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Abstract
Background: After prolonged intensive care unit (ICU) admission, 50% of survivors develop
ICU-acquired weakness (ICU-AW), causing disability up to 5-years post-ICU discharge.
However, its underlying mechanisms remain unclear. ICU-AW research has yet to examine
systemic and peripheral factors influencing the oxygen delivery pathway, commonly studied in
exercise science. However, the lack of standardized follow-up protocols for this population

restricts the quantitative evaluation of peak oxygen uptake (VOZpeak), on/off oxygen uptake

(VO,) kinetics, and skeletal muscle oxygenation. Recently, we published a standardized single-
session exercise test (CPET) protocol in healthy-young-adults with unpublished near-infrared
spectroscopy (NIRS) data. Objective: This thesis aims to (1) develop a standardized, single-

session CPET protocol tailored to ICU-survivors for integrated assessment of Vozpeak,

VO, kinetics, and localized skeletal muscle oxygenation; and (2) analyze retrospective NIRS data
from Santana et al., (2025). Methods: Key adaptations from Santana et al., (2025) involve:
proposing a literature-derived ICU correction factor to determine constant work rate (CWR) at
30% V 03y eserve; and proposing an incremental ramp protocol based on self-reported functional
status to individualize each ramp protocol (5, 10, 15, or 20W.min !); with NIRS placed on the
vastus lateralis muscle to assess tissue saturation index (TSI) and deoxy-hemoglobin (HHb).
Retrospective analysis of healthy NIRS data (n=11 males and n=9 females) involve reporting
TSIeak and HHb on/off-kinetics from an upright cycle ergometer combined single-session.
Results: Developed and applied the ICU-Combined Assessment of cardioRespiratory Exercise
(ICU-CARE) CPET protocol to collect preliminary ICU-survivor data (n=2), suggesting that
NIRS data can be measured with adequate VO, data in a single-session on/off kinetics

assessment which can be fitted mono-exponentially. Supporting the application of NIRS, the



healthy retrospective analysis demonstrates that TSI and HHb can be measured within the
protocol proposed by Santana et al., (2025), reporting: HHb kinetics fitted monoexponentially
(on-kinetics n=5 females, n=7 males; off-kinetics n=3 females, n=7 males); TSI,cax [%0]

at VOzpeak 74.4+14.4 (n=5 females), 57.3+5.0 (n=7 males). Conclusions: Conducted a
retrospective NIRS analysis and developed a standardized single-session ICU-CARE CPET
protocol to quantify Vozpeak, on/off VO, kinetics, and skeletal muscle microvascular

oxygenation for ICU-survivors to enable future ICU-AW research.
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CHAPTER ONE: Introduction

In modern critical care, survival is no longer the ultimate accomplishment (Harvey &
Davidson, 2016), it is merely the beginning, where the rise of ICU survivorship forms a unique
vulnerable population. Amid a rapidly aging population and modern medicine, more critically ill
patients survive (Sayde, 2024), resulting in a growing population with persistent impairments
extending beyond ICU stay (Jawa et al., 2025). Following extended ICU admissions, 50% of
survivors of critical illness develop generalized skeletal muscle dysfunction, of unknown cause,
resulting in functional and physical impairments termed ‘intensive care unit-acquired weakness’
(ICU-AW) (Griffiths et al., 2004; Griffiths & Hall, 2010; Jawa et al., 2025). Clinicians currently
recognize ICU-AW as a clinical syndrome (Fan et al., 2014) of skeletal muscle and motor nerve
dysfunction that develops during and after critical illness (Lad, Saumur, Herridge, dos Santos, et
al., 2020). Traditional approaches for studying ICU-AW primarily focus on isolated skeletal
muscle pathology, providing a narrow scope that may neglect the in-vivo physiological
environment (Mendelson et al., 2023).

ICU-AW research is experiencing a shift from isolated skeletal muscle biology towards
the global investigation of the integrated physiological responses throughout the oxygen delivery
pathway (Mendelson et al., 2023). Given the consistent findings demonstrating that ICU-
survivors face reduced exercise capacity and limited aerobic fitness after critical illness
(Benington et al., 2012; Clavario et al., 2021; Joris et al., 2021; Longobardi et al., 2022; Mart et
al., 2022; Van Aerde et al., 2021) and lower cardiorespiratory function association with higher
mortality rates (Strasser, 2018), it is critical to examine the integrated physiological mechanisms

involved in oxygen delivery and utilization through exercise testing, to enable investigation of
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systemic factors and a broader investigation of the underlying pathophysiology of ICU-AW that
results in decreased exercise tolerance.

Studies of exercise in ICU survivors (Benington et al., 2012; Clavario et al., 2021; Joris
et al., 2021; Longobardi et al., 2022; Mart et al., 2022; Van Aerde et al., 2021) often fail to
assess local skeletal muscle function — at the microvascular level — crucial to evaluate skeletal
muscle oxygen uptake efficiency during exercise. Yet, in diseased states (e.g., chronic heart
failure, emphysema, type II diabetes), impaired microvascular oxygen delivery can disrupt the
balance between oxygen supply and skeletal muscle demand (Poole & Jones, 2012). Literature
suggests that an impediment at any upstream site along the oxygen delivery pathway (i.e., lungs,
cardiac, vascular, and microvascular) can result in a decreased oxygen delivery, slowing oxygen
uptake kinetics, and ultimately impairing exercise performance (Poole & Jones, 2012).
Therefore, isolated skeletal muscle biology may overlook the complex integrated physiological
systems required to coordinate oxygen delivery and metabolism to the tissue level during
locomotion (Mendelson et al., 2023); an area of research that has not yet been thoroughly
evaluated in the ICU-survivor population. An issue, considering ICU-AW prevalence and the
lack of effective interventions to rehabilitate skeletal muscle after ICU discharge, is that the
pathophysiology of ICU-AW remains poorly understood (Mart et al., 2022), vastly overlooking
vascular and systemic factors, particularly microvascular dysfunction and its relationship with
ICU-AW.

A method to explore the physiological knowledge gap, to allow for a non-invasive
assessment of microvascular function in ICU-survivors, is through the application of near-
infrared spectroscopy (NIRS). Considering skeletal muscles ability to increase oxygen

consumption 100-fold during maximal exercise (Poole et al., 2022), NIRS offers a portable non-

12



invasive solution providing real-time and high-resolution information of local perfusion of
oxygen to the exercising skeletal muscle (Tuesta et al., 2022). Research suggests its application
in clinical studies to measure the effects of exercise on muscle oxygenation, hemodynamics, and
metabolism in patient populations experiencing central and peripheral vascular alterations
(Tuesta et al., 2022).

In both healthy and cardiorespiratory-diseased individuals, cardiorespiratory fitness is
one of the strongest independent predictors of overall life expectancy (Strasser, 2018). The
cardiopulmonary exercise test (CPET) is a clinical and research assessment tool to assess aerobic
fitness and exercise capacity, used to predict health outcomes, diagnose cardiopulmonary
dysfunction, functional limitations, and assess interventions (Longobardi et al., 2022). In 2016,
the American Heart Association suggested that it is important to assess cardiorespiratory fitness
in clinical practice, which led to the rise of CPET use in clinical disease risk prediction and the
adoption of larger-scale clinical studies (Ross et al., 2016; Song et al., 2022). Yet, its application
has not yet been routinely prescribed in ICU follow-up care. Research and clinical
methodologies vary widely, either sacrificing comprehensive data or conducting separate
sessions when assessing both on-kinetics (rest-to-exercise transitions at a constant work rate) and
off-kinetics (exercise-to-recovery transitions) (Santana et al., 2025). Particularly a barrier to
vulnerable populations and clinical research, where multi-session visits may be a less practical
method within a clinical setting and a simple design for the participant is preferred (McDonald et
al., 2006). Relevant, as ICU follow-up research holds unique challenges in participant
recruitment, amid the associated burden of caregivers (Cameron et al., 2016).

A significant clinical practical gap remains. For example, literature highlights the lack of

standardized ICU follow-up care (Jawa et al., 2025), particularly, a single-session CPET protocol
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to assess oxygen transport and utilization comprehensively, where pulmonary and microvascular
oxygen kinetics remain under-characterized within the ICU population. A solution that is well
established in other chronic cardiorespiratory disease populations (Radtke et al., 2019). Research
suggests the use of the CPET as a practical method to assess exercise capacity in ICU-survivors,
with benefits including guiding rehabilitation programs (Van Aerde et al., 2021), exercise
prescription, and assessing responses to research interventions (Benington et al., 2012).
However, many of the established ICU follow-up care clinics lack a formalized process for the
implementation of CPET. Therefore, pushing research towards the development of a
comprehensive, streamlined, and standardized protocol necessary to ameliorate recruitment and
retention (Jawa et al., 2025).

Recently, our team developed a single-session CPET protocol for a combined assessment
of Vozpeak and on/off VOZ kinetics in healthy adults on a cycle ergometer (Santana et al., 2025).
Given its streamlined, single-session approach, in a weight-bearing exercise, its clinical
application holds innate benefits which may similarly provide a systematic methodological
approach for studying exercise responses in ICU-survivors. However, to enable further
investigation of the physiological underpinnings of ICU-AW, a significant research gap remains.
Currently, there is no standardized, single-session protocol integrating CPET-derived oxygen
on/off kinetics complemented by quantitative insights provided by NIRS technology to
comprehensively assess exercise capacity and skeletal muscle microvascular function tailored to
accommodate the ICU-survivor population.

This thesis intends to lay the foundation to allow future research to address both the
clinical practice and research gaps. Building upon Santana et al., (2025), key adaptations

involve: proposing a literature-derived ICU correction factor to determine constant work rate
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(CWR) at 30% V 0,,¢serpe; and proposing an incremental ramp protocol based on self-reported
functional status to individualize each ramp protocol (5, 10, 15, or 20W.min"!); integrating a
NIRS assessment, to provide a patient-centered approach to enable further investigation of ICU-
AW. By engaging patients in protocol design, through an individualized approach within a
single-session design, in hopes of improving clinical practice and research efficiency in future
studies.

To reach this goal, this thesis proposes the development of a comprehensive standardized
CPET protocol, measuring peak oxygen uptake (Vozpeak), VO, on/off-kinetics including an
individualized constant work rate, and skeletal muscle oxygenation (tissue saturation index and
deoxy hemoglobin) responses in ICU-survivors in a single session. This ICU Combined
Assessment of cardioRespiratory Exercise (ICU-CARE) CPET protocol allows evaluation of
exercise capacity, how fast and efficiently the cardiorespiratory systems meet muscle O2
demands of exercise (on-kinetics), how quickly central (i.e., systemic, cardiopulmonary) and
peripheral (i.e., local, skeletal muscle) systems recover (off-kinetics), and insight into the
microvascular oxygenation responses in ICU-survivors using a direct local measurement. Piloted
on two ICU survivor participants before larger-scale implementation for strategic planning
purposes. Additionally, a retrospective NIRS data analysis was conducted to determine whether
tissue saturation index (TSI) peak and on/off deoxy-hemoglobin (HHb) kinetics in healthy adults
could be obtained from our recently published, single-session, combined CPET protocol
(Santana et al., 2025). To later serve as a reference to enable future investigation of ICU-AW
and/or microvascular dysfunction by comparing healthy and similar data collected in ICU-
survivors to determine similarities or deviations of central or peripheral CPET-NIRS derived

responsces.
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CHAPTER TWO: Literature Review
The goal of this chapter is to provide a literature review to support the rationale for this
thesis. First, by building upon an overview of ICU survivorship advancement and the emergence
of ICU-AW. Followed by the recent transitions in research, regarding the investigation of the
physiological mechanisms underlying ICU-AW, including the identification of knowledge gaps.
Next, the discussion will transition to reviewing tools for exploring the oxygen delivery pathway
that will enable new directions of research, including both local microvascular and global

cardiopulmonary assessment methods, to justify thesis deliverables.

2.1 Advances in Critical Care Unit Survivorship

Over the past 60 years, intensive critical care has undergone remarkable advancements in
short-term survival, enabling the survival of more severely ill and injured patients (Harvey &
Davidson, 2016). Critical illness professionals are starting to recognize that short-term outcomes
have drastically improved, increasing critical illness survivorship (Sayde, 2024). For instance, a
pivotal point in critical care medicine occurred during the 1952 Copenhagen poliomyelitis
epidemic, where anesthesiologist Bjern Ibsen introduced positive pressure manual ventilation via
tracheostomy, significantly reducing mortality rate from ~90% to 25% (West, 2005). Such
breakthroughs in technology inspired deeper exploration of human pathophysiology (Adhikari et
al., 2010). Having established the increase in ICU survivorship, the next section explores the
shift from survival to recovery.
2.2 Shift from Survival to Recovery

Critical care research has primarily focused on vital organs and short-term mortality to
achieve a ‘cure’ to attain survivorship, whereas now, there is a demand for enhancing recovery

and patient-centered outcomes (Battle et al., 2019; Denehy et al., 2013; Prescott et al., 2019). A
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shift that has become more noticeable during the coronavirus disease 2019 (COVID-19)
pandemic, as attention expanded from mortality to morbidity focus (Longobardi et al., 2022). As
the population ages and ICU survivorship increases (Sayde, 2024), critical care is an increasingly
valuable resource in increasing demand. Therefore, critical care must evolve to address these
demands that extend beyond the initial critical illness.

Growing attention is now being directed towards the long-term consequences of critical
illness, with impairments associated with diminished quality of life (Berney et al., 2012),
increased healthcare utilization, as well as a significant socio-economic burden for both patients
and their caregivers (Puthucheary & Denehy, 2015; Tiru et al., 2015). To increase awareness
(Harvey & Davidson, 2016), experts at a Society of Critical Care Medicine conference coined
the term post-intensive care syndrome (PICS) in 2010 to describe a new persistent decline of
physical, cognitive, and mental functioning, for which other causes have been excluded (Smith &
Rahman, 2025). PICS remains highly prevalent, as up to 80% of ICU-survivors suffer from
cognitive, psychological and functional long-term consequences (Colbenson et al., 2019; Jawa et
al., 2025).

Amidst the shift towards recovery (Harvey & Davidson, 2016), there is a growing
demand to alleviate PICS by enhancing patient-centered outcomes in ICU-survivors (Battle et
al., 2019; Denehy et al., 2013; Prescott et al., 2019). Despite Canada’s efforts to begin opening
ICU follow-up clinics, there remains a significant gap — the lack of standardized post-ICU
follow-up care (Jawa et al., 2025). This is particularly relevant in Manitoba, where the absence
of a structured post-ICU care continues to affect patients, despite evidence of long-term
consequences lasting up to 5 years post-ICU discharge (Herridge et al., 2011a; Van Aerde et al.,

2021).
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The rise of ICU survivorship unveils the opportunity to improve the unmet needs of this
population. However, the complexity of survivors requires further investigation of PICS before
implementing a holistic follow-up clinic. Therefore, this thesis will adopt a step-by-step

approach, targeting one aspect of PICS, where the next section explores ICU-AW.

2.3 ICU-Acquired Weakness
Definition

A prominent subdivision of PICS is ‘intensive care unit-acquired weakness’ (ICU-AW)
(Jawa et al., 2025) - a syndrome of generalized muscle weakness that emerges during and after
critical illness, often involving myopathy and neuropathy, impairing function and quality of life
(Fan et al., 2014; Hassan Farhan et al., 2016; Jawa et al., 2025; Schefold et al., 2010; Wang et
al., 2020). Subsequent advancements in electrophysiological testing and muscle biopsy
techniques in the 1990s and early 2000s further enhanced diagnostic capabilities, permitting
subtype CIP (Hassan Farhan et al., 2016); involving critical illness myopathy (CIM), and when
CIM and CIP coexist, critical illness neuromyopathy (CINM) (Hassan Farhan et al., 2016).
Etiology

Early understandings of ICU-AW emphasize neuropathy, muscle atrophy and
mitochondrial dysfunction (Mendelson et al., 2023). However, recent research now recognizes
ICU-AW to be more than just the result of disuse, but instead a distinct pathological syndrome
(Lad, Saumur, Herridge, Dos Santos, et al., 2020). Yet, the precise pathophysiological
mechanisms remain unclear (Lad, Saumur, Herridge, Dos Santos, et al., 2020). Research
suggests that the etiology of ICU-AW is multifactorial (Benington et al., 2012; Lad, Saumur,
Herridge, Dos Santos, et al., 2020; Prescott et al., 2019; Vanhorebeek et al., 2020), potentially

rooted to both individual factors, such as pre-existing condition, comorbidities, sex, and older
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age, as well as ICU-related factors (Herridge et al., 2011a; Hiser et al., 2023; Jawa et al., 2025;
Lee et al., 2020; Needham et al., 2012; Salluh et al., 2015; Turnbull et al., 2016). These ICU-
related factors include systemic inflammation, such as sepsis-induced systemic inflammation,
leading to direct muscle injury and metabolic disturbances (Schefold et al., 2010), often
involving prolonged mechanical ventilation (Friedrich et al., 2015), immobility (Hassan Farhan
et al., 2016), and the use of corticosteroids as contributing factors to ICU-AW development
(Schefold et al., 2010).
Symptoms

ICU-AW symptoms include persistent muscle weakness, reduced mobility, chronic pain,
chronic fatigue, reduced exercise capacity and increased exercise intolerance (Fan et al., 2014;
Hassan Farhan et al., 2016; Jawa et al., 2025; Schefold et al., 2010; Wang et al., 2020). These
symptoms can persist for months to years (Ballve et al., 2017; Herridge et al., 2011b; Jawa et al.,
2025), including wide-ranging effects - significantly reducing quality of life, hindering activities
of daily living, and delaying return to work (Griffiths et al., 2004; Griffiths & Hall, 2010; Jawa et
al., 2025). It also directly contributes to the patient’s long-term morbidity and loss of
independence (Batt, Herridge, & Dos Santos, 2019; Schefold et al., 2010), causing a strain on
caregivers (Herridge et al., 2011) and families (Harvey & Davidson, 2016). All of which
contribute to a broader societal and economic burden, as ICU-AW increases readmission rates,
increasing healthcare utilization (Hermans et al., 2014), placing a substantial strain on public
health resources.

Despite its clinical significance, the classification of ICU-AW remains without consensus
for the “gold standard” diagnostic tool, as no single tool can provide a definitive diagnosis of

ICU-AW, necessitating a combined approach (Xin et al., 2025; Yang, Li, Jiang, Wang, et al.,
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2018). The most widely used method includes manual muscle testing using the Medical Research
Council (MRC) sum score, where a score below 48 (out of 60) indicates clinically significant
weakness in awake and cooperative patients, limiting its applicability and specificity within ICU
settings (Xin et al., 2025). Other methods include electrophysiological testing, histopathological
evaluations, inflammatory markers, and ultrasound, which improve specificity (Xin et al., 2025).
However, less invasive techniques should be further investigated.
Prevalence

The prevalence of ICU-AW varies by population and clinical context. Most recently,
Jawa et al. (2025) reported that ICU-AW affects up to 50% of general ICU-survivors, while
Hassan Farhan et al. (2016) reported 56-74% within a surgical ICU context. Among septic
patients, Schefold et al. (2010) and Wang et al. (2020) reported that up to 70% of patients
acquire this condition, underscoring ICU-AW’s high incidence and relevance that remains a
pertinent issue today (Schefold et al., 2010; Wang et al., 2020). It is important to identify the risk
factors related to ICU-AW, which is discussed in the next section.
2.3.1 Risk Factors

Influenced by a complex interplay of patient-specific and ICU-related factors, ICU-AW
risk factors may include sepsis, prolonged mechanical ventilation, immobility, systemic
inflammation, and pharmacologic interventions, such as corticosteroids and sedatives. Next is a
brief overview of the risk factors and their association with ICU-AW.
Sepsis

Defined by multi-organ failure, a significant risk factor for developing ICU-AW is sepsis
(Rozenberg et al., 2023). Historically, clinicians have documented observations of unexplained

weakness in critically ill patients. A “rapid loss of flesh” was reported to be linked with sepsis as
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early as 1892 (Osler W. D., 1892), laying the foundation of muscle wasting and its link with
critical illness complications. The word ‘sepsis’ derives from an ancient Greek word, referring to
‘rot”, ‘decomposition’, or ‘decay’ in the presence of bacteria (Geroulanos & Douka, 2006). The
modern definition of sepsis is termed a life-threatening organ dysfunction caused by the
dysregulated host response to infection (Singer et al., 2016) that can cause a cascade of events,
such as systemic inflammation, muscle breakdown, impaired contractility, and reduced capacity
for muscle repair (Batt, Herridge, & dos Santos, 2019; Lad, Saumur, Herridge, dos Santos, et al.,
2020). In 2017, the prevalence of sepsis was reported (Rudd et al., 2020), with over 47 million
cases and at least 11 million sepsis-related deaths, accounting for 1 in 5 of all deaths globally,
establishing sepsis as a leading global health issue (Rudd et al., 2020). Sepsis remains one of the
leading causes of death within the ICU (Schefold et al., 2010). Notably, research reports that CIP
is most commonly associated with severe sepsis, almost five times higher than in patients
without multiorgan failure (Hassan Farhan et al., 2016). Involving its inherent systemic
complexity, sepsis remains a leading cause of ICU-AW, and is often linked with mechanical
ventilation (Schefold et al., 2010; Wang et al., 2020; Yang, Li, Jiang, Wang, et al., 2018).
Mechanical Ventilation

Prolonged mechanical ventilation in ICU patients > 7 days is the prior threshold for the
development of ICU-AW (Herridge et al., 2016). Mechanical ventilation, even after as little as
two days, causes rapid atrophy of respiratory musculature due to automatic unloading (Smith &
Rahman, 2025). One study suggests that CT scans reveal diaphragm thinning at an average rate
of 6% per day in medical ICU patients (n = 7) (Grosu et al., 2012). Strikingly, ICU-AW occurs
in 25% to 75% mechanically ventilated patients (Fan et al., 2014). Additionally, the

administration of opiates and sedatives has been found to exacerbate disuse and atrophy,
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dampening neural activity of the respiratory musculature, further complicating efforts to wean
patients from ventilators (Hassan Farhan et al., 2016; Smith & Rahman, 2025), exacerbating both
pulmonary and systemic inflammation, and inducing proinflammatory cytokine expression in
peripheral blood (Dhanireddy et al., 2006).
Systemic Inflammation

Whether driven by sepsis, trauma, or the physiological stress of critical illness, persistent
systemic inflammation, including elevated levels of tumor necrosis factor-alpha (TNF-a),
interleukin-6 (IL-6), IL-1p and IL-10, leads towards myopathy and neuropathy, resulting in poor
oxygenation of local tissues, which may further exacerbate the development of ICU-AW (Guo et
al., 2024). Inflammation is managed with corticosteroids (Yang, Li, Jiang, & Xi, 2018).
Treatment Using Corticosteroids

Due to its anti-inflammatory and anti-fibrotic effects, the use of corticosteroids is a key
treatment for critically ill patients (Yang, Li, Jiang, & Xi, 2018). For example, corticosteroid
therapy results in a shorter duration of mechanical ventilation, faster resolution for patients in
shock, and shorter ICU hospitalization, yet its side effects remain controversial. Research
suggests a significant association between corticosteroid use and ICU-AW (Yang, Li, Jiang, &
Xi, 2018). Furthermore, recent research has also increasingly focused on the role of
immobilization in ICU-AW (Chambers et al., 2009; Needham, 2008).
Immobilization

Prolonged bed rest and immobilization can rapidly weaken the muscles of ICU patients
(Smith & Rahman, 2025). Research shows that muscle mass can decrease by approximately 2%
per day (Hassan Farhan et al., 2016), with patient immobilization leading to over 10% muscle

loss, linked to functional impairment (Puthucheary et al., 2013; Vanhorebeek et al., 2020). The
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effects of immobility has led to the promotion of sedative interruption and early rehabilitation
therapy (Fan et al., 2014). However, ICU-AW is suspected to be more complex than simply a
muscle atrophying condition, requiring further investigation (Lad, Saumur, Herridge, Dos

Santos, et al., 2020). Emerging research is now shifting from isolated skeletal muscle biology

towards a more integrated physiological response investigation (Mendelson et al., 2023).

2.3.2 Shift from Isolated Skeletal Muscle Biology towards Integrative Physiology

ICU-AW has long been recognized as a pathological condition affecting skeletal muscle,
characterized by localized neuromuscular impairments, such as CIM, CIP, or their combination
(Hassan Farhan et al., 2016). Yet, research focused on isolated skeletal muscle biology may
overlook complex and integrated physiological systems responsible for coordinating oxygen
delivery to the terminal sites of utilization. A site otherwise known as the microvascular-myocyte
oxygen exchange (Hirai et al., 2019). This perspective has led to a shift in research focus from
local skeletal muscle biology towards the investigation of integrative physiologic responses
across the oxygen delivery and utilization pathways (Mendelson et al., 2023). Prompting a shift
beyond cellular and structural skeletal muscle pathology towards examining how impairments

across these pathways may drive the symptoms of ICU-AW (Mendelson et al., 2023).

2.4 Role of Oxygen Delivery

Oxygen transport relies heavily on the coordinated interactions between the
cardiovascular, pulmonary, and peripheral systems (Roy & Secomb, 2021), to deliver this
fundamental molecule necessary to sustain energy production throughout the body, to tolerate
functional independence (Tuesta et al., 2022). Fundamental to understanding exercise in health
and disease populations (Dominelli et al., 2021). The next section discusses a brief overview of

the pulmonary, cardiovascular, and peripheral systems.
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2.4.1 Circulatory Overview

The circulatory system supports tissue metabolism by transporting oxygen and nutrients
to tissues and removing metabolic waste products through a highly integrated transport network,
crucial for maintaining cellular homeostasis (Rademakers et al., 2019). Blood circulation occurs
through two interconnected loops: pulmonary circulation, which enables gas exchange in the
lungs, and systemic circulation, which distributes oxygenated blood to tissues (Ainab et al.,
2025).
Pulmonary System

The pulmonary system is responsible for oxygen diffusion from lungs into the
bloodstream (Amador et al., 2025). Blood consists of white blood cells, platelets, plasma and red
blood cells (RBC) (Jyoti Batra et al., 2022). RBCs contain millions of molecules of hemoglobin,
a protein carrier that binds oxygen in the lungs, and transports oxygen within arteries towards the
last step of the oxygen delivery pathway — the diffusion of oxygen from capillaries to cells,
utilized within mitochondria for oxidative metabolism, a form of ATP generation through
oxidative phosphorylation, enabling greater energy production than through anaerobic metabolic
pathways (Pittman, 2011). Any dysfunction of the pulmonary system, for example, caused by
tissue damage affecting lung structure or weakness of the respiratory muscle, can limit arterial
oxygen content, reducing overall oxygen delivery which may influence the oxygen cascade and
peak oxygen uptake (Roy & Secomb, 2021).
Cardiovascular System

The cardiovascular system is responsible for transporting oxygenated blood to peripheral
systems (Roy & Secomb, 2021). In healthy individuals, macrocirculation regulates whole-body

blood flow and perfusion pressure (Joyner & Limberg, 2014). However, cardiac dysfunction, as
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seen in chronic heart failure patients, results in a reduced oxygen supply to peripheral tissues,
both at rest and during exercise, due to a diminished ejection fraction, stroke volume, and a heart
rate response, insufficient to compensate for the reduced stroke volume, which is often linked to
exercise intolerance (Poole et al., 2012).
Peripheral System

The peripheral system, including muscles and microcirculation, plays a vital role in the
autoregulation of oxygen extraction at the tissue level (Mendelson et al., 2023). Skeletal muscle
has the widest range of oxygen metabolism of any other tissue or organ, and this range of
metabolism is needed, as well as increased blood flow to help tolerate exercise or activities of
daily living which are performed largely by repetitive and rhythmic skeletal muscle activity
(Mendelson et al., 2023). Typically, microcirculation controls the local blood flow distribution
(Bagher & Segal, 2011) and oxygen diffusion into tissues (Poole et al., 2022). In healthy
individuals, regulation is mediated by microcirculation and mitochondria, the terminal sites of
oxygen diffusion and utilization to produce the energy required for muscle contraction (Roy &
Secomb, 2021), important for activities of daily living. The next section introduces a brief

overview of the microcirculation.

2.4.2 Microcirculation Overview

Microcirculation is made up of tiny blood vessels, comprising arterioles, capillaries, and
venules, which functions to form a metabolic exchange interface between blood and tissues
(Mendelson et al., 2023). Specifically, the structure of arterioles are lined with smooth muscle,
acting as the primary site of resistance to regulate blood entry to capillaries via vasodilation and
vasoconstriction, modulated by myogenic, metabolic, and neurohumoral mechanisms (Roy &

Secomb, 2021). Capillaries facilitate metabolic exchange, as its structure is composed of a single
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endothelial cell lining with numerous routes optimizing surface area (Wenceslau et al., 2021),
arguably the most important of the cardiovascular system to allow for oxygen exchange (Guven
et al., 2020). Then, post-capillary venules return deoxygenated blood to larger veins and the heart
(Guven et al., 2020). The primary function of microcirculation is to ensure adequate tissue
perfusion, to match blood flow and oxygen delivery to meet metabolic demands of the
corresponding tissue, playing a major role in organ (dys-)function (Chalkias et al., 2022).
Historically, microcirculation has been largely ignored as a therapeutic target, but is being
recognized as an area of opportunity to develop targeted evaluation techniques (Edul et al.,
2011). In this case, to identify if there is a link between microvascular dysfunction and ICU-AW.
The rate of tissue oxygen consumption and oxygen diffusion can be quantitatively described by
Fick’s Principle and Law of Diffusion, respectively, each operating at different physiological
scales.
Fick's Principle and Law of Diffusion

One of the central concepts in exercise physiology is in understanding how oxygen
moves throughout the body and at the tissue level. To help, an explanation of the Fick’s Principle
and the Fick’s Law of Diffusion is included. The Fick’s Principle is a foundational concept to
quantify oxygen transport from the atmosphere to the peripheral tissues, relevant, as the leg and
muscle VO relies on this principle (Poole & Jones, 2012). According to the Fick’s Principle, the
rate of muscle oxygen consumption (in this case, VO») is the product of muscle blood flow (Qm)
multiplied by the difference between arterial-venous blood (CaO: - CvOy):

VO, = Qm x (Ca0; - CvOy)

Where: VO, = oxygen uptake; Qm = muscle blood flow; CaO; - CvO; = arteriovenous oxygen

difference.
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Historically, changes in VOzpeak (exercise training, aging, disease) were attributed to

changes in oxygen delivery by changes in muscle’s perfusive O, flux, whereas now, attention is

being shifted to the role of O diffusion capacity (Poole & Musch, 2023). Where, the rate of

oxygen diffusion across the microvascular wall towards the myocyte and mitochondria is

described by the Fick’s Law of Diffusion. According to the Fick’s Law of Diffusion, the rate of

oxygen diffusion is the product of the muscle oxygen diffusion, multiplied by the difference
between microvascular PO; and the mitochondrial PO; in the equation below:
VO, = DOun x (microvascular PuyO2 - PtV O2)
Where: DO2n = muscle O; diffusion , PryO2 = microvascular partial pressure of O> (PO»);
PumitoVO2 = mitochondrial partial pressure of Oz (PO2).
To conceptualize these central concepts, I have incorporated both in the figure below,
demonstrating the pathway of oxygen transport (Barstow, 2019; Hirai et al., 2019; Poole &

Jones, 2012).
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Figure 1. Illustration of the oxygen delivery pathway. Illustration includes the Fick Principle,
Fick’s Law of Diffusion, HHb and TSI in the oxygen delivery pathway. Arrows depict the last
step of the oxygen delivery pathway, where oxygen travels from microcirculation to the
mitochondria. Illustration adapted from Hirai et al. (2019) (oxygen cascade, Figure 1 and Figure
4), Barstow et al. (2019) (micro illustration, NIRS data and Fick equations) and Poole and Jones

(2012) (Figure 3). Figure generated by Britney Blunderfield with BioRender.

2.4.3 Microvascular-Myocyte Oxygen Exchange

Microvascular-myocyte oxygen exchange, the process by which Oy is transferred from
blood to muscle for energy production, is critical for maintaining energy production throughout
the body and for muscle function (Tuesta et al., 2022). Skeletal muscles' response from rest to
peak exercise can increase oxygen consumption 100-fold (Poole et al., 2022). This increase in
oxygen consumption and muscle work correlates with a proportional increase in muscle blood

flow and indicates exquisite mechanisms for matching oxygen demand with supply (Murrant &
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Sarelius, 2015; Poole & Jones, 2012). Impairment in microvascular-myocyte oxygen exchange
leads to weakness and fatigue observed in chronic diseases and critical illness (Barstow, 2019).
The next section will briefly introduce skeletal muscle microcirculation in chronic disease and

critical illness.

2.5 Skeletal Muscle Microcirculation in Chronic Disease and Critical Illness

Impairments in vascular control mechanisms contribute to exercise limitations in disease
conditions (Poole et al., 2021). Disruptions along the oxygen delivery and utilization pathway
can impair energy production (Poole & Jones, 2012), leading to fatigue, reduced mobility, and
diminished quality of life (Poole et al., 2012). Additionally, bidirectional diseases such as heart
failure and frailty show cardiovascular involvement towards symptoms of ‘weakness’(Talha et
al., 2023), yet these have rarely been considered for ICU-AW.

The research focus of ICU-AW on isolated skeletal muscle biology, characterized by
changes within the myocyte and myofiber, resulting in the loss of muscle mass and impaired
contractility, is now being proposed to broadened its scope (Rozenberg et al., 2023). We know
that ICU-survivors experience impaired exercise capacity and reduced muscular oxygen
metabolism, suggesting mitochondrial dysfunction (Mart et al., 2022). However, the
microcirculatory environment is now an emerging factor in ICU-AW research that researchers
should consider (Rozenberg et al., 2023). Drawing from parallels with chronic diseases, such as
heart failure and COPD, Mendelson et al. (2023) highlight the need to consider integrative
cardiovascular physiology in the pathogenesis of ICU-AW, as there is a likelihood of systemic
impairments across the oxygen delivery pathway that may contribute to functional decline in
survivors of critical illness (Mendelson et al., 2023). Considering that a dysregulated

microvascular and circulatory system plays a significant role in tissue oxygenation and the
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pathogenesis of critical illness (@stergaard et al., 2015), the microvascular-myocyte oxygen
exchange site should be further investigated within this population.

Sepsis and critical illness trigger an inflammatory cascade, that causes persistent
bioenergetic dysfunction, known to induce impaired contractility and structural integrity that
may drive the development and the persistent symptoms of ICU-AW (Rozenberg et al., 2023).
Microcirculatory disturbances, such as impaired capillary flow and oxygen extraction, are
common in sepsis (Rozenberg et al., 2023). It is thought that inflammatory cytokines can damage
the endothelial lining of microvessels (Rozenberg et al., 2023), leading to neuromuscular and
microcirculatory damage, myopathy and neuropathy, resulting in poor oxygenation of local
tissues (Guo et al., 2024). Moreover, prolonged mechanical ventilation can also induce
proinflammatory cytokine expression in peripheral blood, further contributing to the
pathogenesis of ICU-AW (Dhanireddy et al., 2006).

Reframing ICU-AW as a physiological failure of integrated oxygen supply-demand
matching would be a radical change from current perspectives, with the potential to inform new
avenues for diagnosis, treatment, and prevention strategies. As there is currently a paucity of
research describing a link between cardiovascular dysfunction and ICU-AW, particularly how
impairments in vascular control mechanisms lead to reduced exercise capacity and worse health
outcomes (Dallaire et al., 2017). Therefore, further investigation is warranted to identify any
causal relationships between microvascular dysfunction and ICU-AW.

Thus, an important research avenue is to further evaluate ICU-AW pathophysiology. As
cardiorespiratory fitness is one of the strongest independent predictors of life expectancy in both
healthy and cardiorespiratory-diseased individuals (Strasser, 2018), the use of cardiopulmonary

fitness and microvascular assessments would be fundamental to advance this type of research in

30



ICU-survivors. To help identify and account for key limiting factors, this thesis proposes
combining the assessment of the respiratory, circulatory and microcirculatory systems, obtained
by combining a cardiopulmonary exercise tests (CPET) using a metabolic cart with the
application of near-infrared spectroscopy (NIRS), respectively. These assessments will be

discussed within the next sections.

2.6 Cardiopulmonary Exercise Test and Near Infrared Spectroscopy Assessment Methods
Currently, there is an urgent need to develop novel interventions that target the
underlying mechanisms of ICU-AW, focusing on improving muscle and physical health to
improve the lives of survivors of critical illness (Mart et al., 2025). Research encourages the
development of methods in which future research can better understand the role of skeletal
muscle microcirculation and microvascular link to ICU-AW development and recovery
(Rozenberg et al., 2023). While the theory of oxygen delivery and utilization is well established,
translating these principles into clinical insight requires appropriate assessment tools. To offer a
detailed, non-invasive evaluation of both systemic and local oxygen dynamics, CPET and NIRS
will be further discussed to evaluate their application in both clinical and research settings.
Research suggests that identifying methods that benefit patients experiencing ICU-AW is
necessary to determine whether the benefits of diagnostic testing for ICU-AW outweigh its
burden (Fan et al., 2014). Our team believes that there is strength in integrating both systemic
and local assessment methods to better understand ICU-AW across the oxygen delivery pathway,
providing novel insights at the cardiovascular, respiratory, and microvascular-myocyte oxygen
exchange that could provide a significant opportunity for innovation in post-ICU follow-up care.
The cardiopulmonary exercise test (CPET) is a cycle ergometer-based test that utilizes a

metabolic cart for advanced physiological exercise testing, commonly used in research, to study
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aerobic and anaerobic physiology in athletes, healthy adults (Mazaheri et al., 2021) and clinically
in patients with chronic cardiorespiratory disease (Radtke et al., 2019). CPET is a valuable tool
to diagnose cardiopulmonary dysfunction, assess functional limitations, exercise capacity and
tolerance, evaluate interventions, and predict health outcomes (Longobardi et al., 2022). It
analyzes central and peripheral disturbances across multiple systems, helping to identify which
component of a patient’s physiology (heart, lung, skeletal muscle) is most significantly
contributing to exercise intolerance, affecting the rate at which VO, can adjust to energy

demands/workload (Longobardi et al., 2022). A key metric for CPET is Vozpeak, defined as the

highest VO, achieved during a symptom-limited test (Poole & Jones, 2017), providing a
comprehensive evaluation of cardiovascular fitness, which is often a strong predictor of mortality
(Ewert et al., 2022; Mandsager et al., 2018; Nadruz et al., 2017). In addition to ‘maximal’
testing, ‘submaximal’ testing can both be assessed in VO, on and off kinetics analysis, critical to
understanding the interplay between various physiological mechanisms vital to sustaining and
recovering from locomotion (Grassi et al., 2011; Xu & Rhodes, 1999). Notably, research
suggests that in disease or dysfunction states, locus of control of VO, kinetics can be displaced
upstream, whereas in healthy individuals, the locus of control is at the muscle mitochondria
(Poole & Jones, 2012).
V0, On Kinetics

At the start of a constant work rate exercise at a light-to-moderate intensity (Garber,
2018), the exponential rise in oxygen uptake towards a steady-state from rest to exercise is
described as VO, on-kinetics (Xu & Rhodes, 1999). It reflects how efficiently the cardiovascular,

pulmonary and oxidative phosphorylation responds to a sudden increase in energy demand,
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indicating systemic oxygen transport and utilization (Xu & Rhodes, 1999). The transition from
rest to constant work rate exercise includes three phases (Reuveny et al., 2022).

The initial rapid increase in VO, is described as Phase I, cardiodynamic phase (15-30
seconds), reflecting the sudden increase in cardiac output and pulmonary blood flow at exercise
onset (Reuveny et al., 2022). Phase II is the primary or fast component, initiated by the arrival of
venous return (i.e., from the working muscles to the lung) producing an exponential rise of VO,,
reflecting muscle oxygen uptake (2-3 minutes) (Poole & Jones, 2012). Then, in Phase III, known
as the slow component, steady-state occurs when VO, reaches a plateau, where energy demand
meets oxygen supply, achieved by working muscles (4-5 minutes) (Poole & Jones, 2012). At
higher constant workload intensities, this steady-state may be delayed or absent, or plateaus then
begins drift upwards slowly because of fatigue, as a visual representation of being above
anerobic threshold, demonstrated in Figure 5 from Jones and Poole (2005). However, below
anerobic threshold, a steady-state can be obtained, represented in Phase I, II, II on-kinetics

below, in a modified version of Figure 5 from Jones and Poole (2005).
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Figure 2. Example of Phase I, II, IT on-kinetics. Red dotted-line indicates skipping Phase I
during kinetics analysis. B = baseline, CWR = constant work rate, t = tau, TD = time delay until
exponential increase, A; = amplitude from baseline to steady state. Modified from Figure 4

(Jones & Poole, 2005). Generated by Britney Blunderfield using BioRender.

This mono-exponential fitting is characterize by the following parameters: A =
Amplitude reached from baseline to steady-state; TD = Time delay taken to the exponential
response start; T = time constant, taken to reach 63% of the steady state or final value; MRT =
mean response time (TD + 1) (Santana et al., 2025).

Notably, the rate of the kinetic response can provide physiological insights into systemic
efficiency, critical to understanding the interplay between various physiological mechanisms
(Grassi et al., 2011; Xu & Rhodes, 1999). Faster VO, on-kinetics results in a small O, deficit,

less substrate-level phosphorylation, and high exercise tolerance (Poole & Jones, 2012). In
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contrast, slower VO, on-kinetics refers to a high O» deficit, presenting a greater challenge to
homeostasis, resulting in poorer exercise tolerance (Poole & Jones, 2012).
V0, Off Kinetics

Following cessation of exercise, the rate at which physiological variables, such as VO,
descends exponentially returning to baseline is referred to as off-kinetics (Poole & Jones, 2012).
Representing the efficiency of metabolic recovery necessary to restore resting-state homeostasis.
Historically, Hill and colleagues initially termed as ‘oxygen debt’ (Hill & Lupton, 1923). The
sustained elevated VO, following cessation of exercise (Bersheim & Bahr, 2003) is a
phenomenon that was later expanded by Margaria and colleagues (Margaria et al., 1933),
proposing that the metabolic recovery process is central to lactate removal, which had prompted
Gaesser and Brooks (Gaesser & Brooks, 1984) to introduce the term EPOC (Excess Post-
Exercise Oxygen Consumption) to label this phenomenon more comprehensively (Borsheim &
Bahr, 2003).

Off-kinetics are evaluated as the time required for variables to return to equilibrium after
exercise by measuring the exponential time constant of the tau (1) curves (Vianna et al., 2014). In
diseased states, such as chronic heart failure, emphysema [chronic obstructive pulmonary disease
(COPD)] and type II diabetes, and aging populations, slower kinetics reflect higher O, deficit
due to decreased muscle Oz delivery (Poole & Jones, 2012) . A higher t implies slower kinetics,

associated with functional impairments and a higher risk of mortality (Vianna et al., 2014)
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Figure 3. Example of off-kinetics analysis. EPOC = Excess Post-Exercise Oxygen

Consumption, T = tau, A1 = amplitude. Generated by Britney Blunderfield using BioRender.

Traditional vs. Single-Session Cardiopulmonary Exercise Test

The traditional approach to evaluating both V02peak and on/off VO, kinetics requires
multiple exercise sessions, by first measuring Vozpeak to then prescribe a CWR as a percentage
of an individual’s personal Vozpeak (Santana et al., 2025). Unfortunately, a multi-session

approach may limit recruitment and compliance, particularly problematic for ICU-follow up
clinical research, as ICU survivors face unique needs, even extending to caregivers who may
face depressive symptoms at least 1 year following discharge and may not choose to come
voluntarily (Cameron et al., 2016).

Recently, two studies further developed CPET methodology by developing a single
session CPET (Longobardi et al., 2022; Santana et al., 2025). To improve feasibility within a

clinical setting, a novel single-session CPET protocol was developed previously by researchers
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on a treadmill CPET (Longobardi et al., 2022). However, some methodological challenges
including impeding off-kinetics analysis due to the inclusion of an active recovery period (1-
minute), a short CWR duration (3-minute), which may affect the ability to achieve steady state,
and most prominently, when equivalent work rates between participants have not yet been
achieved, limiting the ability to compare on-kinetics data across cohorts, affecting the
generalizability of the combined on/off VO, kinetics single session (Santana et al., 2025).
Highlighting these methodological challenges has led to our recently published work to advance
protocol standardization in Santana et al., (2025), discussed in the next section.

When these metrics, VOzpeak and on/off VO, kinetics, are evaluated in a single session,
the most important methodological challenge is to determine or estimate the constant work rate
(CWR) without a prior maximal CPET to obtain VOzpeak values. The single session has been
done by previous researchers (Grassi et al., 2011; Hughson, 2009; Longobardi et al., 2022) and
use a uniform CWR regardless of fitness level and subjective parameters, preventing accurate
data comparison between participants. Moreover, the phases of the exercise (i.e., CWR, ramp,
and recovery) within a single session protocol require standardization, since a relatively short
CWR or the implementation of an active recovery can compromise data analyses when

evaluating on/off kinetics (Longobardi et al., 2022; Santana et al., 2025).

Recent Advances in Protocol Standardization for ICU survivors

A crucial step towards addressing methodological challenges in protocol standardization
is to resolve relative CWR to promote generalizability while also promoting patient recruitment
and retention from a single session (Santana et al., 2025). Our recent publication in the healthy
adult population by Santana and colleagues (2025) (Santana et al., 2025) built upon the novel

work of Longobardi and colleagues’ single-session concept (Longobardi et al., 2022), by
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changing the modality from treadmill to an upright cycle ergometer, employing a longer on-
transient phase of 5 minutes to allow more time for individuals to reach a steady state, including
a constant work rate at a relative intensity across the cohort, followed by the 20 Watts/min
incremental phase to attain VOZpeak. Lastly, offering an off-transient phase excluding the active
recovery component to allow for a more accurate off kinetics analysis.

Results of this study were derived from healthy participants and analysis included on/off
VO, kinetics with mono-exponential fittings, with no significant differences between predicted

and measured VOzpeak (p = 0.47). Results included a strong correlation (» = 0.88) and good

agreement between the calculated/actual individuals’ 30% VO, eserve, Where the measured
exercise intensity at CWR closely matched the target of 30%, indicating that results had high
similarity between predicted and measured values (Santana et al., 2025). Based upon this
successful development of a standardized single-session CPET protocol for a combined
assessment of Vozpeak and on/off VO, kinetics, in this healthy population (Santana et al., 2025),
a next logical step is to adapt this fundamental protocol for use in those with low peak oxygen
uptake caused by disease.

This thesis builds upon the protocol developed by Santana et al., (2025) in a healthy-
young-adult population, incorporating key adaptations, such as integrating NIRS technology,
proposing a literature-derived ICU correction factor to determine constant work rate (CWR) at
30% VO, eserve » and proposing an incremental ramp protocol based on self-reported functional
status to individualize each ramp protocol (5, 10, 15, or 20W.min !). These key adaptations
developed within the ICU-CARE CPET protocol development study aims to advance patient-
centered research through a more individualized approach in hopes of improving clinical practice

and research efficiency in future studies.

38



ICU-Survivor Cardiopulmonary Exercise Test

Consistent findings indicate that ICU-survivors face reduced exercise capacity and
limited aerobic fitness after critical illness (Benington et al., 2012; Clavario et al., 2021; Joris et
al., 2021; Longobardi et al., 2022; Mart et al., 2022; Van Aerde et al., 2021), with reduced
VOzpeak often falling below 80-85% of predicted values derived from a variety of equations not
yet standardized within ICU survivor CPET studies (Benington et al., 2012; Mart et al., 2022;
Van Aerde et al., 2021). Table 1 provides information regarding VOzpeak values, percentage of
predicted values in the ICU-survivor population CPET literature review. For example, median
relative VOzpeak in one study was 12.6 ml/kg/min which would be classified as low exercise
capacity (VOzpeak < 80%) compared to predicted peak values, with well over half of all those
examined, (n = 11/14, median age 63 at 6 months post-ICU) below this threshold (Mart et al.,
2022). Supporting the need for a standardized and specialized CPET protocol for this population.

The CPET has not yet been routinely prescribed in ICU follow-up care, despite its ability
to assess exercise capacity in ICU-survivors, with benefits including guiding rehabilitation
programs (Van Aerde et al., 2021), exercise prescription, and assessing interventions (Benington
et al., 2012). Research and clinical methodologies vary widely, either sacrificing comprehensive
data or conducting separate sessions when assessing both on-kinetics and off-kinetics.
Conducting multi-session visits may be a barrier to patients participating in clinical research,
particularly for ICU follow-up over a longitudinal period due to the associated burden of time,
effort for both the patient as well as their caregivers (Cameron et al., 2016). Since longitudinal
follow-up care is imperative for long-term well-being within this vulnerable population,
researching the development of a comprehensive, streamlined, and standardized protocol to

ameliorate recruitment and retention is necessary (Jawa et al., 2025). Notably, Santana et al.
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(2025) suggest that the single-session protocol design may enable greater recruitment, amid its
combined design, to enhance detail for clinical application.

Figure 4 shows the timeline of testing for these studies and demonstrates that survivors
show reduced peak values despite some improvement — however, given these wide ranging and
variable results, without clear explanation as to which underlying mechanisms may be
responsible, it is important to develop a standardized test to track improvement for such

underlying mechanisms. Where, NIRS may be one method to provide local insight.
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Table 1. Summary of CPET studies in I[CU-survivor population, reporting absolute or predicted VOzpeak

CPET Study & Modality ICU Population

Absolute or % Predicted VO, e, (mL/kg/min)
n = 50 General Adult ICU Survivors

Benington et al., 2012 (median age, 57 years), mechanically o o .
Cycle Ergometer ventilated >5 days, within 6 weeks post- 36% + 16% of predicted
discharge
Median 88% of predicted.
Clavario et al., 2021 _ . 85% is considered the threshold for normality; 49%
Cycle Ergometer n =200 COVH?(;lllgviﬁvwors’ Sl of participants were below the threshold. 1/3 had
p functional limitations explained by muscular
impairment
n =35 COVID-19 survivors, 35 83% of predicted. A percent-predicted V0, eqk
months post-discharge; n=18 healthy defined below 80%
Longobardi et al., 2023 individuals matched for sex, age, P 1 Rel .C O.kl d .
Treadmill comorbidities, and physical activity rotocol Relevance: C-onstant workload exerelse
level with no I;rior history of SARS- incorporated for assessing both V 0y,,4) and on/off
CoV-2 infection were recruited. transient V0, kinetics
n = 14 ICU survivors, 6 months post-ICU o . )
(range 4.5-7 months), enrolled adults Priori defined cutoff of V 0ypeqr < 80% predicted
Mart et al.. 2022 aged 18+, median age 63 [50-76], treated (Wasserman, 2012). Patient percent
Cvele Er gmeter for respiratory failure (mechanical VO3pearpredicted achieved: 79% or n =11/14 had
y & ventilation) and/or shock (neeq for low exercise capacity V0zpeqr < 80% with a median
Vasopressors) gzlrlllmr;lc;((ijlézl, surgical, and VOzpeak of 12.6 mL/kg/min

Abnormal exercise capacity is defined as peak

oxygen consumption (VOzpeak) <85% of predicted

Van Aerd et al.. 2021 n =313 ICU survivors, 1-5 years post-  peak oxygen consumption (%predVOzpeak), based on
’ ICU; n =40 CPET 1-year follow up; 49
Cycle Ergometer

the historic sedentary population.
sedentary matched controls

Patient percent VOZPeakpredicted achieved: Exercise

capacity was abnormal in 118/313 (37.7%) 5-year
survivors




The following figure demonstrates the scarce, yet vital research conducted to date (from my knowledge) of CPET in the ICU-

survivor population.

Longobardi et al., 2023
Mart et al., 2022

e Treadmill CPET

¢ First to combine on/off kinetics « Upright Cycle Ergometer CPET
¢ Predicted achieved: 83% o n=11/14 had low exercise

¢ A percent-predicted defined below capacity < 80% with a

So%l L lmedian of 12.6 ml/kg/min
@o———

ICU ICU m 2m 3m

6m
Stay Discharge
T Joris et al., 2021 T VanAerd et al., 2021 T

4m Sm 1yr 2yr 3yr 4yr

Benington et al., 2012

e Upright Cycle Ergometer CPET
* Ramp10-15 woatts/r:\m « Upright Cycle Ergometer CPET o Upright Cycle Ergometer CPET
* VO2peak at 56%+16% « V02 peak 81% predicted « Suggest that impaired muscle
° 3?3?&%?8 sfiechooptel » V02 Resting abnormally increased at 3 months (8.24 oxygen metabolism and severity of
mL/min/kg) but significantly decreased at 6 months organ failure is linked to reduced
(p=0.013) exercise capacity
 Suggest that prolonged reduced exercise capacity did ~ ® Eng‘gsg ((:;;)a(iit)y was abnormal in
. not result from residual pulmonary or cardiac 118/313 (37.7%) S-year survivors,,
Clavario et al., 2021 dysfunction but rather from a metabolic disorder suggesting 2/3 recovered
) characterized by a sustained hypermetabolism andan ® Abnormal exercise capacity defined
e Upright Cycle Ergometer CPET impaired oxygen utilization as <85% of predicted peak oxygen

Ramp 10, 15, 20, or 25 watts/min
based on sex/weight

Median VO2 peak: 88% predicted T

Percent predicted of 85% . T ? ? ? f
threshold for normality Herridge et al,, 2011

1/3 had functional limitations

explained by muscular
impairment

e Upright Cycle Ergometer CPET
» Neither younger or older groups (ARDS) returned to predicted levels of physical function 5 years
after discharge

Figure 4. Literature-derived timeline for cardiopulmonary exercise test (CPET) post-ICU discharge. Generated by Britney

Blunderfield with BioRender.



Near-Infrared Spectroscopy in Exercise Science

One method to explore the ICU-AW physiological knowledge gap is through the
application of NIRS. NIRS is an important tool used to monitor muscle oxygenation in real-time
through the detection of light absorption changes through biological tissue, with a high level of
reliability (Grassi & Quaresima, 2016; Hamaoka et al., 2007; Tuesta et al., 2022). Specifically, it
allows non-invasive quantification of skeletal muscle oxygenation using a near infrared light,
penetrating ~700-900 nm absorbed by main chromophores (hemoglobin and myoglobin), to
enable greater insight into the underlying control mechanisms influencing perfusion, diffusion,
oxygen delivery, and oxidative metabolism (Barstow, 2019). Informing a broad spectrum of
contexts, ranging from athletics to the intensive care unit (Mirsajadi et al., 2024) or within
emergency fields (Barstow, 2019).

Research suggests that examining oxygen utilization in thigh muscles, particularly with
NIRS placed on the vastus lateralis (Gildea et al., 2021; Koga et al., 2017; Murias et al., 2013), is
crucial to better understanding peripheral factors contributing to exercise intolerance, as
described in the Type 2 Diabetes (T2D) incremental cycle ergometer study (Miyamoto et al.,
2020). Which has further contributed to advancing our pathophysiological understanding about
T2D through the investigation of oxygen uptake kinetics to partly explain the link between T2D
and its potential underlying mechanisms of exercise intolerance (Miyamoto et al., 2020). Within
the T2D study, the NIRS was placed on the vastus lateralis at the midpoint between the greater
trochanter and lateral patella after measuring subcutaneous tissue thickness (Miyamoto et al.,
2020). Another study suggested the application process of shaving and cleaning the skin, using
an adhesive marker to measure roughly 10cm above the knee joint, securing NIRS with velcro

straps and adhesive tape with a black cloth around the probe to prevent any contamination from



ambient light, sampled at a 10Hz frequency (Zuccarelli et al., 2020). This was the first study to
assess muscle VO, recovery kinetics using a NIRS repeated occlusions method, where findings
suggest the feasibility and utility of NIRS as a functional evaluation tool of skeletal muscle
oxidative metabolism (Zuccarelli et al., 2020). The next section discusses NIRS usage within the
ICU-survivor context.

Near-Infrared Spectroscopy in ICU-survivor Population

Recent studies (Benington et al., 2012; Clavario et al., 2021; Joris et al., 2021;
Longobardi et al., 2022; Mart et al., 2022; Van Aerde et al., 2021) have only infrequently
assessed local skeletal muscle function to assess skeletal muscle microvascular oxygenation.
Mendelson et al. (2023) recommend the application of NIRS, because NIRS is a well-established
adjunct tool in exercise science (Barstow, 2019; Grassi & Quaresima, 2016; Poole & Jones,
2012). Research suggests that directly applying NIRS to skeletal muscle within this population
will enable a more detailed evaluation of local microvascular oxygen delivery and utilization,
used to provide quantitative insights to complement CPET systemic evaluation (Mendelson et
al., 2023). To enable greater insight into the underlying control mechanisms influencing
perfusion, diffusion, oxygen delivery, and oxidative metabolism - the microvascular oxygenation
responses in ICU-survivors - to advance ICU-AW pathophysiology research.

To summarize, addressing challenges to research, particularly in protocol standardization
for ICU follow-up care, is not only driven by the scarcity of research to describe the link between
microvascular dysfunction and ICU-AW, but the absence of standardization for combining

CPET and NIRS assessments within an inclusive and streamlined framework.
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CHAPTER THREE: Statement of the Problem

Although ICU-AW is well recognized, the literature continues to lack a comprehensive,
standardized method to assess its physiological underpinnings. This becomes an issue when it
restricts the ability to evaluate the full impact of critical illness, hindering the development of
targeted rehabilitation strategies. Therefore, there is a need to develop a standardized method to
enable further investigation of the relationship between ICU-AW, the role of microvascular
dysfunction, impaired exercise capacity, and oxygen uptake kinetics in ICU survivors. Currently,
the literature lacks a standardized, single-session CPET protocol tailored to the ICU-survivor
population, for simultaneous determination of peak oxygen uptake and VO, kinetics that
integrates local skeletal muscle oxygenation assessment, to allow comparison across research
studies and clinical settings. There is currently a paucity of research to consider the link between
microvascular dysfunction to ICU-AW, particularly while using dynamic, non-invasive
measurements (e.g., NIRS, metabolic cart) within a combined single-session CPET assessment.
3.1 Research Questions, Objectives and Hypothesis

This thesis is divided into two research questions with their respective objectives and
hypotheses, as follows:
Research Question 1: Can a standardized, single-session ICU-CARE CPET protocol combining
peak oxygen uptake (VOzpeak), oxygen on/off-kinetics (VO,), and localized skeletal muscle
oxygenation in ICU survivors be developed?
Objective 1: The first objective is the development of a standardized, single-session ICU-CARE
CPET protocol that combines peak oxygen uptake (VOzpeak), oxygen uptake (VO,) on/off-
kinetics, and localized skeletal muscle oxygenation (TSI; HHb) measurements, tailored to ICU

Survivors.
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Hypothesis 1: I hypothesize that the standardized ICU-CARE CPET proposed protocol can be
developed to quantitatively assess VOzpeak, VO, on/off-kinetics and localized skeletal muscle
oxygenation (TSI and HHb) observed from ICU survivors preliminary results, adapting from
Santana et al. (2025) protocol.

Research Question 2: Can TSIk and HHb on/off kinetics be obtained from retrospective data
in healthy adults, using a single, combined CPET protocol as described by Santana et al. (2025)?
Objective 2: The second objective is to conduct a retrospective analysis of healthy adults to
determine TSIpeak and HHb on/off kinetics within a single, combined CPET session, based on the
study by Santana et al. (2025).

Hypothesis 2: I hypothesize that it is possible to derive TSI,eak and HHb on/off kinetics from the
healthy adult, combined single-session CPET from a retrospective analysis of Santana et al.,

(2025).

3.2 Organization of this Thesis

This thesis is organized according to the Faculty of Graduate Studies (FGS) outlines at
the University of Manitoba, and divided into 6 chapters, as follows:
Chapter 1 introduces the rise of ICU survivorship, highlighting the persistent burden of ICU-
AW and identifying knowledge gaps, to introduce the proposal for the development of the ICU-
CARE CPET protocol, intended to support future research and clinical interventions in ICU
follow-up care.
Chapter 2 reviews the literature to justify the proposed research and protocol introduced within
the first chapter. Reviewing the evolution of critical care, the rise of ICU survivorship, the

emergence of ICU-AW, its multifactorial etiology and long-term consequences, its emerging risk
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factors, the transition of research focus towards the role of microvascular dysfunction and ICU-
AW, evaluating the oxygen delivery pathway using tools such as CPET and NIRS.

Chapter 3 presents an overview of the statement of the problem, knowledge gaps identified in
the ICU literature, research questions, objectives and hypotheses.

Chapter 4 outlines the development of the standardized single-session CPET measuring peak
oxygen uptake, oxygen on/off-kinetics in healthy controls derived from the unpublished
retrospective NIRS data, providing the foundation for a detailed methodology of the standardized
ICU-CARE CPET, developed to quantitatively assess VOzpeak, VO, on/off-kinetics, and
localized skeletal muscle oxygenation (TSI and HHb) in ICU survivors.

Chapter 5 presents skeletal muscle oxygenation peak and on/off kinetics obtained from
retrospective data in healthy adults, using a single, combined CPET protocol. Additionally, the
inclusion of preliminary data from the ICU-CARE CPET protocol, including ICU survivors'
NIRS and VO, data is displayed.

Chapter 6 reviews the objectives and hypotheses, discusses and provides observations of its

clinical application, practical implications, and future directions.

3.3 Thesis Deliverables

The deliverables of this thesis involve (1) a detailed description of the single session,
standardized framework (ICU-CARE-CPET protocol), integrating VOzpeak, VO, on/off-kinetics,
HHb on/off-kinetics, and TSIpeak With potential clinical and research implementation, and (2)
retrospective NIRS data quantitative analysis in young healthy adults to demonstrate that TSIpeak
and HHb on/off kinetics parameters, can be obtained within a combined, single-session CPET

protocol.
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CHAPTER FOUR: Protocol Development
This section introduces the development of the ICU Combined Assessment of cardio-
Respiratory Exercise (ICU-CARE) CPET protocol. It describes key protocol features and
adaptations proposed from the Santana et al. (2025) protocol in healthy population. The aim is to
promote standardization within an inclusive framework for ICU survivors, enabling the

investigation of ICU-AW pathophysiology in future studies.

4.1 Rationale for ICU-survivor Protocol Development

The lack of standardization in ICU follow-up care (Jawa et al., 2025), specifically for
combining assessments of Vozpeak, VO, on/off-kinetics post-ICU discharge, and the scarcity of
research to describe the link between microvascular dysfunction and ICU-AW, reduced exercise
capacity and worse health outcomes (Dallaire et al., 2017) that can persist up to 5 years
following ICU discharge (Herridge et al., 2011a; Van Aerde et al., 2021), has driven a new
protocol development. Past CPET studies report reduced exercise capacity and limited aerobic
fitness (Benington et al., 2012; Clavario et al., 2021; Joris et al., 2021; Longobardi et al., 2022;
Mart et al., 2022; Van Aerde et al., 2021). Yet, ICU-AW underlying mechanisms, particularly
beyond skeletal muscle biology, remain underexplored amid scarce adoption of CPET for ICU-
survivors. For these reasons, we have decided to propose the ICU-CARE CPET study.

This protocol was developed based on the studies of Longobardi et al. (2022) and
Santana et al. (2025), both exploring single-session CPET. Longobardi et al. used a single-
session treadmill CPET incorporating a 3-minute moderate-intensity walk (below ventilatory
threshold) before the incremental phase and a 6-minute recovery period (1 minute active and 5
minutes passive) in survivors of severe COVID-19 about 3-6 months after hospitalization (n =

53). Our research team then recently published the development of a standardized and single-
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session cycle ergometer protocol in healthy adults (n = 20), as indicated above (Santana et al.,
2025). In brief, this CPET protocol consisted of 3 minutes of rest seated in a chair (VO,rest), 3
minutes of baseline seated on the cycle ergometer (no pedaling), 5 minutes of CWR at 30%
estimated VO, eserve (60 rpm), incremental phase (20 W.min™) to attain VOzpeak, and 10
minutes of passive recovery. Based on the results, it was concluded that the proposed protocol
provided a systematic and standardized single-session CPET for the combined assessment of
VO, peak and VO, on/off-kinetics (Santana et al., 2025). Both studies provided the single-session
foundation that has led to the advancement of the CPET to accommodate the ICU-survivor
population, including the addition of NIRS to provide further insights into ICU-AW research. As
mentioned by Santana et al. (2025), the selection of a specific equation to determine VOzpeak and
the determination of the CWR phase are paramount for the development of this protocol. Our
group had recently established four steps: (1) prediction of VOzpeak, (2) calculation of

VO, eserve, (3) determination of targeted VO, eserve, and (4) estimation of work rate in

Watts(Santana et al., 2025).

4.2 Key Protocol Adaptations

This thesis builds upon Santana et al., (2025), incorporating key adaptations, such as
integrating NIRS technology, proposing a literature-derived ICU correction factor to determine
constant work rate (CWR) at 30% VO, eserve » and proposing an incremental ramp protocol
based on self-reported functional status to individualize each ramp protocol (5, 10, 15, or
20W.min!). The primary goal of this ICU Combined Assessment of cardioRespiratory Exercise
(ICU-CARE) CPET protocol is to develop a comprehensive, standardized protocol, combining

the quantitative evaluation of VOzpeak, V0, on/off-kinetics, and skeletal muscle oxygenation

(TSI and HHD), tailored to ICU-survivors in a single session. Designed to overcome the
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limitations of traditional approaches to CPET and VO, kinetics, such as multiple clinical research
or hospital lab visits, longer data collection, recruitment and compliance issues (Longobardi et
al., 2022; Santana et al., 2025), as well as to improve overall efficiency within clinical settings
(Longobardi et al., 2022). CPET is currently being studied within the ICU-survivor population,
within the same time period as proposed in this study, yet lacks standardization and the direct
measurement of local skeletal muscle oxygenation (Herridge et al., 2011a; Joris et al., 2021;
Longobardi et al., 2022; Mart et al., 2022).

The validity and utility of the ICU-CARE CPET protocol may be assessed by
determining whether combined measurements of the physiological responses (VOzpeak, Vo,
on/off-kinetics, TSI and HHb), within a single-session, produces physiologically appropriate,
interpretable and clinically meaningful data which may efficiently inform follow-up assessment.
The ICU-CARE CPET protocol wishes to advance patient-centered research through a more
individualized approach to improve clinical practice and research efficiency in future studies,
which may enable more advanced investigation of ICU-AW and its associated pathophysiology
(Mendelson et al., 2023).

Figure 5 displays the ICU-CARE CPET protocol, including key adaptations to assess

VOzpeak, VO, on/off kinetics, and microvascular oxygenation in ICU-survivors, including: (1)
insertion of an ICU-survivor specific VOzpeak correction factor and the determination of the
work rate intensity based on the ICU-survivor specific Vozpeak to be used in the CWR phase,

and (2) the increments during the ramp protocol phase based on ICU-survivors' perceived
exercise capacity. Thus, the ICU-CARE-CPET protocol for ICU-survivors consists of: (i)
Baseline phase: 3 minutes baseline VO, measurements, no pedaling, seated on the bike; (ii)

Constant Work Rate phase (CWR; on-kinetics): 5 minutes pedalling at 60 rpm and
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Relative Work (Watts)

30% VOZreserve (VOZpeak predicted — VOZrest): Whereby VOZpeak predicted is estimated a pI‘iOI‘i
using the correction factor of 0.75 based on ICU-survivor Vozpeak (equations 1 and 2); (iii)
Incremental phase (ramp): V02peak is assessed through a ramped cycling exercise, based on self-

reported functional status until volitional exhaustion or if any termination criteria are met, as
described above; and (iv) Recovery phase (off-kinetics): 10 minutes passive recovery (no

pedaling). The Orange words in this figure represent the protocol adaptations from Santana et

al.(2025) study.
Rest CWR Incremental Phase Recovery
' 30%VOnreerve +5,10, 15, or 20W*min! Rest 10 min
i i Until Termination W) !
i i Criteria i
: | o
i @’l +[W] ;
' 5min +[W] i
! W] @ :
i CWR[W] :
Correction | Staircase Question :
0-3min, 0 [W] | Factor =0.75 | i
4‘ g Informs RAMP :
Start '3 min: Start Pedaling 8 min: Ramp 16-20 min: VO2peakActual 26-30 min Total End

Time (Minutes)
Figure 5. ICU-CARE-CPET protocol with adaptations from Santana et al. (2025). Created in

BioRender by Britney Blunderfield.
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The next figure represents the summary of the standardized, single-session ICU-CARE
CPET protocol, combining the assessment of VOzpeak, V0, on/off kinetics, and NIRS derived

skeletal muscle oxygenation (HHb and TSI) in ICU-survivors.

[HUEW.\{He P Standardized Single-Session Cardiopulmonary Exercise Test
p for Measuring Peak Oxygen Uptake, Oxygen On/Off-Kinetics,
Study ¢ and Skeletal Muscle Oxygenation in ICU survivors

Factor = ICU0.75 based on percent predicted achieved in

« Estimation of VO2peak: a priori formulae with ICU Correction Ili ,
literature review

« On-kinetics: 5-min targeting relative 30% CWR I

« Ramp personalized, based on self-reported functional status
(5,10, 15, or 20W*min ") to attain actual VO2peak

« Off-kinetics: 10-min recovery

Figure 6. ICU Combined Assessment of cardioRespiratory Exercise (I(CU-CARE) CPET
protocol. The ICU-CARE CPET offers a comprehensive, standardized, CPET-NIRS protocol,
measuring Vozpeak, VO, on/off kinetics, and skeletal muscle oxygenation in ICU-survivors.

This illustration was created in BioRender by Britney Blunderfield.

The next section describes the key adaptations to accommodate this protocol to the ICU-
survivor population, based on a literature review.
4.2.1 ICU-Survivor Specific Vozpeak Correction Factor

The ICU-survivor specific VO 2peak correction factor was derived from a literature review
(Table 2). It was developed to reflect more closely the Vozpeak of the ICU-survivor population.
Research suggests that 1/3 ICU-survivors experience reduced Vozpeak (Van Aerde et al., 2021),

often falling below 80-85% of predicted values (Benington et al., 2012; Mart et al., 2022; Van
Aerde et al., 2021). Based on these studies, the use of a correction factor of 0.75 (75%) was

adopted to account for the reduced VO 2peak range reported in the [CU-survivor population.
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Table 2. Estimated VOzpeak in the ICU-survivor population studies.

Population Defined Abnormal Vozpeak

85% of the VOzpeak predicted is
considered the threshold for
normality

n = 14; ICU-survivors; 6-month Used a priori defined cutoff
post-ICU (range 4.5-7 months) below 80% predicted

n=313; ICU-survivors; 1-5 years Abnormal exercise capacity

n=200; COVID-19 Survivors; 3-

Clavario et al., 2021 month follow-up

Mart et al., 2022

post-1CU; below 85% of predicted based
VG G, 2021 n =40; CPET 1-year follow up; on the historic sedentary
49 sedentary matched controls population

The ICU-specific Vozpeak correction factor is incorporated into equations 1 and 2 (step

1) as described below.

1. ICU-Survivor Prediction Equation for VOzpeak. Sex-specific equations (Eq. 1a and Eq. 1b),
currently used in clinical practice within the Ultima™ CardiO2® software’s Wasserman
equation, are used to predict Vozpeak as a normative value. Please note, future testing is
shifting towards an updated equation using Canadian adult (>40 years of age) normative (50
percentile) and sex-specific equations to predict VOzpeak (Lewthwaite et al., 2020).
Subsequently, an ICU correction factor of 0.75 (ICUO0.75) is used to account for an average of
25% VO 2peak reduction in ICU-survivors, previously described in the literature (Longobardi

et al., 2022; Mart et al., 2022)(Van Aerde et al., 2021). Equations 1 and 2 are provided below.
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Eq. 1a
Estimated V 0,peqr (Female)V 0ypeqy

VO,pear = ((43 + Body Mass [kg]) x (22.78 — 0.17 x Age)) x ICU0.75
Eq. 1b
Estimated V0, peqx (Male)
VOypear = (Weight [kg] x (50.72 — 0.372 x Age)) x ICU0.75
Where age (years), body mass (kg) and ICU0.75 = ICU correction factor of 0.75.

After VOzpeak is estimated, the next steps are the calculations of VO, eserve (step 2) and

VO,cwr (step 3), as described below.

2. VOyreserve Calculation. VO, eserve is calculated as the difference between the estimated
Vozpeak from either Eq. 1a or 1b and VO, est (VOsreserve = Vozpeak — VOy,est). To promote

more efficiency within a clinical setting, VO,,eg; is fixed at 3.5 mL/kg/min (Dominelli et al.,

2021).

3. VOy,cwr Calculation. The target VO,cwr is determined as described in Eq. 2 below. The
VO, eserve Obtained in step 2, described above, is multiplied by the desired intensity. For the
development of this protocol, 30% VO, eserve is selected because it represents light intensity
exercise according to the American College of Sports Medicine (ACSM) (Garber, 2018).
Also, in this intensity, participants may perform the CWR exercise phase below the
ventilatory anaerobic threshold (Albouaini et al., 2007) allow them to achieve a steady state
VO, within 5 minutes, while minimizing interference with the subsequent progressive

incremental phase (ramp) of the protocol.
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Eq.2

VO,cwr = [(VOspeak — VOzrest) X (%desired intensity)| + VOypest
Where VOzpeak [mL/kg/min] is the value estimated in step 1 for ICU-survivors; VO, est
[mL/kg/min] is the value of oxygen uptake at rest (3.5 mL/kg/min), and
% desired intensity, expressed in decimals, is the desired intensity relative to the

. . . 9 °.
individual’s VO, eserve-

4. Estimation of work rate in Watts. The work rate in Watts (W) is obtained by using the
individual’s body mass and the VO, (mL/kg/min), as described in equation 3 (Garber, 2018).
Eq.3

__ body massx(VOpcwr—7)
1.8

Work rate [W] x 0.164

Where the individual’s body mass is expressed in kilograms (kg) and the VO,
(mL/kg/min) is the target VO,cwr obtained in step 3 (Eq. 2). The result of Eq. 3 determines the

CWR (W) performed during the ICU-CARE-CPET protocol on the cycle ergometer.

4.2.2 Work Rate Intensity and Ramp Increments Based on Perceived Exercise Capacity
Since there is a higher prevalence of exercise intolerance and impaired muscle strength
post-ICU (Clavario et al., 2021; Van Aerde et al., 2021), it was decided to use ICU-survivors'
perceived functional exercise capacity to determine the ramp during the incremental phase of the
ICU-CARE-CPET protocol. This approach allows for a more individualized adjustment of the
incremental work rate to match individuals' perceived exercise capacity. To do so, the responses
obtained during the recruitment process from the self-reported staircase question (Glaab &
Taube, 2022) and the modified Medical Research Council (mMRC) dyspnea scale (Yorke et al.,

2022) inform a more appropriate ramp selection. For the staircase question, participants are
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asked, “How many floors can you walk up quickly without stopping?”. Based on their responses,
the increments are defined as follows (Table 3).

Table 3. Perceived exercise capacity based on the staircase question.

Floors Intensity

1 5 W/min; 50 W

2 10 W/min; 100 W

3 15 W/min; 125-150 W
4 20 W/min; 200 W

W/min = Watt increase per minute for ramp protocol, based on staircase question.

For the mMRC dyspnea scale, participants' severity of breathlessness is reported based on
activity descriptors and mMRC grade between 0-4 with their respective Watt equivalent (Table
4).

Table 4. Modified Medical Research Council (mMRC) Dyspnea Scale.

Grade Activity Descriptor

Strenuous activity, not troubled by breathlessness
0 20 W/min
(e.g., cycling, shoveling heavy snow)

1 Walking up an incline causes shortness of breath 15 W/min

2 Walking two blocks and experiencing breathlessness 10 W/min
Walking short distances and needs to catch breath 5 W/min for females

’ (e.g., 100ft, or room to room) 10 W/min for males

4 Can’t get dressed or shower without symptoms No CPET

W/min = Watt increase per minute for ramp protocol, based on mMRC Dyspnea Scale.
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The ramp component of the ICU-CARE-CPET protocol was based on previously
published studies in the ICU-survivor population using a cycle ergometer ramp protocol (Table
5). Notably lacking specific methodological implementation of ramp modification and selection,

based upon our current knowledge.
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Table 5. Cycle ergometer ramp protocol studies.

Study

Benington et
al., 2012

Population

General Adult ICU-survivors: n =50
Median age: 57 years

Mechanically ventilated: > 5 days
Post-discharge: 6 weeks

CPET Cycle Ergometer Ramp Protocol

Ramp: 10-15 W/min
(not specified)

Clavario et al.,
2021

n =200

COVID-19 survivors

Median age: 58.8

Post-discharge: 3 months

29 mechanically ventilated,

21 of 29 below 85% predicted VOZpeak

Ramp: 10, 15, 20, or 25 W/min based on sex and body mass
(not specified)

1. Resting phase (2-3 min)

2. Unloaded phase (2-3 min, 0-15 W) cadence 55-70 rpm

3. Incremental exercise phase: 5, 10, 15, or 20 W/min based
on stair-climbing ability (10 + 2 min, or for at least 5 min in

Glaab & Practical guide to CPET in adults, no severely restricted patients). A continuous incrementing ramp
Taube, 2022 specific population protocol (increase of work rate, e.g., every 2—15 s or minute-
by-minute e.g., 5-30 W/min) to symptom-limited maximum
exercise.
4. Recovery phase (cool down period: 3-5 min, unloaded
pedalling).
2=l ) : : . Stair climbing protocol vs. CPET; Ramp increased by 20
Male patients with varying chronic airflow . . .
. W/min, until exhaustion
SN <G, ARG 0) Key findings: Strong linear correlation between the VO
1993 Age 39 to 80 years 4 &5 & 2peak

aFEV1=1.6+0.71
FEV/FVC ratio =51 + 14

achieved during stair climbing and leg cycle ergometry for
CAO patients.




4.3 Healthy Protocol and Other ICU-Survivor Adaptations
Ethics Approval

The recently published study (Santana et al., 2025) was reviewed and approved by the
University of Manitoba Health Research Ethics Board (Ethics approval protocol number
HE2022-0058) and agreed with the Declaration of Helsinki.
Study Design

The development of the standardized, single-session CPET protocol in healthy adults is
part of an observational cross-sectional design, using Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) Guidelines.
Setting

Recruitment and data collection took place from July to October 2023 in the
Cardiorespiratory Physiology of Exercise Research Laboratory in the Faculty of Kinesiology and
Recreation Management at the University of Manitoba. Recruitment was conducted through
convenient and snowball sampling methods (Biernacki & Waldorf, 1981). Phone calls, emails,
word of mouth, social media platforms (Facebook, Instagram, and X), and promotional materials
(e.g., advertisements, flyers, and posters) were used as recruitment strategies. Interested

individuals were invited to contact the research team directly via email or telephone.

Demographic Information, Safety Procedure, Equipment

Demographic information and the Get Active Questionnaire (GAC) was collected
(Canadian Society for Exercise Physiology, 2021), as well as the Paffenberger Physical Activity
Questionnaire (Paffenbarger et al., 1993) prior to testing. To ensure participants’ safety, blood
pressure (SBPyest and DBPres) and heart rate (HRest) were measured at rest, following the CSEP

guidelines (Canadian Society for Exercise Physiology, 2021). All individuals had values below



the safety cut-offs (BP < 160/90 mmHg; HR < 100 bpm) (Headley, 2018). Additionally, height
(H; m), body mass (BM; kg), and body mass index (BMI; kg/m?) were measured (BMI =
BM/H?).

Then, participants were fitted with an air-cushioned mask and a heart rate (HR) device
(Polar system) to monitor ventilatory variables and heart rate, respectively. A bidirectional
breath-by-breath volume sensor (DVT Vyntus CPX, Vyaire Medical, Mettawa, Illinois, United
States) was used to collect the ventilatory variables. Calibration was done before each test, using
the Vyaire SentrySuite software platform on the Vyntus TM, providing automatic calibration and

verification procedures.

The CPET was conducted in a quiet room with a controlled temperature of 21.0 + 1.0 °C,
with humidity and barometric pressure at ambient. NIRS Portamon (Artinis Inc, Netherlands)
was placed on the vastus lateralis of the participant before the exercise protocol began on the
stationary cycle ergometer (Lode Corival, Lode B.V. Medical Technology, Groningen,
Netherlands). Pulmonary oxygen uptake (VO,) and carbon dioxide output (VCO,) were recorded
and monitored using the Vyntus TM CPX Metabolic cart (Vyaire Medical, Mettawa, Illinois,

United States) (Figure 7).

60



Facemask and Vynthus
metabolic cart apparatus

Portamon NIRS device

right vastus lateralis muscle

Figure 7. Equipment used in Santana et al. (2025). Upright cycle ergometer for CPET. Facemask
and metabolic cart apparatus to collect gases. Portamon NIRS system applied to the right vastus
lateralis muscle to collect muscle oxygenation.
Eligibility

Eligibility was assessed using a screening tool during the phone calls. Participants
identified as female or male (sex assigned at birth), non-smokers and non-pregnant individuals
were included in the study. Individuals with orthopedic complications, smoking habits,
cardiopulmonary diseases, and long-distance athletes (e.g., runners, cyclists, triathletes) were
excluded from the study. Verbal and written information was distributed in detail regarding
experimental procedures and potential risks to participation before signing an informed consent
form, approved by the Research Ethics Board (REB1, Fort Garry Campus). Participant
instructions requested all participants to refrain from consuming alcohol and engaging in
vigorous exercise 24 hours leading up to the test, or from consuming a large meal two hours

before arrival.

61



CPET Protocol for Healthy Individuals

Formerly, our research team proposed an approach with four standardized steps to
determine the CWR exercise intensity. This protocol consisted of a baseline resting VO,
measurements (average of 6 readings with 30s intervals), while seated in a chair, to estimate the
work rate (W) for the CWR phase, before moving to the upright cycle ergometer. For the
estimation of work rate to watts, the American College of Sports Medicine (ACSM) metabolic
calculations for common physical activities, such as leg cycling, was used to estimate the work
rate (i.e., power) (Garber, 2018). After work rate was determined, participants were requested to
move and sit on the cycle ergometer for 3 min with no pedaling, considered as baseline
measurement. After this baseline period, participants underwent 5 min CWR at an intensity of
30% of their estimated VO, eserve With a cadence of 60 rpm. Then, the incremental phase started,
consisting of progressive resistance increments of 20 W/min until volitional exhaustion or
termination criteria met, including inability to maintain cadence (< 50 rpm). After cessation of
exercise, a 10 min recovery was administered (off-kinetics) with no pedaling, with participants
remaining seated in the bike seat. Figure 8 illustrates the CPET protocol for healthy individuals

(Santana et al., 2025).
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Rest CWR Incremental Phase Recovery
30%VOzreserve |

i Until Termination
Criteria

CWR [W]

0-3min, 0 [W] I i

Start

Relative Work (Watts)

3 min: Start Pedaling 8 min: Ramp 16-20 min: VO2PeakActual 26-30 min Total End

Time (Minutes)

Figure 8. Standardized single-session cardiopulmonary exercise test for combined assessment of
peak oxygen uptake and on/off-kinetics in healthy adults (Santana et al., 2025). CWR = Constant

Work Rate. Ramp 20 W/min. Created in Biorender by Britney Blunderfield.

Other Adaptations

Referring to Santana et al. (2025), the estimated VOzpeak is used to derive the CWR
exercise at a similar relative intensity to allow for VO, on kinetics analysis and comparisons
across participants. The selected intensity of 30% VO,yeserve, considered a light intensity
(Garber, 2018), aimed to maximize the chance that the participants would perform the CWR
exercise phase and reach a steady state VO, within 5 minutes, with minimal interference in the
incremental portion of the test (Santana et al., 2025). The estimation of the CWR and an accurate
estimation of VOzpeak are critical points for implementing a single-session CPET protocol for the
combined assessment of VOzpeak and VO, on/off-kinetics (Santana et al., 2025). There are a few

small details that have been adapted from the healthy study for the ICU-CARE CPET protocol

development, as follows:
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(1) Recommended by the supervising clinicians, the protocol was slightly adapted, using
a fixed 3.5 mL/kg/min VO, egt, a standard resting value (Dominelli et al., 2021), that involves
the participant to remain seated on the upright cycle ergometer for less time, to streamline the
exercise protocol within a clinical setting.

(2) Formerly, the sex-specific refined version of the estimated VOzpeak
Hansen/Wassermann equation used in the healthy protocol is noted to be most accurate for work
rates between 50-200 Watts (Garber, 2018). The estimated Vozpeak equation required a more
tailored approach for ICU survivors, as pilot data collection revealed the need for a lower Watt
range. Therefore, the pilot data was collected using the estimated VOzpeak equation provided
within the Ultima™ CardiO2® software’s Wasserman equation (Eq. 1a and Eq. 1b) that is
currently used in clinical practice at St. Boniface Hospital, used to predict VOzpeak asa
normative value. However, nearing the end of my master’s program, the equation has since been
updated with a sex-specific Canadian adult (= 40 years old) equation, to be tested in future

studies (Lewthwaite et al., 2020).

4.4 ICU-CARE CPET Preliminary Implementation Procedures

Planning to implement the ICU-CARE CPET, careful consideration was taken of several
factors; ethical approval, data collection setting, inclusion and exclusion criteria, recruitment
strategy, CPET modality and equipment, safety and termination criteria, pre-test instructions,

pre-CPET evaluation checklist, provided below.

Ethical Approval
The ICU-CARE CPET study was approved by the University of Manitoba Health and
Institutional Research Ethics Boards (HS25592; SH2022-187; RRC 2023/2119). Registered in

clinicaltrials.gov under the clinical study ID NCT06193980.
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Study Settings

Preliminary recruitment and data collection occurred during a single visit to the
Pulmonary Function Lab at St. Boniface Hospital in Winnipeg, Manitoba, Canada. This
preliminary cohort had initiated recruitment from the previous MIMICS study cohort, including

patients monitored in the ICU between July 2022 and July 2025.

Preliminary Recruitment and Eligibility

Preliminary recruitment was conducted during ICU stay, with researchers screening
potential participants for willingness to join follow-up and meeting the study criteria. After three
months post-ICU discharge, participants are contacted through phone calls to determine ongoing
willingness and ability to participate in the ICU-CARE CPET study.

Volunteer participants are ICU survivors of both sexes (18+ years) who have answered
the self-reported functional ability questionnaire and have been mechanically ventilated for > 7
days, consistent with the threshold for the development of ICU-AW (Herridge et al., 2016).
Participants will be excluded if experiencing significant orthopedic or musculoskeletal
impairment affecting mobility, have a medical history of neuromuscular disease, have ongoing
respiratory limitations (i.e., supplemental oxygen), have an adipose tissue thickness (ATT) of
>12.5 mm, considered less reliable for skeletal muscle NIRS measurements (Van Der Zwaard et
al., 2016), or if participant's primary residence is a significant distance from Winnipeg.
Individuals will also be excluded if they report not being able to climb at least one flight of
stairs, indicative of their limited exercise tolerance and exercise capacity (Glaab & Taube, 2022;
Yorke et al., 2022).

Sixty-three participants monitored during their ICU stay from January 2022 to July 2025

were contacted, of whom forty-one ICU-survivors were excluded (33 deceased; 8 did not meet
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eligibility criteria). From the twenty-two ICU-survivors remaining, sixteen answered the phone
call, then another 11 individuals were excluded due to mobility issues, leaving 5 participants
eligible to participate. However, after further contact, 3 individuals refused to participate in the
study, and another one was beyond the time of study inclusion criteria. Only one participant
accepted to join the study (2% retention rate) within the first wave of recruitment, executed the
6-minute walk test, yet the length of the protocol caused the participant and caretaker to

withdraw from the CPET portion (n = 0) (Figure 9).

Monitored in ICU
n=63 (2022 - 2025 July)

Excluded n=8
Deceased n= 33

v
Eligible Participants
n=22
Called n=all

v

n=16 Answered

Excluded n=11
—> Mobility Issues, Dementia, and
Surgical Procedures

A\ 4

Patients Interested
n=5

Refused
_—
n=3
Past Time of Eligibility n= 1
v

Recruited n = 1 in First Wave

A\

Performed 6MWT
CPET Refused = Long Protocol
n=0ICU-CARE CPET

Figure 9. First Recruitment Block, ICU-survivor Flow Chart. Created with BioRender by

Britney Blunderfield.
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Data collection was discontinued in 2024 due to difficulties in recruitment, assessment
space, and the necessity to reevaluate the plan and make appropriate changes. After many
discussions with supervisors and approval of the committee members, it was decided that the
protocol should be streamlined and shortened. Thus, the 6-minute walk test and lunch were
removed from the study.

After this change, a preliminary recruitment was resumed. In this new recruitment
attempt, 29 ICU-survivors (2024-2025 cohort) were contacted, where 3 individuals passed away,
5 resided outside Winnipeg, and 19 refused to participate in the study, resulting in two

participants recruited (Figure 10).
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Eligible ICU Discharge
n =29 (2024-2025 July)

Deceased n=3
—_—
v
Called n=all
4
Answered
n=21
Excluded
n=5
—_— > Raeid ide of Winnipeg
Dependent / Body Weak /
Paralysis
v
Patients Interested
n=4
_— Refused
n=2

Total ICU Discharge Recruited
n=2
F n=1 performed CPET with
NIRS at 3 then at 6 months
M n =1 performed CPET with
NIRS at 6 months

Figure 10. Second Recruitment Block, ICU-survivor Flow Chart. Created with BioRender by
Britney Blunderfield.

During the second wave of recruitment, two ICU-survivors have completed the ICU-
CARE CPET protocol. A 64-year-old female underwent the ICU-CARE CPET at 3- and 6-

month post-ICU discharge, while a 35-year-old male was assessed only at 6 months post-ICU

discharge.

Procedures

Participants received detailed information regarding the study procedures and potential
risks before agreeing to attend the assessment day. Participants were asked for relevant hospital

and post-ICU discharge information regarding length of ICU stay, readmission(s), intubation
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period, concurrent illness, list of medications, and to acquire a recent blood test if available.
Participants were also asked, “how many floors can you walk up quickly without stopping?”.
This specific information was used to prescribe the work rate intensity (W/min) and increment

for the ramp portion of the test (see incremental phase for more details).

Specific pre-test instructions are communicated at least 24 hours leading up to the single
session through a phone call appointment. Participants must wear athletic clothing, such as a
loose-fitting t-shirt, shorts, and running shoes, must avoid eating, drinking, or smoking within
two hours before the test, avoid alcohol consumption, strenuous exercise 24 hours prior to the
appointment, avoid makeup and lotions, maintain a regular sleep and a regular dietary pattern the
day before the test.

Written informed consent is signed on the day of testing. Potential risks are stated during
recruitment and before the start of the test session. This exercise test is anticipated to have
minimal risk of cardiac event (< 0.1%) and extremely low risk of death (< 0.01%), according to
the American Thoracic Society (ATS)(“ATS/ACCP Statement on Cardiopulmonary Exercise
Testing,” 2003). CPET is routinely administered within patient populations, including those
experiencing advanced cardiorespiratory disease, cardiac (Segreti et al., 2021) and lung
transplantation (Schwaiblmair et al., 1999), as well as within advanced heart failure management

patients (Landsteiner et al., 2025). Figure 11 displays the pre-ICU-CARE CPET procedures.
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Consent Form Signed
Height (cm), Body Mass (kg), BMI (kg/m?), ATT (cm)
SBP,.st:and DBP.s:
FIM, CFS, FI, MRC-SS
Spirometry

!

Time-stamp NIRS in OxySoft to time-sync with MC:
a) Rest (3 minutes) Secure NIRS on participant,
b) CWR (5 minutes) then allow NIRS signal to
¢) Ramp (until Termination Criteria) stabilize (15 minutes) before
d) Recovery (10 minutes) commencing exercise.
e) End

!

Apply 12-lead ECG, blood pressure cuff, and pulse oximeter.
Adjust seat height and handle angle for comfort.
Calibrate MC.

!

Perform ICU-CARE CPET Protocol

Cross-Sectional Design

Figure 11. Flow chart of the Pre-ICU-CARE CPET procedures.

After signing the informed consent form, height (cm) and body mass (kg) are measured
using a stadiometer and a scale, respectively. BMI is determined with the following formula:
BMI (kg/m?) = body mass/height?. Following, resting systolic (SBPrest) and diastolic (DBPrest)
blood pressure, and heart rate (HRrest) are measured prior to exercise following the ATS/ACCP
guidelines (“ATS/ACCP Statement on Cardiopulmonary Exercise Testing,” 2003) to ensure
participant safety. The Medical Research Council sum score (MRC-SS) (Hermans & Van Den
Berghe, 2015) is reported because it is a tool commonly used to diagnose and track the
development of ICU-AW (Connolly et al., 2012; Kleyweg et al., 1991). The Functional
Independence Measure (FIM) questionnaire is assessed to track ICU survivors’ ability to carry
out activities of daily living (Dos Santos et al., 2016; Herridge et al., 2016). FIM score, even
early after ICU discharge, has been shown to predict long-term disability in a cohort of ICU
survivors (Herridge et al., 2016). The Clinical Frailty Scale (CFS) is used because it is a simple

clinician-based tool to quickly evaluate the overall frailty score, based on a 9-point scale, in
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addition to the detailed Frailty Index (FI), both previously validated in critically ill population
(Heyland et al., 2015; Muscedere et al., 2022).

The ICU-CARE CPET protocol was conducted using an upright cycle ergometer (Lode
Corival | CPET, Lode B.B. Medical Technology, Netherlands), in a quiet room with controlled
temperature of 22.0 + 1.0 °C, and humidity and barometric pressure at ambient conditions.
Medical personnel and research staff are present throughout the protocol to ensure continuous
monitoring and participant safety. Termination criteria follow the standard ATS/ACCP
guidelines (ATS/ACCP Statement on Cardiopulmonary Exercise Testing, 2003), including: chest
pain suggestive of ischemia, ischemic electrocardiogram (ECG) changes, complex ectopy,
second or third-degree heart block, a fall in SBP by 20 mmHg from the highest value during the
test, hypertension (SBP > 250 mmHg; DBP >120 mmHg diastolic), severe desaturation
(indicated by pulse oximetry, arterial oxygen saturation (80%) with symptoms of severe
hypoxemia), sudden pallor, loss of coordination, mental confusion, dizziness or presyncope, and
signs of respiratory failure (ATS/ACCP Statement on Cardiopulmonary Exercise Testing, 2003).
Furthermore, testing is terminated when participants request to stop (volitional exhaustion), or
develop significant discomfort preventing continued exercise, abnormal pain, shortness of breath
preventing continued exercise, light-headedness, dizziness, or inability to sustain 60 rpm cadence
(£ 10 rpm).

Data Acquisition

Ventilatory parameters collected and monitored include the pulmonary oxygen uptake
(VO,), carbon dioxide output (VCO,), minute ventilation (VE), breathing rate (BR), and the
respiratory exchange ratio (RER) using the Ultima™ CardiO2® gas exchange analysis system

metabolic cart (MC) (MGC Diagnostics, Minnesota, USA). These ventilatory parameters are
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collected using a fitted air-cushioned face mask (preVent®, Minnesota, USA) and a bidirectional
breath-by-breath volume sensor (preVent®, Minnesota, USA). For procedural compliance with
the recommended ATS/ERS pulmonary function acceptability & repeatability guidelines, before
each test, the Ultima™ CardiO2® undergoes calibration by using automated gas and flow
calibrations, along with quality assurance, as described in the user manual.

HR is continuously monitored using a 12-lead Mortara ECG embedded in the Ultima™
CardiO2® system (Metabolic with 12 lead ECG Ultima™ CardiO2® Gas Exchange Analysis
System Two Technologies in a Singular All-in-One Powerful Cardiorespiratory Diagnostic
System., n.d.), and blood pressure is recorded every 2 minutes using the Tango M2 Stress Test
Monitor (SunTech Medical, Morrisville SC) system during the [ICU-CARE CPET protocol.

For NIRS application process: first conduct an ATT measurement using the Sonosite PX
Ultrasound System (FUJIFILM Sonosite, Inc., USA), where three ATT measurements are
retrieved using light pressure to record the average ATT for each participant (Tandirerung et al.,
2024). To measure microvascular oxygen delivery and local tissue utilization in skeletal muscle
during exercise (Ferreira et al., 2007; Perrey, 2024), a portable, wireless NIRS device
(PortaMon, Artinis Inc, Netherlands) is placed on the vastus lateralis muscle (Gildea et al., 2021;
Koga et al., 2017; Murias et al., 2013) 12-14 cm above the knee, secured by a dark band to
minimize motion artifacts during cycling exercise and ambient light interference. The deepest
transmitter penetration of the NIRS is selected to minimize the influence of skin blood flow over
the area of interest (Beltrame et al., 2017). The NIRS device is warmed up for ~ 30 minutes prior
to data collection. To ensure sufficient NIRS signal penetration, an ATT of > 12.5 mm is

considered less reliable for skeletal muscle NIRS measurements (Van Der Zwaard et al., 2016).
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In this case, a sensitivity analysis is conducted with both the inclusion and exclusion of these

subgroups (< 12.5 mm; > 12.5 mm) in the cohort outcomes.

4.4 Retrospective Healthy NIRS Sample Data Acquisition

This section describes the sample data acquisition of healthy NIRS analysis derived from
a dataset that has not been analyzed or published from our previous published work (Santana et
al., 2025) .

Initially, a total of 28 healthy adults were recruited, of whom 8 participants were
excluded because they did not meet the inclusion criteria, leaving 20 participants for analysis in
the previously published manuscript (Santana et al., 2025). Of the 20 participants, 5 were
excluded due to poor NIRS signal quality (n =3 females and n =2 males), leaving 15 participants

for the final NIRS dataset analysis (Females: n = 6, Males: n = 9) (Figure 12).

Healthy-Young Adults
Recruited n =28

Excluded n=8

Did not meet inclusion criteria

Included n= 20 in
Healthy Bike Manuscript
Fn=9
Mn=11

Excluded n=5
: NIRS Signal Qual

NIRS Included n=15

Fn=6
Mn=9

Figure 12. Participant recruitment flow chart for initial NIRS analysis. Created in Biorender by

Britney Blunderfield.
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For the HHD on kinetics analysis, 3 participants were excluded due to failure in fitting a
monoexponential expected response (Female: n = 1, Males: n = 2), essential for kinetics analysis
(Beltrame et al., 2017), leaving 12 participants for the on kinetics analysis (Females: n =5,
Males: n = 7). Of the 12 participants, 2 females were excluded from the off-kinetics analysis; one
due to motion artifact and an extended recovery period that was not recorded under the time
frame of the protocol, and another due to failure in matching the expected physiological pattern
response during recovery (HHb increase rather than decrease) and not fitting a monoexponential
expected response. The following flow chart (Figure 13) illustrates the NIRS data analysis
process and reasoning for participant exclusion to ensure that only high-quality physiological

data is included within the final analysis.
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Healthy-Young Adults
Recruited n=28

Excluded n=8
Did not meet inclusion criteria

Included n=20in
Healthy Bike Manuscript
Fn=9
Mn=11

Excluded n=5
NIRS Signal Qual

NIRS Included n=15
Fn=6
Mn=9

Excluded
No Monoexponential Fitting
N
Eligible NIRS Mn=2
Data for Analysis
n=12

HHb On-Kinetics n= 12
Fn=5
Mn=7

Excluded F n=2
n =1 Motion artifact and
required longer recovery to fit;
n =1 Response not as expected

HHb Off-Kinetics n= 10
Fn=3
Mn=7

Figure 13. NIRS data analysis flow chart. Created in BioRender by Britney Blunderfield.
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Note: In this thesis, the TSI kinetics analysis was not conducted as HHb is already being
examined in detail, because TSI is derived from the relative concentrations of oxygenated
(O2Hb) and deoxygenated hemoglobin (HHb) and all procedures and analysis would be similar;

thus, inherently redundant to report it. Please refer to the TSI calculation:

[02HD]

TSE(%) = ([OZHb] + [HHD]

) x 100

Data sampling rate and pre and post-processing procedures

The primary variables are NIRS-derived HHb and TSI data, with analysis procedures
following the VO, analysis previously conducted on healthy adults (Santana et al., 2025).
Including VO, on-kinetics, VOzpeak, and VO, off-kinetics within a single bout, with key
adaptation is reporting HHb on/off-kinetics and TSIpeax values. Measured non-invasively with a
sample rate of 10 Hz, NIRS is transmitted wirelessly into OxySoft software and time-synched
with the metabolic cart in real-time with a marker placed by research staff. Program NIRS
computer with key commands were used: a) rest (no pedaling): 3-minutes, b) CWR: 5-minutes,
c¢) ramp: until termination criteria, d) recovery (no pedaling): 10-minutes, ¢) end ICU-CARE-
CPET.

NIRS data is exported from the OxySoft to Excel, adjusted for timestamps, and data
analysis is conducted using a customized LabVIEW code (LabView v20.0.01, National
Instruments Corp, United States). The filtering process includes removal of outliers, moving
average procedures, and linear interpolation. Removal of outlier NIRS data is done by applying 2
standard deviations (SD) in a window size of 7 s, then applying a 350 s moving average. Data is
linearly interpolated to provide second-by-second (1 Hz resampling) values (Gildea et al., 2021),
time-aligned at zero to match the beginning of the exercise. The NIRS signal is normalized using

a 60 s average before the exercise begins. The data is analyzed by detecting the nadir, occurring
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after a sudden decrease in HHb signal, excluding the data that are not associated with muscular
VO, dynamics, referring to the muscle pump (Beltrame et al., 2017).

After the nadir, HHb increases monoexponentially, representing the VO, dynamics
occurring upon the onset of exercise (DeLorey et al., 2003; Murias et al., 2011, 2014;
Tschakovsky et al., 2006). To determine the quality of the fitting, the analysis of residuals, the
degree of linear correlation between the experimental data and fitted function (r), the 95%
confidence interval band (Clys), and the significance level (p-value) of the estimated parameters
are used (Beltrame et al., 2017). Reported ATSI [%], to evaluate tissue oxygen saturation
fluctuation within the skeletal muscle, is calculated as the difference between baseline (average
30 seconds before CWR) and end of exercise (30-second average before start of recovery), as
described in the equation below:

ATSI [%] = TSIyeqr — TSIy
Where TSIpeak is the 30-second average before VOzpeak; TSIy is the TSI baseline using a 30-

second average before commencing exercise.
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CHAPTER FIVE: Results
This chapter describes the key results from (1) the preliminary results of VO, kinetics
regarding the ICU-CARE CPET protocol for ICU-survivors, and (2) the healthy adults using the

standardized, single session CPET protocol related to NIRS-derived HHb and TSI data.

5.1 ICU-Survivor: VO; Preliminary Results

Preliminary data from two participants and three [CU-CARE-CPET protocols were
collected as a pilot study to create a more streamlined implementation process to capture ICU-
survivors' recovery after hospital discharge. Table 6 presents the ICU-survivors sample
characteristics related to age, height, body mass, BMI, heart rate at rest, and systolic and diastolic
blood pressure at rest.

Table 6. Sample characteristics of ICU-survivors (n = 2).

Mean £+ SD

Female (n =1) Male (n=1)

Age [years] 64 35
Height [cm] 177.5 184.0
Body mass [kg] 102.4 105.4
BMI [kg/m?] 31.1 31.8
HRest [bpm] 74 83
SBP;est [mmHg] 125 158
DBPrest [mmHg] 72 98
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5.1.1 Case Study 1: 64-Year-Old Female

The first participant was a 64-year-old female who performed the ICU-CARE-CPET at 3
months and 6 months post-ICU discharge. VO, is illustrated in Figure 14. In both tests, it is
possible to observe a monoexponential-like response during the CWR phase (on kinetics), an
increase during the incremental phase, and another monoexponential-like response during the
recovery phase (off-kinetics). The specific parameters for each fitting for ICU survivors are not

reported, as that is not an objective and beyond the scope of this master’s thesis, but rather a

‘proof-of-concept’.
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Figure 14. ICU-CARE-CPET protocol with VO, at 3 months (left panel) and 6 months (right

panel) post-discharge. Red curved lines represent mono-exponential fitting.

Then next figure displays the comparison between 3 and 6 months post-discharge during
the ICU-CARE-CPET protocol. Arguably, observations suggest there isn’t a clear plateau at 3

months for the female during the CWR phase.
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Figure 15. ICU-CARE-CPET protocol with VO, overlapped at 3 months and 6 months post-

discharge during the ICU-CARE CPET protocol.

With the same data, the next figures (16 and 17) display the VO- on and off kinetic
responses of a 64-year-old female ICU-survivor during the ICU-CARE CPET protocol, to allow

for a clearer visual of the data presented.
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Figure 16. ICU-CARE CPET protocol VO, on-kinetic responses of a 64-year-old female ICU-
survivor. At 3 months (left panel) and 6 months (right panel). Dashed lines indicate the onset of

exercise. Red curved lines represent mono-exponential fitting.
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Figure 17. ICU-CARE CPET protocol VO, off-kinetics of a 64-year-old female ICU-survivor.
At 3 months (left panel) and 6 months (right panel) responses. Dashed lines indicate cessation of

exercise. Red curved lines represent mono-exponential fitting.
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5.1.2 Case Study 2: 34-Year-Old Male

Figure 18 displays the VO, responses during the ICU-CARE-CPET protocol of a 34-

year-old male at 6 months post-ICU discharge and did not participate at 3 months as this was not

an objective of this thesis, but an ‘in-addition’ to the set objectives for planning purposes for
future research. Relative Vozpeak was 22.3 mL/kg/min and absolute Vozpeak was 2.36 L/min,
being lower than the normative values expected for his age (44.7 + 7.4 mL/kg/min or 3.4 + 0.6
L/min) (Wagner et al., 2021). The VOzpeak was 50% of the relative predicted Vozpeak (22.3
mL/kg/min vs. 44.7 + 7.4 mL/kg/min) and 69% of the absolute predicted Vozpeak (2.36 L/min
vs. 3.4 + 0.6 L/min). These values indicate reduced cardiorespiratory fitness and exercise

capacity.
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Figure 18. ICU-CARE-CPET protocol VO2 at 6 months post-discharge of a 34-year-old male

ICU-survivor. Red curved lines represent mono-exponential fitting.
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Figure 19 represents the VO, on and off kinetic responses of a 34-year-old male ICU-

survivor during the ICU-CARE CPET protocol.
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Figure 19. ICU-CARE CPET protocol VO> on kinetics (right panel) and off-kinetics (left panel)

of a 34-year-old male ICU-survivor. Dashed lines indicate the onset of exercise (on-kinetics) or

cessation of exercise (off-kinetics). Red curved lines represent mono-exponential fitting.
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The next table describes cardiopulmonary and muscle oxygenation variables from the ICU-CARE CPET sessions at two time

points (baseline and peak exercise).

Table 7. Cardiopulmonary and Muscle Oxygenation Parameters in ICU Patients at Rest and Peak Exercise

Baseline = Peak Exercise

ICU Post- 0: RR SpO: ATT NIRS
Patient | Discharge | Pulse | HR (bpm) RER Vt (L) (br/min) (%) VE/VCO: | (mm) Reliability
F, 64y 3 mo 5211 [ 80 >118 [084>1.02[085>181| 6->28 96 >91 | 47> 37 9.7 Reliable
F, 64y 6 mo 6212 732119 [087>1.07 (095> 1.75| 17>29 | 92587 | 44> 34 12.5 Less Reliable
M, 34y 6 mo 4->131107>1780.89>1.11 | 1.39>3.10| 9->24 [100>99 | 30->29 10.8 Reliable




5.1.3 ICU-Survivor — NIRS Preliminary Results

The following figure shows HHb and TSI retrieved from the entire protocol for the

female ICU-survivor at 3 months (left) and at 6 months (right) post-discharge.
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Figure 20. ICU-CARE-CPET protocol with NIRS-derived AHHb and TSI for a 64-year-old
female ICU-survivor at 3 months (left panels) and 6 months (right panels) post-discharge. For
AHHD graphs, negative AHHDb represents decreased values compared to baseline, while positive

AHHD represents increased values compared to baseline.

All HHbD data has been normalized to baseline. In the upper right graph of Figure 20, at 6
months, the HHb NIRS signal appears to have downshifted. Considering literature suggests ATT

of > 12.5mm can derive less reliable skeletal muscle NIRS measurements (Van Der Zwaard et



al., 2016), being the case at 6 months, this may have impacted NIRS signal quality during data
collection, compared to an ATT of 9.7mm at 3 months. Therefore, the linear relationships at 6
months may have been caused by a NIRS signal drift, with observable NIRS signal connection
issues during data collection that may have derived less a reliable measurement. A
monoexponential-like responses can be observed during the transition from rest to exercise

(CWR phase), except for AHHb and TSI at 6 months. At 6 months, AHHb showed fast

desaturation followed by a smaller, continuous desaturation over time (2-8 minutes). TSI showed

a fast increase, short stabilization from minute 2 to minute 3, followed by a more continuous

linear increase until minute 8 during the CWR phase of the protocol (Figure 21).
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Figure 21. ICU-CARE CPET protocol NIRS-derived AHHb and TSI on kinetic responses 64-
year-old female ICU-survivor at 3 months (left panels) and 6 months (right panels). Dashed
vertical lines indicate the onset of exercise. Red curved lines represent monoexponential fitting
in the left panels. Blue dashed line in right panels showcase a linear relationship.

During exercise, the expected response of TSI is to progressively decrease in incremental
exercise, arriving at a minimum plateau near peak exercise, reflecting the balance between
delivery and utilization of oxygen in working skeletal muscle (Van Hooff et al., 2022). During
exercise, HHD is expected to increase with increase in workload (Agbangla et al., 2017).

During recovery, the expected response of TSI after cessation of peak exercise is to

increase, however within a patient population, reoxygenation is delayed, and anticipated to have
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a larger time delay than healthy controls (Van Hooff et al., 2022). During recovery, HHb is

expected to decrease, however within a patient population, a slower recovery of deoxygenation is

anticipated, potentially suggesting intrinsic muscle dysfunction impacting muscle recovery

(Azevedo et al., 2016).

The ICU-CARE CPET protocol responses regarding NIRS-derived AHHDb and TSI off

kinetics are presented in Figure 22. A monoexponential-like response during the transition from

exercise to recovery is noticeable at 3- and 6-month post-ICU discharge.
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Figure 22. ICU-CARE CPET protocol NIRS-derived HHb and TSI off-kinetics 64-year-old

female ICU-survivor at 3 months (left panels) and 6 months (right panels) responses. Dashed

lines indicate cessation of exercise. Red curved lines represent monoexponential fitting.
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The following figure displays the NIRS-derived AHHDb and TSI responses during the

ICU-CARE-CPET protocol of a 34-year-old male at 6 months post-ICU discharge.
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Figure 23. ICU-CARE-CPET protocol with NIRS-derived AHHb (left panel) and TSI (right

panel) 34-year-old male at 6 months post-ICU discharge.
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Figure 24. ICU-CARE CPET protocol NIRS-derived AHHb and TSI on kinetics (left panels)
and off-kinetics (right panels) responses for a 34-year-old male at 6 months post-ICU discharge.
Dashed lines indicate the onset of exercise (on-kinetics) or cessation of exercise (off-kinetics).

Red curved lines represent monoexponential fitting.

Figure 24 shows the ICU-CARE CPET protocol related NIRS-derived AHHb and TSI
on/off kinetic responses. A monoexponential fitting was noticeable in all the variables, except
AHHD and TSI on kinetics. HHb showed a monoexponential-like response from ~ minute 2 to
minute 5 (3 minutes) with signs of desaturation from minute 5 to minute 7 (end of the CWR
phase). TSI did not demonstrate the expected increased response; instead, there was a slight
reduction in TSI values until almost minute 6, then a slight increase from minute 6 to minute 7.

This interpretation of a single bout should be further investigated when more data is obtained.
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Next, the preliminary ICU-survivor NIRS-derived TSI obtained at VO 2peak Calculated

from the average of the last 20 seconds of exercise, aligning with the VOzpeak data analysis
(Santana et al., 2025).

Table 8. Preliminary ICU-Survivor TSI at Vozpeak.

ICU-survivor NIRS parameters at VOzpeak (Mean)

Female (n=1) Same Female Male (n=1)
Variables
3 Months 6 Months 6 Months
TSI Baseline [%] 55.8 56.4 74.0
TSI [%] at VO, peak 57.5 68.2 72.7

TSI = Tissue Saturation Index; V02peak= Peak Oxygen Uptake

The change in TSI at Vozpeak between 3 and 6 months in the female ICU survivor can

demonstrate how this protocol can report the local assessment of their underlying physiological
status to evaluate whether recovery is progressing or regressing, to inform clinicians for
prognostic considerations. Future research should track recovery and investigate its impact on
prognostic considerations to better understanding its findings and impact/utility within a clinical
setting.
5.3 Healthy — Retrospective NIRS Data Analysis

The following table showcases the sample characteristics of the healthy participants
included in the retrospective analysis regarding age, height, body mass, BMI, resting heart rate,

and resting systolic and diastolic blood pressure.
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Table 9. Sample characteristics in female, male and combined groups eligible for kinetics

analysis (n = 12).

Mean £+ SD
Female (n =5) Male (n=7) Combined (n =12)

Age [years] 27.6+7.23 26.1 £4.6 26.8 +5.58
Height [cm] 1.68 £0.08 1.75 £ 0.06 1.72 £ 0.08
Body mass [kg] 58.0+ 6.6 78.09 + 12.1 69.7 + 14.2
BMI [kg/.m™] 20.5+1.07 255+2.53 23.4+3.22
HRest [bpm] 71.8+12 71.6 £ 10.8 71.7 +10.8
SBPrest [mmHg] 107 +£5.27 132 +8.54 121 £ 14.7
DBPrest [mmHg] 67.4+7.73 76 +6.98 72.4 +8.24

BMI = Body Mass Index; HRest = Heart Rate at rest; SBPrest = Systolic Blood Pressure at rest;
DBP:est = Diastolic Blood Pressure at rest.

The next figure showcases an example of NIRS-derived AHHb and TSI responses within
the entire CPET single-session protocol (Figure 25. A and D), on-kinetics phase (Figure 25. B
and E) and off-kinetics phase (Figure 25. C and F) in a 24-year-old male. The four phases of the
protocol include baseline, constant work rate (CWR), incremental and recovery phases. CWR
(on-kinetics) is monoexponentially fitted at nadir (dotted line), as well as recovery (off-kinetics;
dotted line), illustrating that it is possible to obtain kinetic parameters from NIRS-derived data

generated from a retrospective dataset from Santana et al., 2025.
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Figure 25. Retrospective data of a 24-year-old healthy male tissue saturation index (TSI) and

deoxy-hemoglobin (AHHb) responses. With the four phases of the protocol, baseline, constant

work rate (CWR), incremental and recovery phase (A and D). TSI and AHHb on-kinetics

monoexponentially fitted at nadir during constant work rate (CWR) phase (B and D). TSI and

AHHD recovery, reflecting off-kinetics fitted monoexponentially (C and F). Dotted black lines

represent a monoexponential fitting function in this healthy figure example.
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Table 10 presents the specific parameters used to perform the AHHb kinetics analysis,

selected to evaluate on- and off-kinetic responses during CWR and recovery phases of the single-

session CPET protocol using NIRS.

Table 10. Deoxy-hemoglobin (AHHb) on and off kinetic parameters reported in females, males,

and combined.

Parameters from AHHbD Kkinetics analyses (Mean + SD)

AHHDb on-Kinetics Female (n =5) Male (n=7) Combined (n =12)
A [mL.kg ! .min™] 09+0.5 3.6+24 25+23

TD [s] 1.4+04 43+2.38 3.1+2.6

T [s] 28.4+£6.6 387114 344+10.9
MRT [s] 29.9+6.8 43.0 +10.7 37.5+11.3
AHHD off-Kinetics Female (n =3) Male (n=17) Combined (n =10)
A [mL.kg!.min] 6.6+1.6 16.8+7 13.8+7.93
*TD [s] 0+0 0+0 0+0

T [s] 85.1+65.8 48.8 £24.9 59.7+47.2
MRT [s] 85.1+65.8 48.8 £24.9 59.7+47.2

A1 = Amplitude; TD = Time Delay; t = time constant; HHb = deoxyhemoglobin; MRT = mean
response time (TD + 1). *TD is zero during off-kinetics because the recovery process begins

immediately following exercise. Therefore, there is no observable delay between the start of the
“off” phase and the decline in HHb.
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Table 11 shows the NIRS-derived TSI obtained at VOzpeak calculated from the average
of the last 20 seconds of exercise, aligning with the VOzpeak data analysis (Santana et al., 2025),
as well as the difference between baseline and TSI [%] at VOzpeak.

Table 11. Healthy adults TSI at Vozpeak and ATSI from baseline (n = 12).

ATSI (Mean + SD)
Variables Female (n =5) Male (n=17) Combined (n =12)
TSI Baseline [%] 73.0 +2.62 66.6 + 8.34 69.2+7.17
TSI [%] at VO, peak 744+ 144 57.3+4.99 64.4+12.9
ATSI [%] 1.44 +11.99 -9.30+4.19 -4.83 £9.61

TSI = tissue saturation index.

However, an outlier was identified in the TSI data (TSI,eak = 100%), where typically,
TSIpeak values are at ~70. If this participant is excluded, TSI,eak values change from 74.4 + 14.4

to 68.0 £ 2.2 in females and from 64.4 + 12.9 to 57.3 &+ 6.77 in the combined sample (Table 12).

Table 12. Healthy adults TSI at Vozpeak and ATSI from baseline (n = 11).

ATSI (Mean + SD)
Variables Female (n = 4) Male (n=17) Combined (n =11)
TSI Baseline [%] 71.9 +1.42 66.6 + 8.34 68.5+7.05
TSI [%] at VOzpeax 68.0 £2.22 57.3+4.99 57.3+6.77
ATSI (%) -3.89 £ 145 -9.30 £4.19 -7.33 £4.31

TSI = tissue saturation index.
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AHHb on-kinetics monoexponentially fitted at nadir during CWR phase (n = 12) and AHHD off-kinetics fitted
monoexponentially (z = 10), and VO, was modelled monoexponentially, removing the initial cardiogenic phase (20 s) for healthy
adults from Santana et al. (2025). As the fitting window began at the onset of the primary exponential response, the time delay (TD)
can be zero, particularly in younger participants and those with faster responses (e.g., higher levels of physical activity). Next is a table
reporting the mean and standard deviation of on-kinetics variables from exponential fitting, including individual VO, data from
Santana et al. (2025), next to the individual female, male, and combined parameters from NIRS collected during Santana et al. (2025).

Table 13. Individual on-kinetic parameters for AHHb and VO, in healthy-young-adults, combined.

Parameters Al TD (s) T (8) MRT (s)

Participant ID | AHHb VO, AHHb VO, AHHb VO, AHHDb VO,
F3 0.5 9.1 1.3 0 34.1 29.9 354 29.9

F5 0.7 4.7 1.0 0 26.0 13.3 27.0 13.3

F9 1.2 6.8 1.5 0 35.1 19.5 36.6 19.5

F12 1.8 6.8 2.2 0 30.0 19.1 32.2 19.1
F13 0.2 8.2 1.0 8.3 17.0 18.5 18.0 26.8

M4 8.0 10.4 8.9 7.2 25.2 37.0 34.1 44.2

M7 2.1 9.0 1.5 0 574 28.8 58.9 28.8

M8 1.8 7.6 2.7 3.1 37.0 20.5 39.7 23.6

M9 4.7 11.6 6.9 0 46.4 20.3 53.3 20.3
MI10 0.4 6.9 1.1 0 26.1 13.3 27.2 13.3
Ml11 2.8 7.8 2.8 0 48.3 30.5 51.1 30.5
MI15 5.2 10.1 6.2 0 30.2 16.7 36.4 16.7
Mean 2.5 8.3 3.1 1.6 344 22.3 37.5 1.7
SD 2.3 1.9 2.6 3.0 10.9 7.5 11.3 0.7

A1l = amplitude; TD = time delay; T = time constant; MRT = mean response time.



CHAPTER SIX: DISCUSSION

6.1 Main Findings

This thesis describes the development of a standardized, single-session ICU-CARE
CPET protocol specifically tailored to the ICU-survivor population. Reporting data generated
using that protocol for two ICU-survivors, signifying strong contributions to suggest that this
protocol offers a novel standardized approach. Findings suggests that NIRS data was measured
with adequate VO, data which can be fitted mono-exponentially showcased in preliminary ICU
survivor (n = 2) data. Regarding the healthy retrospective NIRS analysis, data reported TSIpeax

[%] at VOzpeak (74.4+14.4 n=5 females; 57.3+£5.0 n=7 males) and AHHb on/off-kinetics (on-
kinetics n=5 females, n=7 males; off-kinetics n=3 females, n=7 males), suggesting that this
protocol can allow mono-exponential fitting. These findings suggest that this protocol may
enable quantification of TSIyea, AHHb and VO, on/off-kinetics using a combined single-session
CPET-NIRS protocol, producing physiologically appropriate and interpretable data to inform

future research and improve clinical practice.

6.2 Identified Gaps

Two significant gaps were identified in the ICU-AW literature, both representing barriers
to advancing research in this field: a clinical-practical gap and a physiological knowledge gap.
To enable deeper investigation into the underlying physiological processes of ICU-AW, we must
first acknowledge the lack of a standardized, combined single-session CPET protocol that
facilitates consistent and patient-centered assessment. Additionally, the limited application of
NIRS in this population during exercise to provide quantitative insights into muscle oxygenation

further constrains our understanding of the physiological mechanisms underlying ICU-AW.



6.3 Clinical Relevance of ICU-survivor VO,e,i

Ewert et al. (2022) confirms VOzpeak as a strong predictor of survival for people with
cardiorespiratory disease, where the threshold for prognostic of 5-year survival for COPD
patients is 14.6 mL/kg/min (Ewert et al., 2022), with ICU survivors frequently falling within a
similar concerning and elevated risk category. ICU-survivors demonstrate markedly reduced
VOzpeak, ranging from 6 weeks up to 5 years post-discharge (Benington et al., 2012; Clavario et
al., 2021; Herridge et al., 2011a; Joris et al., 2021; Longobardi et al., 2022; Mart et al., 2022;
Van Aerde et al., 2021). For example, Benington et al. (2012) reported 13.8 + 4.0 mL/kg/min at
6 weeks post-discharge. Mart et al. (2022) observed a median VOzpeak of 12.6 mL/kg/min (n =
14) at 6 months post-ICU (Mart et al., 2022). Van Aerde et al. (2021) reported 24 £ 9.7
mL/kg/min at 5 years after ICU-discharge. All these studies reflect a reduced exercise capacity
and a limited aerobic fitness following critical illness (Benington et al., 2012; Clavario et al.,
2021; Joris et al., 2021; Longobardi et al., 2022; Mart et al., 2022; Van Aerde et al., 2021).
Despite some improvement five years post-ICU discharge, ICU-survivor relative Vozpeak values
remain below healthy norms, underscoring the ongoing impairment after ICU stay, while also
highlighting the window of opportunity for rehabilitation and intervention. Notably, a consistent
critical limitation across studies is the lack of reported absolute VOzpeak values (L/min). Most
studies report relative values (mL/kg/min), hindering cross-population comparisons for clinical
application. Standardizing both relative and absolute reporting will improve prognostic utility
and enhance targeted rehabilitation strategies moving forward.
6.4 Protocol Comparison: Healthy vs. ICU-survivor

Building upon the works of Santana et al., (2025) within a healthy population, key

adaptations include the integration of NIRS technology, a literature-derived ICU correction
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factor to correct for the estimated ICU-survivor Vozpeak, and a functional capacity questionnaire

to inform incremental ramp protocol based on self-reported functional status to individualize

each ramp protocol (5, 10, 15, or 20W.min ).

One key adaptation that differentiates the ICU-CARE CPET protocol compared to the
protocol used in Santana et al. (2025) is the literature-derived ICU correction factor. The purpose
of the ICU correction factor is to help estimate VOzpeak below the 80-85% threshold of
normality, as an attempt to include this vulnerable population, by accounting for long-term
cardiorespiratory impairment repeatedly noted in the literature (Longobardi et al., 2022; Mart et
al., 2022; Van Aerde et al., 2021). Reflecting the expected physiological ceiling for ICU-
survivors, since a healthy VOzpeak may overestimate aerobic capacity and power of this
population. As a result, the ICU correction factor of 0.75 undershoots the so-called threshold of
normality (80-85%) by considering the anticipated 25% reduction in Vozpeak within this
population. To help tailor Santana et al. (2025) protocol to the ICU survivor population when

calculating CWR in four steps.

Regarding the results of the ICU survivor preliminary data, the 64-year-old female's peak
workload was 84 W and exercise duration was 11:42 (min:sec) in the first session. In the second
session, peak workload was 96 W and exercise duration was 12:58 (min:sec). Relative VO2peak
showed a 1.54% decrease (from 13.0 to 12.8 mL/kg/min), involving a 7 kg increase in body mass
between sessions (102.4kg to 109.4kg), potentially reflecting a common ongoing trend of
weight-gain post-ICU (Chan et al., 2018; Jaitovich et al., 2019). In contrast, absolute VO2peak
increased 4.48% (from 1.34 to 1.40 L/min), suggesting continued improvement of

cardiopulmonary efficiency, despite the increase in body mass.
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The VOzpeak estimated with the ICU correction factor was compared with the Vozpeak
measured during the ICU-CARE CPET protocol (% difference). At 3 months post-discharge
(102.4 kg), the 64-year-old female had an estimated Vozpeak of 11.2 mL/kg/min (1.15 L/min)
and a measured 13.0 mL/kg/min (1.34 L/min), representing 0.19 (L/min) absolute difference and
16.5% difference between estimated and measured Vozpeak (L/min), and a 1.8 (mL/kg/min)
difference (16.1%) from priori equation in metabolic cart. At 6 months post-discharge (109.4
kg), the same participant had an estimated VOzpeak of 11.3 mL/kg/min (1.24 L/min) and a
measured 12.8 mL/kg/min (1.40 L/min), representing a 0.16 (L/min) absolute difference and
12.9% difference between estimated and measured Vozpeak (L/min), and a 1.5 (mL/kg/min)

relative (13.3%) difference from priori equation in metabolic cart. Well below the age-matched
healthy control CPET study (n = 36), where individuals between 60-69 years had average

relative VOzpeak values of 26.3 + 5.4 mL/kg/min and 1.59 £+ 0.27L/min (Wagner et al., 2021),

indicating that our female participant experiences limited cardiopulmonary fitness and reduced

exercise capacity compared to healthy values.

For example: at 3 months, representing 49.4% of predicted relative VOzpeak, while
absolute VOopeak (1.34 L/min) was 84.3% of the predicted absolute Vozpeak; at 6 months, the
relative VOopeak declined slightly (12.8 mL/kg/min) to 48.7% of the predicted relative Vozpeak,

whereas the predicted absolute VOapeak (1.40 L/min) improved to 88.1% of predicted at 6 months
post-discharge, compared to healthy controls (Wagner et al., 2021). The discrepancy between
relative (49.4% > 48.7%) and absolute (84.3% —> 88.1%) values highlights the impact of body
mass within the recovery process, while also reinforcing the importance to report both absolute

and relative measures in post-ICU recovery assessments, to be able to interpret continued
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improvement of cardiopulmonary efficiency (or lack thereof), despite the increase in body mass.
This is particularly relevant for critical illness survivors, as rapid muscle wasting during ICU
stay is often followed by weight gain that is predominantly composed of an increase in fat mass
(Chan et al., 2018; Jaitovich et al., 2019). Collectively, these findings support the need to adapt
Santana et al., (2025) healthy-young-adult protocol to the ICU survivor population, within a

standardized framework.

Regarding the 34-year-old male, at 6 months post-discharge (105.4 kg), his single session
peak workload was 197 W and exercise duration was 13:06 (min:sec). This participant had an
estimated Vozpeak of 15.8 mL/kg/min (1.67 L/min) compared to a measured Vozpeak of22.3
mL/kg/min (2.36 L/min), representing a 0.69 (L/min) relative difference and 41.3% difference
between estimated and measured VOzpeak (L/min), and a 6.5 (mL/kg/min) difference (41.1%)
from priori equation in metabolic cart. This participant’s relative and absolute VOzpeak values
were lower than the normative values expected for his age (44.7 + 7.4 mL/kg/min or 3.4 + 0.6
L/min) (Wagner et al., 2021). Representing 49.9% of predicted relative Vozpeak and 69.4% of
the predicted absolute VOzpeak at 6 months post-discharge. These results suggest that the
methods used for collecting this preliminary data underestimated the actual VO 2peak Of the ICU
survivor (please see implementation limitation in the limitation section below, as the proposed
standardization was not fully applied).

The second key adaptation includes the implementation of a self-reported functional
capacity questionnaire. The purpose of the self-reported functional capacity questionnaire is to
identify an individual’s perceived exercise capacity to serve as a tool for participant baseline

screening and ramp protocol calibration that aligns with the patient’s perceived current
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functional status to improve protocol adherence and reliability of CPET outcomes (Glaab &
Taube, 2022). During ICU-survivor data collection, each participant self-reported the ability to
perform four floors or more without stopping or breathlessness. Although the intended
implementation of the individualized work rate increments prescribed based on patients' self-
reported functional status (5, 10, 15, or 20W/min) would have prescribed a ramp of 20 W/min,
our team decided to take the precautionary approach, described within the limitation section.
Together, these key modifications may offer a more tailored and clinically sensitive method to
enable a more patient-centered assessment tool for systemic and muscular oxygen dynamic
responses to exercise, laying the groundwork for standardized follow-up care and future research

in more vulnerable populations (e.g., frailty).

6.5 Strengths and Limitations

The strength of developing the ICU-CARE CPET protocol was to offer a standardized,
CPET-NIRS combined single-session to enable the comprehensive assessment of exercise
capacity and skeletal muscle microvascular function in the ICU-survivor population, anticipated
to be used to compare across research studies and clinical settings. Our team believes that
assessing both maximal aerobic exercise capacity (Vozpeak) and VO, kinetics, complemented
with the quantitative insights of NIRS (muscle oxygenation), within a single session, will enable
the expansion of vulnerable population research. Not only by having more appeal for recruitment
by reducing the number of hospital visits, but also by tailoring the protocol by including the
participant within the individualized protocol design.

While the ICU-CARE CPET protocol holds considerable promise, a few limitations
should be addressed within future research. Although this protocol is designed to accommodate a

wide range of ICU-survivors, inter-participant variability (e.g., comorbidities and exercise
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capacity before and after ICU) may impact the generalizability of results. Additionally,
researchers must carefully document and adhere to time stamps of the protocol, as these are key
for the accurate segmentation to allow for proper data analysis.

Furthermore, our preliminary data collection experience revealed additional limitations
when implementing the Santana et al. (2025) protocol to the ICU-survivor population. After our
first pilot attempt, our team discovered that the standardization steps proposed in Santana et al.,

(2025), particularly the Hansen/Wassermann refined equation for an estimated healthy VOzpeak

equation that is most accurate for work rate 50-200W (Garber, 2018), did not apply as well as
hoped for the 64 year-old female ICU survivor. Our team manually attempted with and without
applying the ICU correction factor with the prediction equation used in Santana et al., (2025), yet
our team observed it to be unsuitable to determine CWR in this case. This protocol has since
been updated to a sex-specific equation for Canadian adult (40-year-olds) (Lewthwaite et al.,
2020) to be tested in future research. However, in terms of this thesis, CWR was prescribed
directly by the attending physician (20 W for the female in both sessions, and 40 W for the
male), limiting the ability to compare estimated vs. actual CWR at 30% V O,yeserve after using

the ICU correction factor on the estimated Vozpeak.

Finally, another limitation was inability to test the second adaptation of the incremental
ramp protocol based on self-reported functional status. During pilot testing, physicians opted for
a conservative approach, prescribing a ramp of 10 W/min rather than the intended 20 W/min
during the incremental phase. Although our team decided to not pilot the ramp prescription, the
patients' self-reported functional status was found helpful to guide participant recruitment and
exclusion criterion by subjectively assessing exercise capacity during the participant screening

process over the phone. Overall, the proposed standardization was not entirely applied, requiring
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further testing in future research. However, given its single-session on/off kinetic design with the
application of NIRS technology within the ICU survivor population (n = 2), sufficient data was
generated and it is important to mention that no adverse events were reported during the

execution of the ICU-CARE CPET protocol.
6.6 Practical Implications and Future Directions

This thesis presents a foundational framework to support individualized post-ICU care
and contribute to the ongoing efforts in understanding and addressing ICU-AW. The proposed
CPET-NIRS protocol offers a combined cardiopulmonary and microvascular assessment that can
inform personalized rehabilitation strategies beyond ICU stay, offering a streamlined and cost-
effective method to monitor ICU-AW. Promoting standardization in ICU follow-up care, with
potential for its integration across clinical, research, and rehabilitation settings, which may
enable comparative studies across separate cohorts.

Although the objectives of this thesis were achieved, future research should aim to
formally test the proposed standardization of the ICU-CARE CPET protocol. Specifically, to
implement the sex-specific equation for Canadian adult (40-year-olds) (Lewthwaite et al., 2020)
to test estimated vs. actual CWR at 30% V 0, cserpe Using the ICU correction factor within the
CWR phase, and follow the individualized ramp (5, 10, 15, or 20W/min) in the incremental
phase within this prescribed protocol. Future research should also evaluate intra- and inter-
participant reproducibility over repeated sessions to ensure protocol robustness across repeated
assessments (Santana et al., 2025) and test its generalizability in broader populations.

This protocol serves as a foundation to for future longitudinal studies to assess utility in
tracking rehabilitation outcomes and long-term recovery, in greater depth, across multiple

centers. Future results are anticipated to provide a more detailed evaluation of the role of
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microvascular-myocyte oxygen exchange site in ICU survivors to identify any causal
relationships between microvascular dysfunction and ICU-AW, to enable new avenues of
research across the oxygen delivery pathway to better understand ICU-AW pathophysiology.
CONCLUSIONS

The objectives of this thesis were successfully achieved. Offering a detailed description
of the development of the ICU-CARE CPET protocol, to provide a standardized, single-session
CPET-NIRS assessment of Vozpeak, V0, kinetics and localized skeletal muscle oxygenation for
ICU survivors with potential clinical and research implementation. Yes, it’s possible to adapt
Santana et al. (2025) healthy protocol to develop a standardized protocol for ICU survivors to
quantitatively assess Vozpeak, VO, on/off-kinetics and localized skeletal muscle oxygenation
(TSI and HHD), observed from ICU survivors’ preliminary results (n = 2), suggesting its utility
within patient populations. This thesis provides a ‘proof-of-concept’ with sufficient data that
may now be tested more widely, however, the described limitations must be addressed.
Additionally, it is possible to obtain TSIyeax and HHb on/off kinetics from the retrospective NIRS
data using a single-session, combined CPET protocol, as described by Santana et al. (2025). It is
anticipated that this research will lay the groundwork for a standardized, single-session CPET-
NIRS protocol, providing a framework to enhance individualized and streamlined care to
strengthen ICU follow-up practices, while also empowering research to further investigate the

integrated pathophysiology underlying ICU-AW.
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Appendix B — Consent Form for Participation in Research Study

Information and Consent Form for Participation in a Research Study

Title: EXERCISE TESTING IN ICU SURVIVORS TO EVALUATE ICU-
ACQUIRED WEAKNESS

Short Title: Exercise after ICU

Investigator:

INTRODUCTION

You are invited to participate in trial because you have been discharged from the Intensive
Care Unit (ICU), during which time your breathing was assisted by a mechanical ventilator
for 7 days or more, or were enrolled in the MiMICSS study under direction of Dr.
Mendelson and his research team. This information and consent form provides you with
information to help you make an informed decision about whether or not to participate in an
additional long-term study.
. Please read this document carefully.
. Ask any questions you may have. All your questions should be answered to your
satisfaction.
. Take your time in making your decision. The study staff will tell you about the
study timeline for making your decision.
. You may find it helpful to discuss it with your friends and family.
. Taking part in this study is voluntary.
. You have the option to not participate at all or you may choose to leave the study at
any time.
. Whatever you choose, it will not affect the usual medical care that you receive
outside the study.

No member of the research team will receive a personal financial benefit from your
involvement in this research study (other than their ordinary wages). Health Sciences
Centre/St. Boniface Hospital will receive payments for undertaking this research study.

ARE THERE CONFLICTS OF INTEREST?

There are no conflicts of interest to declare related to this study. At the present time, no
financial or intellectual property content is currently held or in development by the
investigators. It is possible that future intellectual property may be developed from the
results of this study. By signing this consent form, you agree that data from this study can
be used in the future for the application of intellectual property.

WHAT IS THE PURPOSE OF THIS STUDY?

You are being asked to take part in this study because you were admitted to the ICU and
either participated in the MiMICSS study looking at microvascular monitoring in the ICU, or
required mechanical ventilation for 7 of more days in the ICU. In this current study, we
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would like to follow your recovery for up to 12 months to see whether you regain strength in
your muscles, and to understand how skeletal muscle blood flow affects your strength and
function. A total of 20-40 participants will participate in this study from the ICU, and 20
healthy public members, although this number may change depending on success of
recruitment.

WHAT OTHER CHOICES ARE THERE?

If you decide NOT to participate in this study, there are no consequences for your ongoing
medical care. You are under no obligation to participate in this study

WHAT WILL HAPPEN IN THIS STUDY?

e A member of the research team will review your medical information to ensure you are
an appropriate candidate to join the study.

e There will be up to four timepoints for follow-up after your ICU discharge:

7 days, 3 months, 6 months, and 12 months. You may decide to participate in 1 or
more follow-ups without need to complete all four.

* You could be contacted for any of the timepoints within 12 months after ICU
discharge, and some of these timepoints may not apply to you.

e At 7 days: You will likely be in hospital for this visit. We will be testing your skeletal
muscle blood flow with near-infrared spectroscopy (a monitoring system that uses
harmless light outside your body) and blocking blood flow to your arm with a blood
pressure cuff. We will also be asking you to complete a series of questionnaires related
to your health and strength. This should take no more than 90 minutes

e At 3 months, 6 months, and 12 months: Questionnaires will be asked ahead of time
when your appointment is being scheduled; this should take up to 1 hour on the phone.
Upon arrival for your study session, we will finish the questionnaires, and be testing
skeletal muscle blood flow with near-infrared spectroscopy, using the blood pressure
cuff. In addition, we will be asking you to perform a number of physical activities
including lying down, standing up, walking, and exercising on a bicycle. During these
activities, you will be monitored with near-infrared spectroscopy, blood pressure, ECG,
and breathing. These activities together should take up to 6 hours throughout the day.

HOW LONG WILL | BE IN THE STUDY?

The study period lasts for up to 12 months after discharge from the ICU. In total, this will
require up to four (4) additional sessions for the research study.

A member of our research team will contact you ahead of each visit to confirm your desire
for ongoing participation and schedule and appointment session.

CAN | CHOOSE TO LEAVE THE STUDY?

Your decision to take part in this study is voluntary. You can choose to end your
participation in this study (called withdrawal) at any time without having to provide a reason.
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Your decision to not participate or to withdraw from the study will not affect your other
medical care.

The study team will ask you if information that was recorded before you withdrew can be
used by the researchers for the purposes of the study. You may request that your data be
removed from our research program; this is totally acceptable, as long as it has not already
been submitted for publication.

WHAT ARE THE RISKS OR DISCOMFORTS OF PARTICIPATING IN THIS STUDY?

Using the blood pressure cuff may cause discomfort, because it is being inflated for a
period of 5 minutes. If you experience any symptoms, you can notify the research staff and
they will discontinue the test.

Answering the questionnaires may produce feelings of anxiety related to your health and
well-being. If you feel these questions are psychologically difficult, please notify the
research staff and we will accommodate your concerns.

During the activity session, you may experience dizziness during the lying, standing, and
walking portions of study. We will be following you carefully to ensure that there are no
accidents during this period of testing.

The exercise session is known to be safe, with only a very small (less than 0.1%)
chance of serious medical problems reported. The exercise session requires a certain
degree of physical strength. Before they are started, we will follow standard safety
guidelines to make sure it is appropriate to perform the testing; if your health is not strong,
then we will not be proceeding exercise testing. This exercise session is performed in the
Pulmonary Function Lab at Health Sciences Centre, Pulmonary Function Lab at St.
Boniface Hospital or in our adjacent research facility with trained personnel who will be
supervising your physical activity. If any changes to your health occur during the test, it will
be stopped. If you require any medical attention (very rare) you will be sent quickly to the
hospital emergency department.

WHAT ARE THE BENEFITS OF PARTICIPATING IN THIS STUDY?

Your participation in this study may allow the Study Doctor and their team to discover new
information about how best to provide care to patients you are recovering from the ICU.
You may not receive any direct benefit from taking part in this study.

WILL | BE PAID TO BE IN THIS STUDY?
You will receive compensation for parking during the day that you attend the exercise

session.

WILL THERE BE EXTRA COSTS IF | PARTICIPATE?
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All clinical and professional fees, diagnostic and laboratory tests that will be performed as
part of this study are provided at no cost to you. There will be no cost for the study
treatment that you will receive.

HOW WILL MY INFORMATION BE KEPT CONFIDENTIAL?

Information gathered in this research study may be published or presented in public
forums, however your name and other identifying information will not be used or revealed
and will be treated as confidential in accordance with the Personal Health Information Act
of Manitoba. Despite efforts to keep your personal information confidential, absolute
confidentiality cannot be guaranteed. Your personal information may be disclosed if
required by law.

All personal health information will be kept confidential, unless release is required by law.
By signing this form, you allow the Study Doctor and his team to collect, view and
reproduce your health information to carry out this study. This may include contacting
Health Record Departments at other hospitals or clinics and / or contacting community
doctors to collect your health information related to this study. By signing the Informed
Consent Form, you consent to direct access to your medical records for the purpose of this
study only. Your contact information will also be stored so that study personnel can contact
you to schedule follow-up sessions during the study period

ClinicalTrials.gov is a website that provides information about federally and privately
supported clinical trials. A description of this clinical trial will be available on
http://ClinicalTrials.gov. This website will not include information that can identify you. At
most, the website will include a summary of the results. You can search this website at any
time.

Regulatory authorities such as Health Canada may also review / copy your medical records
in accordance with the applicable laws and regulatory requirements. The Biomedical
Research Ethics Board at the University of Manitoba and the hospital at which you are
receiving treatment may also review your medical and research-related records for quality
assurance purposes. You have the right to access, review and request changes to your
personal health information if the information is not correct. However, to ensure the
scientific integrity of the study, some of your records related to the study may not be
available for you review until after the study has been completed.

You will be assigned a unique study number. The link between your name and the unique
study number will only be accessible by the study doctor and his staff. The link and study
files will be stored separately and securely. Your contact information will be stored so that
study personnel can contact you to schedule follow-up sessions during the study period. All
files will be kept for a period of 7 years after the study is finished. All paper records will be
stored in a locked office, and research data will also be stored in the REDCap research
system which is a secure encrypted online database system used for medical research; no
personal identifying information will be stored in the database. All electronic records will be
stored at Health Sciences Centre and protected by a username and password, accessible
40f7
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only to Dr. Mendelson and the research staff. The University of Manitoba Biomedical
Research Ethics Board may review research-related records for quality assurance
purposes. At the end of the 7 years, all paper records will be disposed of in confidential
waste and then shredded, and all of the electronic records will be erased. SIGNATURES

Exercise testing in ICU survivors to evaluate ICU-acquired weakness

e All of my questions have been answered,
e | understand the information within this information and consent form,
« | allow direct access to my medical records and related personal health information as

WHAT ARE MY RIGHTS AS A PARTICIPANT IN A RESEARCH STUDY? explained in this consent form,

You will be told, in a timely manner, about new information that may be relevant to your « | do not give up any legal rights by signing this consent form,

willingness to stay in this study. « | freely agree, or agree to allow the person | am responsible for, to take part in this
In the event of an injury that occurs to you as a result of undergoing study procedures, you study.

will receive the necessary medical treatment. You are not waiving any of your legal rights

by signing this consent form nor releasing the investigator from their legal and professional
responsibilities. Signature of Participant Printed name of Participant Date & Time

Your rights to privacy are legally protected by federal and provincial laws that require
safeguards to ensure that your privacy is respected.

If consent is provided by Authorized 3™ Party:
By signing this form, you do not give up any of your legal rights against the study doctor,

sponsor or involved hospitals for compensation, nor does this form relieve the study doctor,
sponsor or their agents of their legal and professional responsibilities. You will be given a PRINTED NAME of 3" Party Signature of 3 Party Relationship to participant
copy of this consent form prior to participating in this study.

| confirm that | have explained in detail the above referenced study including the purpose, the
) potential risks and benefits, confidentiality and voluntary participation. All questions about the
Questions study have been answered. | confirm that | believe the participant/Authorized 3rd party has
understood and has knowingly given their consent to participate.

You are free to ask any questions that you may have about your treatment and your rights
as a research participant. If any questions come up during or after the study or if you have
a research-related injury, i Signature of Person Conducting PRINTED NAME & ROLE Date & Time

Investigator: the Consent Discussion

Research Coordinator:
For questions about your rights as a research participant, you may contact: The
Biomedical Research Ethics Board, University of Manitoba at_

Do not sign this consent form unless you have had a chance to ask questions and have
received satisfactory answers to all of your questions.
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The following attestation must be provided if the participant is unable to read or

requires an oral translation:

If the participant is assisted during the consent process, please check the relevant box and

complete the signature space below:

O The person signing below acted as an interpreter, and attests that the study as set out in the
consent form was accurately sight translated and/or interpreted, and that interpretation was
provided on questions, responses and additional discussion arising from this process.

PRINT NAME Signature Date
of Interpreter Language:

Witness to the informed consent process (If applicable): The informed consent form
was accurately explained to, and apparently understood by, the participant/authorized 3"
party, AND Informed consent was freely given by the Participant/Authorized 3 Party

O The consent form was read to the participant. | attest that the study as set out in this
form was accurately explained to the participant, and any questions have been
answered.

PRINT NAME Signature Date
of witness

Relationship to Participant
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