and higher
HADS anxiety/depression scores; however, group medians remained below
clinical cut-offs.

Group Comparisons of Selected Outcomes

Table 11 summarizes cycle test performance in the preliminary RCT cohort. As
expected, MAP was lower in COPD than in healthy controls, both in absolute
terms and when normalized to body mass (both P<0.001). Likewise, peak
workload during mBCST was lower in COPD in absolute and relative terms (both
P<0.001). However, when expressed relative to MAP, the mBCST peak workload
(%MAP) was similar between groups (mean 146% in both; P=0.814), but with a
greater range in COPD.

Table 11. Baseline data in cycle test performance

COPD N HC N P

Maximum aerobic power, W 94 (34) 73 154 (48) 48 <0.001
Maximum aerobic power, W-kg™ 1.3(0.5) 73 1.8(0.5) 48 <0.001
mBCST peak workload, W 137 (58) 70 222 (70) 48 <0.001
mBCST peak workload, W-kg™" 1.9(0.8) 70 2.6(0.8) 48 <0.001
mBCST peak workload, %MAP

Mean SD 146 (29) 70 145 (22) 48 0.814

. 146 146
Median (Q1-Q3) (130-166) 70 (127-61) 48
Minimum - maximum 52-217 70 99-183 48

Data is presented as mean (SD) if not otherwise stated. COPD: chronic obstructive pulmonary
disease; HC: healthy control; mBCST: modified Borg cycle strength test; MAP: maximum aerobic
power

Table 12 presents cognitive performance in the preliminary cohort across selected
outcomes, including the MoCA and one representative sub measure from each
CANTAB test. In addition to the unadjusted MoCA scores, an analysis of
covariance adjusted for years of education confirmed that the between-group
difference remained statistically significant in favor of healthy controls (adjusted
mean difference = 1.3, 95% CI: 0.1—2.4). The groups also differed in executive
function, as assessed in the trail making tests depicted in Figure 15.
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Table 12. Baseline data of cognitive assessments

COPD N HC N P

Multi-domain cognitive screening

MoCA, points* 23.0(3.6) 72 25.2(2.4) 48 <0.001

MoCA, < 23 points, n (%) 36 (50) 72 11 (23) 48  0.003

MoCA, < 21 points, n (%) 21 (29) 72 5(10) 48  0.015
Attention and psychomotor speed

Reaction time, simple, 375(53) 71 362(57) 48  0.189
milliseconds?

Visual processing, sensitivity to 0.83(0.06) 71 0.87(0.06) 48  0.002
signal (0-1)*
Memory

Paired associates leaming, n 8.9(3.7) 71 10.8(3.7) 48  0.006
correct on first attempt*

Word recall, immediate, n correct

’ o 15 (13-1 71 16(15-17) 4 :

words and rejected distractors™* 5(13-16) 6(15-17) 8 0.005

Spatial working memory, n 20.6(6.7) 71 19.9(9.5) 48  0.630

incorrect revisits*

Data is presented as mean (SD) or median (Q1-Q3).

*Higher score indicates better performance; * Lower score indicates better performance.

A MoCA score < 23 and < 21 respectively, correspond to approximately 1.5 and 2.0 standard
deviations below the normative mean, for Swedish adults aged 70-80 years with secondary school
education®S. COPD: chronic obstructive pulmonary disease; HC: healthy control; MoCA: Montreal
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Figure 15. Performance (time to completion) on the (A) trail making test (TMT) part A
and (COPD: mean [SD] 45 [17] sec; HC: 33 [11] sec) (B) TMT-B (COPD: median [Q1Q3]
117 [84-169]; HC: 67 [55—-100]). In TMT-B, 300 seconds was the upper limit of test
duration. TMT-A is analysed using unpaired t-test, while TMT-B analysed with Mann-
Whitney U-test. *** = significantly different between groups (P < 0.001); **** significantly
different between groups (P < 0.0001). COPD: chronic obstructive pulmonary disease;

HC: healthy control.
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Next, Table 13 displays assessment of quadriceps function, as well as the
functional performance tests. Notably, quadriceps power, as well as quadriceps
endurance, but not quadriceps strength is lower among individuals with COPD,
compared to our healthy age, sex and activity matched controls.

Table 13. Baseline quadriceps power, strength, endurance and functional performance

COPD N HC N P
Isotonic power, peak velocity, °/s 368 (47) 42 395 (35) 31 0.009
Isotonic 1-repetition maximum, Nm 67 (29) 67 71 (27) 48 0.345
Isotonic endurance, n repetitions 36 (22) 67 51 (23) 48 <0.001
Isotonic endurance, Nm x n 1031 (685) 51 1653(881) 35 0.002
5-time sit-to-stand test, sec 13.4(9.2) 73 9.7 (3.1) 47 0.009
Stair climb power test, sec 5.6 (2.4) 72 4.3(1.3) 47 0.002

Data is presented as mean (SD). COPD: chronic obstructive pulmonary disease; HC: healthy control

Exercise Progression and Attendance in Phase 1

Table 14 provides an overview of the external exercise intensities and number of
intervals recorded in a subset of participants enrolled in Ume& during their first
and last training sessions in Phase 1. The table also presents attendance and drop-
out rates for the first 80 randomised participants across both study centres.

Table 14. Exercise progression and attendance in phase 1 of the COPD-HIIT RCT

Supramaximal HIIT MICT
Interval intensity COPD (n=10) HC (n=17) COPD (n=12) HC (n=18)

First session
W 168 (137-201) 236 (181-263) 51 (45-58) 75(51-101)
%MPO6 60 60 - -
%MAP 149 (116-196) 153 (136-184) 50 50

Last session
W 325(241-399) 432(367-510) 70 (59-84) 101 (79-135)
%MPO6 127 (101-143)  113(108-124) - -
%MAP 294 (200-433) 280 (263-353) 72 (62-77) 69 (63-82)
% 1% session 211(168-238) 189(180-206)  143(123-153) 137 (124-164)

Intervals (n) / duration (min)*
First session 10 10 20 20

Last session 13 (11-14) 13 (12-14) 25 (22-27) 26 (22-30)
Attendance Supramaximal HIIT MICT

COPD (n=19) HC (n=20) COPD (n=20) HC (n=21)

Session attendance, n 25(19-28) 26 (24-28) 26 (24-28) 27 (25-28)

Drop-outs, n 2 1 1 0

Data is presented as median (Q1-Q3) or n.

* Number of intervals in supramaximal HIIT; minutes of main work-phase duration in MICT.

COPD: chronic obstructive pulmonary disease; HC: healthy control; MPO6: maximum mean power
output for six seconds; MAP: maximum aerobic power; HIIT: high-intensity interval training; MICT:
moderate-intensity continuous training
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The most commons reasons for non-attendance were illness and pre-announced
absence due to travel. The reasons for drop-out were medical events that did not
occur during the training sessions (n = 3; shoulder injury, cancer diagnosis and
cardiac incident) or dissatisfaction with reimbursement (n = 1). Thus, the current
drop-out rate in the intervention arms in phase 1is 8% (n = 3) in COPD and 2%
(n = 1) in healthy controls. In the usual care arm, one participant died during the
study period.

Quality of Reporting in COPD Trials

Search Results

Two literature searches identified 13 467 potentially eligible records, of which 298
met eligibility criteria after full-text screening. The flowchart of search results and
study selection process is shown in Figure 16.

[ Identification of studies via databases and registers ]
—
5 Records identified from:
£ CINAHL (n = 3448) Records removed before screening:
© MEDLINE (n = 6379) > Duplicate records removed (n = 9663)
= Embase (n = 9283) Records published before 2007 removed (n = 1156)
H Cochrane (n = 6723) Other types of work removed (n = 1621)
= PEDro (n = 74)
)
_ :
Records screened Records excluded
—
(n = 13467) (n =12005)
Reports sought for retrieval »| Reports not retrieved
g (n=1462) T (n=143)
s
[
(4
: '
(7}
I Reports excluded: (n = 1021)
Reft?]r;gssessed for eligibility Wrong language (n = 8)
(n= ) Wrong population (n = 29)
No aerobic intervention (n = 281)
COPD data not separated (n = 26)
Wrong publication type (n = 88)
Publication prior to 2007 (n = 18)
Duplicates (n = 6)
v No full text available (n = 1)
Not peer reviewed (n = 1)
Studies included in the Wrong Aswdy deS|gn.: (n f 528)
B - No eligible outcome: (n = 17)
systematic review Retracted: (n = 1)
Other reason: (n = 17)

N =298

Figure 16. PRISMA398 flowchart detailing the selection of studies from the two searches.
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Characteristics of the Included Trials

The 298 trials were RCTs published between 2007 and 2025. Trials from 44
countries published across 125 different journals were included. Brazil was the
most common country across analysed trials (n = 29, 10%), followed by China (n
= 29, 10%) and Australia (n = 18, 6%).

Most trials had an aerobic training intervention as part of pulmonary
rehabilitation (n = 202, 68%) or as a standalone intervention (n = 83, 28%).
Walking was the most common mode of exercise (n = 103, 35%), followed by a
combination of walking and cycling (n = 78, 26%) and cycling (n = 59, 20%) while
27 trials (9%) did not define their mode of aerobic exercise.

The included trials comprised of 636 intervention arms with a total of 28 568
participants of which 60% were male. The median (Q1—Q3) of the mean
participant age across trials was 66 (63 — 69) years; mean FEV1 % predicted was
47 (40-54), and BMI was 25 (23—27) kg-m~2. The median (Q1—Q3) intervention
length was 8 (7—12) weeks, ranging from half a week to two years, and the aerobic
training frequency was 3 (2.5—4) sessions per week.

Quality of Reporting

The quality of reporting in the included studies showed great variability. A
summary of the findings is provided below, with more details in Paper IV. In text,
the number of adequately reported items is described as n (%).

Reporting of Participant Characteristics and Intervention Details

The reporting of participant characteristics (Paper IV, Figure 2) was, for most
details well reported. Yet, some studies failed to adequately report the sex420.421,
or, strikingly in this context, any measure of lung function420.422423 of their
participants. Only 9% of trials adequately reported smoking status of
participants.

The mean number of FITT components reported was 3.0 (0.8) and 88 (30%)
trials adequately reported all four components. While frequency and type of
exercise were relatively well-reported (reported in 279 [94%] and 249 [84%] of
trials, respectively), time (duration) and intensity of the aerobic exercise only
adequately reported in 161 (54%) and 136 (46%), respectively.

Reporting of other intervention details also varied (Paper IV, Figure 3 and 4).

While the context of the aerobic training (i.e. stand-alone, part of pulmonary
rehabilitation or other) was well-reported (295 [99%]), training device (78
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[26%]), mode of delivery (e.g. individual or group; 209 [21%], adverse events (779
[27%]) and adherence to the intervention (22 [7%]) were poorly reported.

CERT Compliance

In general, the compliance with CERT was low as depicted in Figure 17. Out of 19
items, the mean number of items adequately reported was 5.4 (3.0), ranging from
0 to 16. Adjusted for non-applicable items (e.g. describing an intervention home-
component is not-applicable for those not having one), CERT compliance was
290% (16%). Reporting per CERT item (Figure 17B) shows that information
regarding qualifications of supervisors (item 2); detailed description of the
exercise (item 8); and adherence to the intervention (items 16a and 16b) were
poorly reported.

The reporting quality, expressed as the average number of CERT items reported

across all trials originating from each country, varied between countries, as
illustrated in Figure 18.
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Figure 17. Reporting of aerobic training interventions in randomised controlled trials of COPD (n = 298 trials). (A) Distribution of CERT
(Consensus on Exercise Reporting Template) scores across all trials. (B) Percentage of trials adequately reporting each CERT item: “Yes”: The variable is
adequately reported; “No”: The variable is not reported; “NA” the items were not applicable for the specific trial. (C) Temporal trend in overall reporting quality.
Bars represent mean CERT summary scores (0—19) per publication year + SD; numbers above bars indicate the number of included trials per year
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Figure 18. Geographic distribution of CERT reporting quality among included trials (n = 298). Mean number of CERT (Consensus on Exercise
Reporting Template) items reported per country. Colours represent the average number of reported CERT items, with higher values indicating better reporting
compliance (green) and lower values poorer reporting (red). Countries with no included trials are shown in white, multi-national trials are excluded
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Training Principles

The application and reporting of the exercise training principles across the
included trials varied substantially, as seen in Figure 19. Across the seven
training principles assessed, the median (Q1-Q3) number adequately reported
per study was 1 (0—2) and no trials reported on all principles. Sixty percent of all
trials reported one or two principles (Figure 19A). Specificity and initial values
were the most frequently described, while periodisation and reversibility were
seldom reported (Figure 19B). The number of training principles reported was
consistently low over time (Figure 19C).
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Discussion

Chronic obstructive pulmonary disease is characterized by persistent respiratory
symptoms and airflow limitation but is also associated with a range of
extrapulmonary manifestations. Exercise training is a key component of COPD
management, as recommended by international guidelines8. This doctoral
thesis aimed to contribute to the development of effective exercise strategies for
the management of COPD. It sought to advance the understanding of the
feasibility, physiological responses and methodological considerations of
supramaximal HIIT in people with COPD and to evaluate the reporting quality in
existing aerobic exercise interventions in the COPD literature.

Through experimental studies and a systematic review, this thesis explores novel
approaches to exercise testing and training in COPD, while also identifying gaps
in current research practice. It demonstrates that supramaximal HIIT is feasible
in people with COPD and allows for significantly higher external exercise
intensity with reduced ventilatory demand, while eliciting a similar acute increase
in plasma BDNF compared to that of traditional MICT (Paper I). The mBCST was
shown to be feasible and applicable in people with COPD as an alternative
exercise test to CPET when prescribing supramaximal exercise (Paper II). The
design and methodological framework of the ongoing COPD-HIIT RCT is
outlined in Paper III. Preliminary baseline data shows that a broad and clinically
representative sample of participants with COPD have been enrolled in the RCT,
alongside a control group that is relatively well-matched for sex, age and
objectively measured physical activity. Finally, a systematic review including 298
trials highlights substantial shortcomings in the reporting and application of
training principles in aerobic exercise trials for COPD (Paper IV).

This discussion addresses the main findings and methodological considerations
of the thesis. First, the feasibility of the studied exercise modalities and testing
procedures is considered; second, their acute physiological responses are
discussed, both with emphasis on COPD. Third, examination of group differences
in baseline characteristics and exercise responses between COPD and controls are
examined. Finally, methodological aspects and the reporting quality in COPD
exercise trials are addressed.
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Feasibility

In Paper I, we found that supramaximal HIIT is a feasible exercise modality in
people with COPD, characterized by high exercise fidelity, high participant
preference and lower ventilatory demand compared to MICT.

While interval training at external intensities at 80%-100% of MAP290:292.424 ig
relatively well-studied in COPD, few studies have explored the use of
supramaximal intensities. Butcher et al. (2013)235 investigated 30-second
intervals at ~140% of MAP with 90 seconds of active recovery and found it
feasible. When performed until symptom limitation, it allowed for an increased
total work with similar end-exercise physiological responses. In contrast,
Nymand and colleagues (2023)425 attributed intensity as a barrier to adherence
when using 60-second intervals at 100% of MAP with 3-minute active recovery
periods. However, our findings suggest that intensity per se is not necessarily a
limiting factor, even when exercising at ~200% of MAP. Rather, feasibility
appears to depend on the interaction between external intensity, interval
duration, and work-to-rest ratio. Whereas both Butcher and Nymand used 1:3
work-to-rest ratios, our protocol employed a 1:9 ratio, combining short intervals
with relatively long recovery periods. This design likely allowed sufficient
ventilatory relief, while the short interval duration itself may prevent full buildup
of ventilatory demand within each effort, leveraging the slow pulmonary kinetics
typical in COPD295:296,

Participants in Paper I primarily had mild to moderate COPD, which may limit
generalizability to those with more advanced disease (GOLD stages ITII-IV, GOLD
class E). Yet, no indication emerged that those with greater airflow obstruction
found supramaximal HIIT more difficult to perform. Consistent with previous
findings from the Ume&-HIT RCT, which demonstrated good tolerability of a
similar protocol in older adults (mean age 70 years)3:315, our findings suggest
that supramaximal HIIT is feasible also in even older adults (mean age 74 years,
range 60 — 88 years), including those with multiple comorbidities and varying
degrees of COPD severity. However, the long-term feasibility of this
supramaximal HIIT regimen in COPD remains to be determined.

Long-Term Feasibility and Exercise Progression

Findings from Paper I indicated that the exercise intensity in the supramaximal
HIIT protocol could be increased considerably during the early phase of the
training intervention, without compromising feasibility or inducing excessive
levels of dyspnea or discomfort (e.g., we found that patients with COPD without
any prior training could perform a supramaximal HIIT session at 80% of MPO6).
Yet, for the RCT, we retained 60% of MPOG6 as an attainable starting point for the
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intervention, providing a reasonable intensity for most participants. However, we
made sure to allow for liberal progression of intensity already after the first
session (up to 10%) based on participants perceived dyspnea and RPE. In
contrast, the starting intensity for MICT was set at 50% of MAP, informed by the
findings from Paper I, where 60% of MAP elicited a maximal effort in some
participants. Notably, this prescribed intensity is slightly lower than most current
recommendations, which typically suggest initiating MICT at =60% of MAP for
20—-30 minutes. However, as one-third of participants were unable to complete a
single session at a starting intensity of 60% of MAP in Paper I, we chose to begin
the MICT group at 50% of MAP in the subsequent RCT. The inability to sustain
exercise at 60% of MAP may partly be explained by the way the CPET was
conducted. For example, participants in Papers I-II reached a median (Q1-Q3)
Borg rating of 9 (7—10) for both dyspnea and leg fatigue at the end of CPET,
indicating a high level of effort. By comparison, in a pooled sample of over 4000
participants from multiple trials42¢, the mean (SD) end-CPET ratings of dyspnea
and leg fatigue were 6.7 (2.3) and 6.3 (2.6), respectively, indicating a somewhat
submaximal exertion in that cohort. This indicates that our participants may
have exercised to a greater degree of physiological strain than typically observed
in COPD trials or standard clinical exercise testing settings thereby achieving a
higher MAP.

Additionally, while increasing the external workload (intensity) is our primary
progression target in the supramaximal HIIT protocol, we reasoned that
increasing the number of intervals would be both feasible and an appropriate
means of enhancing total training volume. We hypothesized that supramaximal
HIIT has greater potential for exercise progression, compared to MICT, where
ventilatory constraints tend to hinder progression235.237.

The supramaximal HIIT protocol used in Paper I was adapted from a previously
developed protocol for healthy, inactive older adults by Hedlund et al. (2019)3°9.
In their study, participants began training at 219 + 42 % of MAP (65% of MPO6)
and reached 299 + 67% at the end of a six-week intervention. In a subsequent 12-
week RCT, the intensity increased from a median (range) 169% (125-266%) of
MAP (60% of MPO6), to 323% (196-442%) of MAP, or 112% (88-136%) of
MPO6315. Although there are differences between our studies in exercise testing
methods, instrumentation, and population characteristics, it is reasonable to
expect a similar progression over time in our sample of individuals with COPD
and healthy controls.

Our preliminary data on exercise progression are in line with findings from the
RCT by Simonsson et al. (2023)3°. Expressed as %MPO6, participants with
COPD performed their last session at a median (Q1-Q3) of 127% (101 — 143%),
slightly higher than the healthy controls at 113 % (108 — 124%). Thus, our healthy
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controls cohort progress to a similar extent, while those with COPD increase
slightly more in %MPO6. In %MAP the values in our dataset (COPD: median
204%; healthy control: 280%) were lower compared to those reported by
Simonsson et. al. This is likely explained by methodological differences in
training and testing procedures to some extent.

For example, the CPET used by Simonsson et al. was terminated at RPE > 17,
whereas ours had no upper limit, likely yielding a MAP closer to the true
maximum. For comparison, their participants achieved an average MAP of 131
W, while our healthy control group, despite being slightly older, reached a higher
average MAP of 154 W which might explain why %MPO6 and not %MAP was
similar between the two studies. Differences between the exercise progression
between the two supramaximal HIIT protocols likely reflect variations in baseline
testing, progression strategy, workload regulation, and interval execution. The
current RCT applied automated workload control and an option to increase the
number of intervals, while the protocol by Simonsson et al. used manual
adjustments to the workload and a fixed number of intervals. Such
methodological distinctions should be acknowledged when comparing results
across studies.

Regarding physiological adaptations, it remains speculative how supramaximal
HIIT compares to MICT in chronic training responses in COPD. In non-
exercising older adults, the Umea-HIT study found, in supramaximal HIIT and
moderate-intensity training, similar improvements in VO.peak, 30-second chair
stand, leg power, balance and blood pressure, while supramaximal HIIT had a
superior effect on anaerobic cycling performance (mBCST)s3w0:315, Previous
evidence indicates that short-duration, low-volume high-intensity protocols can
effectively induce peripheral and central adaptations, provided the intensity is
sufficiently high as in all-out sprint interval training38.319.427,

However, the protocol applied here is controlled and watt-regulated, ensuring
that efforts are performed at a predetermined, controlled workload rather than
an all-out effort. While this approach may somewhat reduce cardiometabolic
stress, it might be in favor of feasibility and tolerability, particularly in non-
exercising older adults and individuals with COPD. As rigorously examined in the
Umea-HIT study, a similar protocol did not negatively affect the affective state or
exercise-related self efficacy3's. Further supported by a meta-analysis, exercise
programs that do not include all-out sprints, likely have a less negative impact on
affective state3”, a concern raised regarding supramaximal exercise
intensities428:429,

In the preliminary dataset, session attendance was relatively high across all
groups during phase 1, with median attendance ranging from 25 to 27 (83-90%)
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out of 30 planned sessions. Although attendance rates are not consistently
reported in the literature, these figures are comparable to those reported in other
studies, examining HIIT in older adults including clinical populations43o43t. In
COPD, attendance rates are poorly reported432. As demonstrated in Paper IV,
attendance rates were adequately reported in only 28% of trials. This limits the
ability to evaluate and compare the feasibility of previously performed protocols.
Nevertheless, those studies that have reported these data generally show similar
attendance rates between interval and continuous training?237.290,

In summary, these preliminary findings suggest that supramaximal HIIT can be
well-progressed and performed with a relatively high attendance over a 3-month
period, comparable to that typically seen with MICT. This indicates that the
approach is both feasible and tolerable for individuals with COPD when
appropriately prescribed and supervised. Nonetheless, larger studies with longer
follow-up are needed to confirm these results, evaluate long-term adherence and
feasibility, also during free-living conditions, and determine the potential for
clinical implementation. Such work is currently being pursued in the ongoing
COPD-HIIT trial.

Assessment and Prescription of Exercise Intensity

To ensure that exercise training is both feasible and appropriately targeted,
accurate assessment and prescription of exercise intensity are essential. In this
context, the mBCST appears to be a feasible exercise test for both individuals with
COPD and healthy controls, enabling supramaximal external workloads while
remaining submaximal in terms of cardiorespiratory demand. This was evident
from its lower ventilatory, and cardiovascular responses compared with CPET.

The primary objective of using the mBCST was to identify appropriate external
workloads to prescribe supramaximal HIIT. Evidently, the achieved workloads
were supramaximal and enabled adequate exercise prescription of a feasible
session of supramaximal HIIT at 150-200% of MAP, as implemented in Paper I.
In line with the principle of specificity, exercise prescription is more accurate
when based on physiological anchors closely aligned with the targeted exercise
domain. Therefore, mBCST-derived intensities are likely more appropriate than
MAP-derived intensities for prescribing supramaximal HIIT. This seems to be
especially relevant in COPD, where the mBCST workload/MAP ratio shows
greater heterogeneity compared to healthy controls. If MAP alone were used as
the reference point, there is a higher risk of under- or over-prescribing exercise
intensity, which could either reduce the training stimulus or compromise
feasibility.
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Feasibility of the test was high, with 94% of participants with COPD completing
the mBCST, a rate almost identical to that of healthy older adults. Nevertheless,
the requirement to maintain a high target cadence (80—90 RPM) may pose
challenges for some individuals. Indeed, one participant was unable to complete
the familiarization bout, raising the possibility that cycling naiveté or reduced
lower-limb muscle power, both common in older adults and people with COPD166
433 could limit execution of the test. While a cadence of 80-90 RPM was used in
Paper 11, it is not per se a necessity in the mBCST or during supramaximal HIIT,
if an RPM-independent ergometer is used. However, higher cadences facilitate
short-duration intervals against high external resistance3°9 and high-cadence
familiarization is likely beneficial in this context.

Beyond its feasibility, it is important to consider the physiological underpinnings
of performance during an exercise test. Individuals with COPD typically exhibit
reductions in both maximal neuromuscular power, anaerobic work capacity (W’),
and peak aerobic power, i.e. MAP, each contributing to performance in the
mBCST. Yet, the proportion of peak neuromuscular power supported by aerobic
metabolism, by some referred to as the aerobic power index, is disproportionately
lower in COPD compared to healthy controls3cs. This highlights the dual impact
of muscle weakness and impaired oxygen transport, with some evidence
suggesting that the latter may be more severely affected in COPD. Consequently,
the latent neuromuscular power reserve at the end of a CPET is increased in
COPD compared to matched peers and reflects a cardiovascular or pulmonary
limitation. This is supported by our findings in Paper IT and the RCT, showing no
between-group difference in peak mBCST workload when expressed as a
percentage of MAP.

By reducing the cardiopulmonary demand and shortening test duration, the
mBCST likely depletes the neuromuscular and anaerobic power reserve (W), to
a higher degree than a CPET, thereby providing a more accurate reflection of
short-duration power output capacity. This makes the test potentially useful for
exercise prescription, as mBCST-derived workloads may better reflect an
individual’s tolerable high-intensity capacity, allowing for more targeted and
individualised supramaximal HIIT in COPD.

While the mBCST may provide a practical means of estimating short-duration
power capacity and informing exercise prescription, other methods can offer
more detailed physiological profiling. One such approach is the neuromuscular
CPET, which quantifies peak neuromuscular power, the aerobic power index, and
the power reserve by assessing neuromuscular power before and immediately
after a traditional CPET303. Although this approach provides comprehensive
insight into the interplay between aerobic and neuromuscular function, its
complexity and equipment demand (cycle ergometer able to immediately switch
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to isokinetic mode) limit clinical feasibility. In this context, the mBCST offers a
simpler alternative with greater potential for implementation in clinical practice,
while also providing relevant information for exercise prescription, particularly
in the setting of supramaximal HIIT.

Another important distinction is that the mBCST is externally paced, performed
at a controlled cadence and less strenuous than a CPET, neuromuscular-CPET or
a 30-second Wingate test often used to estimate anaerobic capacity. All-out tests,
with higher physiological demands, high and uncontrolled pedalling cadence
likely requires substantial motivation and is considered challenging for older
adults, and externally paced tests might be preferable for exercise naive
individuals309.434.435,

Physiological Responses

In addition to evaluating feasibility and exercise prescription, the physiological
demands of supramaximal HIIT, MICT, and the mBCST were also assessed in the
studies and are discussed below.

Cardiorespiratory Demand

The ventilatory demand was lower during supramaximal HIIT compared with
MICT despite the higher exercise intensity used. This was in line with the
hypothesis and is an encouraging finding considering that ventilatory limitations
are a concern not just in high-intensity exercise, but in most forms of exercise in
individuals with COPD137:234,271,

The intermittent structure of supramaximal HIIT, together with its reduced
ventilatory load and lower perceived breathlessness, likely explains its higher
feasibility and participant preference. Among individuals with COPD, peak
dyspnea ratings during supramaximal HIIT were 2.0 (HIIT60) and 0.8 (HIIT80)
points lower compared with MICT when assessed using the Borg CR10 scale,
exceeding the minimally clinically relevant change of 1 point during the HIIT60
session. Notably, breathlessness in supramaximal HIIT occurs intermittently and
was assessed immediately after each six-second effort, whereas in MICT, dyspnea
increases continuously and progressively throughout the session. Consistent with
this, in individuals with COPD, breathing frequency and minute ventilation were
higher during MICT, where participants exercised at approximately 70% of
maximum voluntary ventilation, compared with =60% during supramaximal
HIIT.

The reduced ventilatory strain during supramaximal HIIT may be partly
explained by the short duration of work intervals and the relatively long recovery
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periods, allowing partial relief of dynamic hyperinflation. Unfortunately,
although measurements of dynamic hyperinflation were conducted during
exercise, the data quality was sufficient in only a few participants, limiting the
ability to draw firm conclusions regarding this mechanism. In addition, the
overall mechanical work and oxygen requirement per unit of time are lower
during supramaximal HIIT compared with MICT, further reducing the need for
sustained ventilatory effort.

Our findings in Paper I indicate that, while the external workload during
supramaximal HIIT is supramaximal, the cardiorespiratory strain beyond the
ventilatory requirements, in terms of VO. and heart rate, aligns more closely with
moderate-to-vigorous intensity levels247. In contrast, MICT elicited a sustained
vigorous intensity over a longer duration. In relation to concerns about safety and
tolerability of supramaximal HIIT428429.436_ our data do not support the view that
it is inherently excessive or accompanied by uniformly high discomfort; the non—
all-out, watt-controlled format is likely important in this respect. Consistent with
this, the blood pressure response was lower in supramaximal HIIT than MICT,
there was no evidence of exercise-induced desaturation and RPE/session RPE
tended to be lower during supramaximal HIIT, though not always statistically
significant. Still, a comprehensive analysis of adherence and adverse events rates
in the COPD-HIIT RCT is needed to establish long-term feasibility, applicability
and safety of supramaximal HIIT in COPD.

In line with its intended purpose, the mBCST elicited a submaximal
cardiorespiratory response. Compared with the CPET, all cardiopulmonary
parameters except VO: and thus VO:/heart rate and gas equivalents, were lower
during mBCST. Likewise, symptom ratings were reduced. These features position
the mBCST as a practical adjunct to CPET, assessing short-duration power
outputs without an excessive cardiopulmonary demand.

Exercise-Induced Exerkine Response

The acute effects of exercise on circulating BDNF levels have rarely been studied
in COPD. De Araujo43” reported a decreased level of plasma BDNF, following a
session of pulmonary rehabilitation. However, they utilised a relatively low
exercise intensity, which likely was too low to elicit an increase in plasma BDNF.
As our study is, to the best of my knowledge, the first to study changes in BDNF
to intensive exercise in COPD, our findings need to be replicated. Yet, our novel
observation indicating that both supramaximal HIIT and MICT elicited an
increase in plasma BDNF in individuals with COPD is important, provided the
evidence pointing to exercise-induced increase in BDNF being an important
mediator for improve cognitive performancesso3st, Considering the high
prevalence of cognitive impairments in COPD, this finding is promising and
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warrants further investigation. Notably, individuals with COPD demonstrated an
exercise-induced increase in BDNF comparable to that of healthy controls,
suggesting that the neurotrophic response to exercise is preserved in COPD and
may support the potential for neuroprotective benefits from regular training.

The higher concentration of BDNF in serum compared to plasma is in line with
the literature408.438, While serum BDNF increased during HIIT80 and MICT for
healthy controls, no significant increase was seen in people with COPD. This
might reflect a combination of methodological and biological factors. As serum
BDNF is influence by platelet degranulation during clotting439, it might be less
sensitive to detecting acute, exercise-induced changes. This might be particularly
relevant in the presence of disease, including COPD, in which platelet function
might be altered44c. Notably, the COPD group consumed more medications
including corticosteroids and anticoagulants, that might alter platelet function441.
Provided these considerations and the likely greater physiological importance of
plasma, rather than serum BDNF, the lack of a serum BDNF increase in COPD is
not considered central to our conclusions.

We also found an increase in clusterin, following both supramaximal HIIT and
MICT. While research in clusterin in this context is in its infancy, it is suggested
to be involved in reducing neuroinflammation and to, as BDNF, mediate effects
of exercise in improving cognitive function442443, It is therefore an interesting
finding, warranting further investigation.

The cytokine response was generally similar between supramaximal HIIT and
MICT: both elicited an increase in IL-6 at 30 minutes post-exercise, with no
notable changes in other pro- or anti-inflammatory markers. This aligns with
prior studies in COPD reporting modest acute elevations in inflammatory
mediators following exercise444445. The rise in IL-6 is often considered beneficial
given its pleiotropic, exercise-linked actions—including anti-inflammatory
signalling2446. Collectively, these findings suggest that the exercise-induced
cytokine response, even with supramaximal external workloads in COPD, differs
from infection-related inflammatory cascades and may contribute to a net anti-
inflammatory effect over time2446.447. These responses could be relevant for
extrapulmonary outcomes in COPD, including cognition, cardiovascular function
and muscle function, where systemic inflammation is implicated°.

Taken together, both MICT and supramaximal HIIT appear capable of eliciting a
potentially beneficial exercise-induced exerkine response. However, the higher
feasibility of the supramaximal HIIT protocol, combined with the greater BDNF
response when accounting for exercise duration and the more pronounced
progression in exercise intensity observed in our preliminary data suggests that
supramaximal HIIT may offer certain advantages over MICT in individuals with
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COPD. Nevertheless, these findings remain preliminary and will require
confirmation upon completion of the full trial.

COPD versus Controls: Exercise Response and
Characteristics

Acute Responses

Cardiopulmonary responses in COPD compared to healthy controls have mainly
been studied in low- and moderate-intensity constant-load exercise, but not
HIIT. Our findings in Paper I demonstrate that, although minute ventilation was
similar, participants with COPD exercised closer to their maximal voluntary
ventilation and exhibited higher ventilatory equivalents for both O. and CO., also
during supramaximal HIIT. Although both groups exercised at a similar relative
intensity when expressed as %peak VO., the continuous nature of MICT required
COPD participants to sustain this intensity at a higher ventilatory cost, which is
an expected finding. One can argue that such prolonged strain is more likely to
provoke intolerable dyspnea and fatigue, limiting training duration and
adherence. The symptom ratings were consistent with this pattern. At the same
%MAP, dyspnea and leg fatigue were higher in COPD across sessions. During
MICT, those with COPD reported higher dyspnea and RPE than healthy controls
already after one minute. In Supramaximal HIIT, these differences took longer to
manifest: dyspnea after the fifth interval/minute, and RPE only at end-of
sessions, suggesting delayed onset of symptoms compared to MICT.

A novel finding from Paper I is that individuals with COPD can increase plasma
BDNF levels in response to exercise to a similar extent as matched healthy
controls. Given the established role of BDNF in supporting neuroplasticity and
brain health, this is an encouraging finding that merits further study in larger and
longer-term studies.

Not surprisingly, as seen in Paper II, those with COPD achieved significantly
lower workloads in the mBCST and CPET, compared to age- sex- and physical
activity matched healthy controls. Yet, their performance relative to MAP was, in
average, similar at =150% of MAP but showed a greater heterogeneity (Figure 13).
The average mBCST workload/MAP ratio is confirmed in the preliminary
findings from the RCT (145% in both groups), as well as the greater heterogeneity
in this ratio, although not as marked.

The COPD-HIIT RCT: Participant Characteristics

The COPD cohort enrolled to date, in line with our aim and the broad eligibility
criteria, represents a heterogeneous sample with respect to disease severity,
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clinical characteristics and physical capacity. On average, participants present
with moderate airflow limitation (FEV, %predicted: 63%), a moderate impact of
disease (CAT score: 14.9), and a markedly reduced exercise capacity compared
with matched healthy controls.

Approximately 20%, 50%, and 30% of enrolled participants exhibit mild (GOLD
I), moderate (GOLD II), and severe to very severe (GOLD III-IV) airflow
limitation, respectively. This distribution aligns with international data showing
GOLD II as the most common stage among people with COPD (~50%), followed
by GOLD I, with fewer cases in GOLD III-IV448. Compared with Swedish
population studies, which report very low population prevalence of severe stages,
our proportion of GOLD III-1V is slightly higher:8449. This is to some extent
influenced by the higher proportion of GOLD III-IV among participants
recruited in Belgium. Thus far, the COPD cohort provides a clinically
representative sample, including all spectrums of the disease, also regarding
symptom burden.

The COPD and healthy control groups are well matched for age and sex. Physical
activity (steps per day) is not statistically different, but clinically meaningful.
Future enrolment will strive to include healthy controls with a lower step count,
to better mirror the COPD group. Yet, this is not always easy. As expected,
participants with COPD report a greater smoking history, and they also report
higher occupational exposures and adult-life passive smoking, suggesting that
factors beyond cigarette smoking contribute to the disease. Notably, the groups
differ in education level. While not a pre-specified matching criterion, this may
influence cognitive outcomes. Consequently, years of education should be
considered as a covariate in analyses involving cognition in the statistical analysis
plan that will be finished before the enrolment of the last participant in the
RCTs81,

The finding that individuals with COPD performed worse across multiple
cognitive domains, including a twofold higher frequency of scores below
suggested MoCA cut-offs for mild cognitive impairment, is not unexpected.
However, the CANTAB tests represent raw performance scores, and their clinical
relevance remains to be determined in the final dataset, for example by
comparing results with normative values and performance of the healthy
controls. Yet, it reinforces that cognitive impairment is an extrapulmonary
consequence of COPD, also among those with relatively preserved
cardiorespiratory fitness and lung function. Notably, the groups showed
comparable levels of systemic inflammation, as indicated by fibrinogen. Within
the RCT, further analyses will examine additional inflammatory markers and
underlying mechanisms of cognitive impairment.
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Lastly, given that quadriceps weakness is often reported in COPD165167, the
similar quadriceps 1-repetition maximum observed between COPD and healthy
controls is somewhat unexpected. This might be explained by the testing mode.
We used isotonic testing, i.e. constant external torque across the full range of
motion. Subsequently, performance is limited by the weakest joint-angle, which
typically is at end-extension, and not by mid-range capacity where humans are
generally strongest. Notably, this limitation did not preclude between-group
differences in functional capacity, muscle endurance or power output on the
mBCST, indicating that strength assessed in this manner may be less sensitive to
COPD-related impairments than power, endurance- or function-oriented
measures. Yet, the findings of a greater impairment in quadriceps power and
endurance compared to strength properties of the muscle are in line with a
previous international multicentre study executed by our research group6.

Methodology and Reporting Quality

The systematic review (Paper IV) is the first study to comprehensively evaluate
the quality of reporting and application of training principles in RCTs with
aerobic training in COPD. The findings confirmed that, despite the important role
of aerobic training in pulmonary rehabilitation, there are considerable
shortcomings in the quality of reporting in aerobic training trials within the
COPD literature.

Overall, reporting of participant and intervention characteristics showed
considerable variability. Fundamental information such as age, sex, and
pulmonary function was generally well reported, although not consistently,
despite the fact that such information should be included in all clinical trials3s:.
Among the FITT components, exercise frequency and type were generally well-
documented, whereas duration and intensity were frequently omitted or
inadequately defined, limiting the interpretation of training dose. Similarly,
delivery format, supervision, and group size were poorly reported, which is
troublesome given their likely influence on feasibility and adherences4t.
Reporting of attendance and adherence was also sparse, which further hinders
evaluation of intervention fidelity and the actual training undertaken. These gaps
hinder comparison between studies and make replication and clinical translation
challenging.

The mean CERT score of 5.4 (3.0) was lower than that observed in other clinical
populations such as chronic heart failure4s® and hip osteoarthritis4st. This
discrepancy might be partly explained by the fact that aerobic training is usually
one of several components and may receive less detailed documentation. Yet also
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stand-alone aerobic interventions showed low CERT scores, suggesting that
insufficient reporting standards persist across the field.

Most trials applied few exercise training principles, with specificity being the
most frequently addressed. In general, the number of principles applied was
comparable, but lower, compared to exercise trials in e.g. cancer348359. This
suggests that aerobic training interventions in COPD might not always be
grounded in established exercise science frameworks.

While this is the first study addressing the quality of reporting in aerobic training
trials involving individuals with COPD, Moecke et al. (2023)362 systematically
reviewed 27 trials in which COPD patient were given rehabilitation after an
exacerbation, and similar reviews have been performed in other clinical
population, including cancersss:3¢0, cardiac rehabilitation4s52 and peripheral artery
disease3s6. While Moecke et al. also found suboptimal reporting of the FITT
components and exercise adherence, the trials in their reviews generally reported
a slightly higher number of training principles (median: 3)362. Differences in
definitions and in the inclusion of the principle of diminishing returns (used by
Moecke et al. instead of individualization) may explain this discrepancy to some
extent. Notably, several of the trials included in Moecke et al. were also part of
our systematic review, and the results from both studies point toward the same
overall conclusion: reporting quality in COPD exercise trials remains poor. That
is, it could use some training itself.

While this study focused on the reporting of exercise-specific details using the
CERT framework and established training principles, it did not assess adherence
to broader reporting checklists such as CONSORT. The primary aim was to
evaluate how aerobic interventions and participant characteristics were
described. Some overlap exists with CONSORT and particularly TIDieR, but the
emphasis here was on the quality and completeness of exercise-related reporting.

The systematic review (Paper IV) has been highly labour-intensive and resource-
demanding undertaking, requiring extensive work among multiple reviewers.
Each study was screened and all data extracted in duplicate, with a third reviewer
resolving discrepancies and verifying agreement across a large set of variables. It
is plausible that this represents one of the last generations of manually conducted
systematic reviews, as ongoing advances in artificial intelligence and large
language models are likely to substantially automate and transform future
evidence synthesis. Recently, leveraged by the recent advances in large language
models, a large-scale study evaluated the reporting quality of 21 041 RCTs in the
field of medicine, in terms of CONSORT compliance. While reporting has
improved over time, critical methodological components remain
underreported3s9.
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Implications of Poor Reporting

The inadequate reporting of interventions has important implications for the
translation and implementation of research findings. Poorly reported
interventions limits reproducibility, hinder evidence synthesis, and contribute to
research waste by making studies difficult to interpret, replicate, or implement
clinically.

To advance the field, future studies should prioritize transparent and
standardized reporting. This includes adherence to established reporting
guidelines such as CONSORT for trial design and outcomes, CERT for exercise-
specific details, along with TIDieR for describing the intervention in sufficient
detail to allow replication. Consistent use of these frameworks will improve the
reproducibility of findings, enable meta-analyses, and ultimately facilitate the
integration of aerobic training into routine COPD care in a more evidence-
informed and effective manner.

In light of this, the present thesis placed emphasis on detailed reporting of
exercise protocols and participant characteristics across the included papers.
Although reporting space is often limited in journals, Paper III provides
comprehensive documentation of the methods, supported by tables following the
TIDieR and CERT frameworks, alongside the SPIRIT checklist.

Although Paper III could not incorporate the findings of Paper IV, as the latter
was completed after its publication, the use of the TIDieR and CERT frameworks
in Paper II resulted in comprehensive documentation of key intervention details.
Specifically, all four FITT principles, all seven training principles, and 16 out of
16 applicable CERT items were reported (as a protocol, e.g. number of adverse
events and exercise adherence cannot be reported but only how it will be
reported). Notably, certain items can only be fully reported once the study is
finished, such as the actual qualifications of the supervisors, the final attendance
rate and number of dropouts ete, but preliminary information was included and
deemed adequate in our self-evaluation These results show that systematic use
of the CERT guideline, as done in Paper III, can improve reporting quality and
make studies easier to replicate, something less often seen in the trials reviewed
in Paper IV.
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Methodological Considerations

The studies included in this thesis demonstrate several methodological strengths
alongside certain limitations.

Guidelines, Pre-registrations, Bias and Sample Size

Overall, reporting across the studies adhered to relevant guidelines. Paper I
followed applicable items from the CONSORT statement for cross-over designs;
Paper II adhered to The Strengthening the Reporting of Observational Studies in
Epidemiology statement; and Paper III was reported in accordance with SPIRIT,
TIDieR, and CERT. Paper IV followed PRISMA, with its protocol developed
following PRISMA-P and prospectively registered in PROSPERO. For the RCT,
pre-registration and protocol publication, including prespecified primary and
secondary outcomes, enhance transparency and reproducibility337:453,

Regarding the RCT, the use of randomisation, concealed allocation, blinded
outcome assessors and intention-to-treat analyses is used to minimise bias,
according to guidelines3s!. High-quality RCTs remain important in the context of
HIIT, supramaximal HIIT, and exercise interventions in COPD454455, Also,
regarding sample size, the COPD-HIIT RCT is comparatively large within this
field. While there are some large trials on pulmonary rehabilitation, these often
comprise of a generic and less-controlled exercise training regimens, combined
with multi-modal rehabilitation4s6-458.

While it is best to blind as many as possible in a trial459, neither training
supervisors nor participants can be blinded given the nature of the interventions.
Nevertheless, potential bias from unblinded supervisors should be limited based
on the pre-specified criteria for exercise progression, and tablet-guided intervals.
To reduce performance bias, participants were informed about the general
purpose of the trial but not the rationale and hypothesis of supramaximal HIIT.

Data validity and reliability depend on robust collection methods4¢°. Accordingly,
standardization was emphasized across Papers I-III. This includes uniform
instructions, warm-up and assessment protocols and rest intervals, for example.
The same assessor was used for pre- and post-intervention assessments, to the
extent possible, as a step to reduce bias between assessors. To control for
circadian effects in performance and physiological responses, repeated visits in
Paper I, as well as the pre- and post-intervention assessment in the RCT, were
scheduled at the same time of day. Cross-centre standardization was supported
by identical equipment, protocols and site visits to align training supervisors and
assessors.
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Blood Analyses

While an extensive discussion could be devoted to blood sampling methodology,
including pre- and post-analytical considerations, I will highlight two key points
regarding blood sample analyses and BDNF, a primary outcome in Paper I.

In Paper I, biomarker concentrations were adjusted for exercise-induced changes
in plasma volume, ensuring that observed changes reflected physiological
response rather than shifts due to haemoconcentration3%. This correction
attenuated the increase in analyte levels by approximately 5-10%. Notably,
without this adjustment, several analytes would have appeared to increase
significantly, potentially leading to an overestimation of the exercise effect. This
highlights a possible source of bias that may be present in other studies when this
correction is not performed, perhaps influenced by the tendency to emphasize
positive or novel findings.

Further, similar to much of the existing literature on BDNF, the analysis did not
differentiate between its two primary isoforms: mature BDNF and proBDNF. In
brief, these isoforms have opposing biological actions with mature BDNF
responsible for the neuroprotective and neuroplastic benefits via its binding to
Trk receptors, while proBDNF is associated with apoptotic and
neurodegenerative processes46. The lack of isoform-specific analysis, along with
methodological differences such as the use of plasma versus serum, may
contribute to inconsistencies in the literature. Nevertheless, some recent evidence
suggests that proBDNF is unresponsive to exercise stimuli462 suggesting that
acute exercise-induced changes in circulating BDNF are primarily driven by
increases in mature BDNF. Thus, BDNF analyses in the RCT should analyse
mature BDNF.

Monitoring

One methodological strength shared by Paper I and II is the use of thorough
measurement protocols. This included continuous monitoring of indirect
calorimetry and physiological parameters, symptom ratings, perceived exertion
and external workload. As such, we were able to characterize the exercise
response across the physiological, subjective and objective domains, providing a
nuanced understanding of the exercise load. These insights also offered valuable
information to guide our further research in the RCT and tailoring the exercise
protocols. In Paper I and II, different systems for indirect calorimetry were used
during the CPET compared to that during supramaximal HIIT, MICT and,
mBCST, which introduces a source of bias. While this does not affect comparisons
between the COPD and healthy controls, or comparisons between supramaximal
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HIIT and MICT, data expressed as a percentage of CPET values should be
interpreted with this limitation in mind.

Ceiling Effects?

A potential limitation in the RCT is ceiling effects in some outcomes. That is,
when the highest possible performance or score is not high enough, or there is
little or no improvement in performance of the task despite true gains in capacity.
Given the heterogeneity of participants’ physical function, certain assessments
are easy for some and difficult for others (e.g., stair-climb power and five-times-
sit-to-stand). For isotonic quadriceps power on the Biodex, the low breaking force
(1 Nm), while being found to be reliably in a healthy population, likely produces
ceiling effects in participants with well-preserved neuromuscular function. A
higher breaking force, such as a percentage of 1-repetition maximum, would
maybe better detect change. These constraints reduce responsiveness,
particularly in healthy controls of younger age. As a mitigation, we will consider
sensitivity analyses excluding high baseline performers (e.g., those above 400 °/s
in the Biodex quadriceps power test or those climbing a 10-step flight of stairs in
~3 seconds). Notably, some outcomes are indeed responsive based on previous
literature and our perception as assessors within the RCT, highlight that not least
the CWRT (time to exhaustion)426, the isotonic quadriceps strength and
endurance test, as well as the TMTs are highly responsive. Still, no formal analysis
has yet been performed in the RCT and will only be performed once all
participants have been included in each phase of the study.

Usual Care Arm

The primary aim of including the usual care arm is to enable us to evaluate if
exercise training, regardless of exercise intensity, impacts neurodegeneration
trajectories over time. Including this arm in randomisation was avoided for
pragmatic reasons, mainly recruitment feasibility. Participants in this arm are
not required to attend supervised sessions, allowing inclusion of those living
farther from trial centres, as they only attend baseline and 24-month
assessments. In Umes, this has facilitated inclusion of participants from locations
such as Ornskéldsvik (110 km away), Lycksele (128 km away) and even Luled (265
km away). However, as randomisation minimizes bias associated with
allocationss1463, this introduces selection bias and potentially a group that differs
systematically from those in the other intervention arms. To mitigate this
limitation, participants in the usual care arm will be matched to those in the
intervention arms based on key variables: age, sex, disease severity, education
level, and objectively measured physical activity. While this matching approach
helps reduce confounding, it does not fully replace the benefits of randomisation.
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Practical Implications and Future Research

The findings of this thesis have several practical implications for the design,
implementation, and reporting of exercise training for people with COPD.
Collectively, the findings support supramaximal HIIT as a feasible and
physiologically adequate training modality in COPD, while also identifying major
gaps in how exercise interventions are reported in the scientific literature.

From a clinical perspective, supramaximal HIIT provides a time-efficient and
attractive alternative to MICT. The protocol allowed participants with COPD to
exercise at higher external workloads without increasing dyspnea or overall
ventilatory strain. When appropriately prescribed, supervised, and individually
progressed, supramaximal HIIT can therefore represent a viable, potentially
superior, exercise strategy within pulmonary rehabilitation, perhaps particularly
for patients limited by dyspnea during sustained continuous exercise.

The use of RPM-independent cycle ergometers in this thesis ensured precise
control of workload during supramaximal HIIT, without requiring manual
resistance adjustments. In the RCT, shis setup also enabled measurement of the
work performed and objective tracking of adherence during phase 2, as all
exercise data were automatically recorded. A similar protocol has also been
successfully applied in healthy older adults using conventional cadence-
dependent ergometers31©:315, For broader clinical and community use, guidance
on how to reach the intended intensity through cadence, resistance, or perceived
dyspnea or exertion could support implementation. Workload-controlled
systems offer advantages for standardisation and supervision, but conventional
ergometers remain a practical alternative when properly standardized. Future
work should evaluate and refine these methodological adaptations to ensure
safety, fidelity and effectiveness across diverse training settings. Recently, it was
shown that supramaximal HIIT can be implemented for older adults in a
community setting, provided adequate support is available464, although its long-
term effectiveness in healthy and clinical populations remains to be established.

The mBCST showed promise as a clinically applicable method to determine
individualised workloads for supramaximal HIIT. It enabled prescription of high
external intensities while reducing ventilatory strain. This approach could help
clinicians better match exercise prescription to an individual’s tolerance, to
improve training outcomes. However, further evaluation of other measurement
properties, including reliability and responsiveness, still needs to be performed.
While the mBCST workloads in this thesis were based on MAP achieved during
CPET, a CPET is not strictly required to perform the test. Workload increments
could instead be estimated from predicted MAP values using normative
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equations, such as those in the ERS CPET guidelines28. This may broaden
mBCST applicability where CPET is unavailable, though further validation is
needed before such approaches can be recommended, especially for older
individuals with COPD or other chronic respiratory diseases.

From a methodological standpoint, the systematic review revealed that many
aerobic exercise trials in COPD fail to adequately describe important aspects of
their interventions. This lack of transparency limits reproducibility and the ability
to interpret and apply findings in clinical settings. The low reporting of training
principles indicates that aerobic interventions in COPD are not optimally
designed, possibly reducing intervention efficacy. As such, individuals with COPD
may not receive full benefits that better designed exercise program could provide.

Looking ahead, long-term RCTs are needed to determine the effectiveness of
supramaximal HIIT on improving extrapulmonary manifestations in COPD,
which will be addressed in the ongoing COPD-HIIT RCT. Phase 2 of this trial,
where participants train relatively independently, including at home, provides an
initial step toward real-world implementation, but more rigorous
implementation research is needed to evaluate feasibility, safety, and adherence
in clinical and non-clinical settings. Future studies could also investigate the
optimal duration and type of recovery in between the supramaximal bouts to
optimise prescription, as these parameters influence the tolerance to repeated
bouts4¢s. It would also be of interest to explore the applicability of supramaximal
HIIT in other populations where dyspnea and limited exercise capacity are key
features, such as chronic heart failure466 and other chronic respiratory diseases
including interstitial lung disease4¢7. Finally, future trials within pulmonary
rehabilitation should consistently apply standardized reporting frameworks
(CONSORT, TIDieR, CERT) to improve transparency, replication, clinical
translation and reduce research waste.
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Conclusions

Based on the findings of this thesis, the following conclusions can be drawn:

Short-duration, watt-controlled supramaximal HIIT appears feasible for
individuals with COPD. It allows higher external exercise intensities while
reducing ventilatory demand and perceived dyspnea compared with MICT.

Both supramaximal HIIT and MICT acutely increased plasma BDNF levels in
individuals with COPD and in healthy controls, indicating preserved
neurotrophic responsiveness to exercise in COPD, that could contribute to
the cognitive and neuroprotective benefits of exercise training.

The mBCST is a feasible test in people with COPD and matched healthy
controls. It enables supramaximal external workloads and may be better
suited than CPET for prescribing supramaximal exercise intensities.

The ongoing COPD-HIIT RCT has currently enrolled more than half of its
target sample size. A representative COPD cohort and a relatively well-
matched control group have been included, and the first participants have
completed their 24-month follow-up.

At baseline, participants with COPD demonstrate reductions in cognitive,
cardiorespiratory and quadriceps function. The COPD-HIIT RCT will provide
insights into the effectiveness of supramaximal HIIT to improve these
extrapulmonary outcomes.

The reporting quality and application of exercise training principles in
aerobic training RCT's involving COPD is suboptimal. Improved adherence to
established reporting frameworks is essential to enhance reproducibility,
clinical translation, and evidence-based practice.
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