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Abstract
More than 405,000 Canadians are currently living with the life-altering effects of
stroke. Cardiorespiratory fitness is characteristically low after stroke and has negative
consequences for functional recovery, cardiovascular risk, and quality of life in this
population. Although scientific evidence supports incorporating moderate-intensity
aerobic exercise during stroke recovery, these findings have not translated into clinical care
where patients are very sedentary and cardiorespiratory fitness levels remain in the “very
poor” category. Among the challenges to incorporating aerobic exercise include a lack of
access to the specialized equipment needed to accommodate stroke-related impairments.
Also, hemiparesis can limit stroke survivors’ ability to sustain the workloads needed to
reach moderate levels of aerobic intensity. Accordingly, the current thesis aimed to develop
exercise strategies that can overcome these barriers.
The first study investigated whether incorporating task-oriented activities typically
offered during stroke rehabilitation into circuits that pair more metabolically demanding
tasks with less demanding ones is an acceptable method to sustain moderate-intensity
aerobic workloads over a single session. The second study evaluated the feasibility and
preliminary effects of the task-oriented circuit-training protocol compared to treadmill
aerobic exercise over a 10-week intervention period among 40 chronic hemiparetic stroke
survivors. The final study investigated the safety and feasibility of pairing treadmill
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walking exercise with moderate normobaric hypoxia as a means to increase the
cardiovascular strain of submaximal exercise among stroke survivors.
The task-oriented circuit training protocol was associated with at least moderateintensity aerobic workloads over a single session and, compared to treadmill aerobic
exercise, similar proportions of participants were able to maintain the exercise criteria over
a 10-week intervention period. One participant reported mild symptoms of nausea during
treadmill walking under conditions of moderate normobaric hypoxia. No other adverse
events were observed, and participants maintained constant absolute workloads during
exercise in normobaric hypoxia, which was associated with a 10% increase in relative
effort.
The task-oriented circuit training protocol is a promising strategy to provide
moderate-intensity aerobic exercise training stimulus without specialized equipment.
Initial data also supports simulated altitude exposure as a safe and feasible method to
increase the cardiovascular stress of submaximal exercise among chronic hemiparetic
stroke survivors.
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Summary
More than 405,000 Canadians are currently living with the life-altering effects of
stroke. Physical fitness is low after stroke and increases patients’ risk of future
hospitalization, decreases individual’s ability to complete daily tasks, and negatively
impacts their quality of life. Aerobic exercise may remedy poor physical fitness. However,
access to this treatment is limited during standard stroke care, and patients remain inactive
throughout their recovery. Among the challenges to gaining access to aerobic exercise is
the altered movement patterns characteristic of stroke (i.e., hemiparesis), requiring special
equipment to make activities accessible. Also, many stroke survivors have a decreased
ability to sustain the physical workloads needed to elevate heart rate into the moderateintensity range. Accordingly, the current thesis aimed to develop exercise strategies that
can overcome these barriers.
The first study investigated whether incorporating activities typically offered
during stroke rehabilitation into circuits that pair more challenging tasks with less
demanding ones is an acceptable method to sustain moderate-intensity aerobic workloads
over a single session. The second study examined the extent to which stroke survivors
could sustain moderate-intensity aerobic exercise using the circuit training protocol over
ten weeks through comparisons with treadmill walking exercise. In the final study,
participants breathed air with reduced amounts of oxygen (i.e., normobaric hypoxia) both
at rest and during exercise. The safety and feasibility of pairing treadmill walking exercise
iv

with moderate normobaric hypoxia was to increase the cardiovascular strain of submaximal
exercise.
Circuit training was associated with moderate-intensity aerobic workloads and
compared to treadmill exercise, similar proportions of participants were able to maintain
the exercise criteria over a 10-week intervention period. One out of seven participants
reported mild symptoms of nausea during treadmill walking under conditions of moderate
normobaric hypoxia. No other adverse events were observed, and normobaric hypoxia
caused a 10% increase in heart rate reserve for a given treadmill speed/incline.
The circuit training protocol is a promising strategy to provide a moderate-intensity
aerobic exercise stimulus without specialized equipment. Initial data also supports
normobaric hypoxia exposure as a safe and feasible method to increase the cardiovascular
stress of submaximal exercise among chronic hemiparetic stroke survivors.
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Chapter 1: Introduction and Overview
Physical inactivity is among the biggest threats to the health and quality of life of
individuals living in the industrialized world. Increased automatization of daily chores
(2004), decreased locomotion for daily commuting (Canada, 2017; Hajna et al., 2019), and
a shift toward more sedentary work practices (Church et al., 2011; J. A. Levine et al., 2011)
have all conspired to decrease the physical requirements of daily living. Consequently,
there is a growing trend toward decreased physical work capacity of the general population
(J. P. Kelly et al., 2019). This is a major concern given the strong inverse association
between cardiorespiratory fitness and all-cause mortality (Blair et al., 1989; Kokkinos et
al., 2014). Since the work of Stephen Blair and colleagues in the 1980’s, data from the
Cooper Center Longitudinal Study has consistently demonstrated an inverse association
between midlife cardiorespiratory fitness and the most frequent causes of death and
disability globally, which include ischemic heart disease (Berry et al., 2011), dementia
(Defina et al., 2013), cancer (Lakoski et al., 2015), and stroke (Pandey et al., 2016).
Importantly, the association between cardiorespiratory fitness and many of these chronic
conditions is maintained even after controlling for other known cardiometabolic risk
factors including obesity, hypertension, dyslipidemia, and hyperglycemia (Berry et al.,
2011; Pandey et al., 2016). From this point of view, physical inactivity is a leading cause
for the development of chronic disease through its effects on the underlying structure and
1

function of the human body (Booth, Roberts, Thyfault, Ruegsegger, & Toedebusch, 2017).
The Dallas bed rest study, published by Bengt Saltin and colleagues in 1968, clearly
demonstrated the impact of extreme physical inactivity on the underlying structures and
function of the cardiorespiratory system. In young healthy males, 20-days of bed rest was
sufficient to decrease cardiorespiratory fitness by 28%, which was associated with a 11%
reduction in heart size and a 26% decrease in cardiac output (Saltin et al., 1968).
Participants in this longitudinal cohort study were all able to return to pre-intervention
levels of cardiorespiratory fitness, however, it required significant effort (i.e., 11 training
sessions a week for 7-8 weeks at intensities ranging from 65 to 100% of maximal heart
rate). Importantly, in a follow-up study performed on these same subjects 30-years later,
the investigators discovered that 3 decades of aging had less impact on participants physical
work capacity than did 20-days of bed rest (McGuire et al., 2001). To this end, population
health initiatives must be undertaken to make physical activity participation the easy choice
in an environment of minimal physical effort.
National and international physical activity guidelines have been developed to
encourage participation in regular physical activity and reduce the high amounts of
sedentary behavior prevalent across the globe. The terms physical activity and sedentary
behavior describe opposite ends of the energy expenditure continuum; the latter describes
waking behaviors below 1.5 times resting energy expenditure (i.e. sitting, lying, and
reclined postures) (van der Ploeg & Hillsdon, 2017). Physical activity, on the other hand,
2

describes any bodily movement that increases energy expenditure above resting
(Caspersen, Powell, & Christenson, 1985) and can include light, moderate, and vigorous
workloads, which increases energy expenditure 1.5 - 2.9, 3 - 6, and more than 6 times
resting energy expenditure, respectively (van der Ploeg & Hillsdon, 2017). Population
health guidelines encourage participation in at least 150 minutes of moderate to vigorous
intensity aerobic physical activity weekly and to minimize the amount of time engaged in
sedentary behaviors (Piercy et al., 2018; Tremblay et al., 2011). Resistance type exercise
and good sleep practices are also encouraged due to their unique benefits on bone and brain
health, respectively (Tremblay et al., 2016). Although various iterations of these
recommendations have been in place for more than three decades, a small fraction of the
population meet the target (World Health Organization, 2018). Individuals and populations
who do not accumulate 150 minutes of moderate to vigorous intensity physical activity
weekly are described as physically inactive (van der Ploeg & Hillsdon, 2017). Recognizing
the detrimental effects of physical inactivity on mortality and its link to the development
of noncommunicable disease, the World Health Organization (2018) has prioritized this
risk factor and set a goal for countries to increase their relative physical activity
participation by 15% from 2018 to 2030. The framework disseminated through the action
plan includes 20 policies focused on creating active societies, environments, people, and
systems. Among these policies is the action for health care providers to implement and
strengthen systems of assessment and counselling focused on increasing physical activity
3

and reducing sedentary behavior (World Health Organization, 2018). However, they fall
short on addressing the high amounts of sedentary behavior imposed by the healthcare
environment itself. It has been reported across multiple disease states that patients receiving
in hospital services are very sedentary (Baldwin, van Kessel, Phillips, & Johnston, 2017)
and that patient related factors are only part of the equation (Chastin et al., 2019; Tieges et
al., 2015). Such environments normalize physical inactivity and miss an opportunity to
enhance health outcomes.
The link between physical inactivity and the development of many
noncommunicable diseases (i.e., type 2 diabetes, ischemic heart disease, stroke, etc.) is
undeniable. However, among individuals diagnosed with such chronic conditions, it is
unlikely that current population health initiatives focused toward increasing daily physical
activity levels are sufficient to overcome the underlying structural and function
consequences of previous inactivity (Booth et al., 2017). The distinction here is between
the use of physical activity interventions for the primary, secondary, and tertiary prevention
of chronic diseases. Primary prevention strategies are directed toward apparently healthy
individuals where the goal is to prevent the onset of clinical risk factors (i.e., physical
inactivity, poor eating behaviours, abdominal obesity, etc.) or even preclinical changes
(i.e., increases in blood pressure, blood lipids, blood glucose levels, etc.) (Wolfram &
Fuchs, 2008). Whereas secondary prevention strategies are focused on individuals who
have already developed risk factors or preclinical disease (Wolfram & Fuchs, 2008).
4

Tertiary prevention, on the other hand, is focused toward mitigating the health
consequences of a clinical disease (e.g., type 2 diabetes, ischemic heart disease, stroke,
etc.) (Wolfram & Fuchs, 2008). Current recommendations of 150 minutes of moderate to
vigorous intensity physical activity weekly (Piercy et al., 2018; Tremblay et al., 2011), may
be appropriate for the primary prevention of noncommunicable diseases (Garber et al.,
2011). However, in the case of secondary and tertiary prevention, prescribed physical
activity interventions are likely required to reverse the underlying effects of previous
inactivity, if such a thing is even possible (Booth et al., 2017). In the context of prescribing
physical activity to achieve a desired health outcome, exercise training is the more
appropriate term to use. Although the individual movements included in exercise training
paradigms are themselves physical activities, they are organized in such a way to maintain
or increase physical fitness (Garber et al., 2011). Collectively, the components of physical
fitness (i.e., cardiorespiratory fitness, muscle strength and endurance, body composition,
flexibility, and neuromotor fitness) govern an individual’s ability to carry out daily tasks
with ease and vigor (Caspersen et al., 1985; World Health Organization, 2018). When
prescribing exercise interventions, the dose of physical activity used (i.e., frequency,
intensity, time, and type) is specific to the target outcome. For example, exercise
interventions designed to increase cardiorespiratory fitness will differ from ones designed
to increase muscular strength in terms of how physical activities are organized within the
training program. In terms of health outcomes, exercise interventions focused toward
5

increasing daily energy expenditure and enhancing cardiorespiratory fitness are the most
frequently studied (Garber et al., 2011). An individual’s level of cardiorespiratory fitness,
or more specifically their aerobic power, describes the capability of structures contained
within an interconnected network of organs (i.e., respiratory, cardiovascular, and muscular
systems) to extract oxygen from the ambient air, deliver it to tissues throughout the human
body that require oxygen and use it to maintain energy supply for the purpose of sustaining
vital functions and performing external work (Taylor et al., 1981; Taylor & Weibel, 1981).
It is this dependency upon oxygen to perform physical work that makes cardiorespiratory
fitness an important marker for health and performance. Accordingly, the gold standard
assessment of cardiorespiratory fitness involves measurement of gas exchange (i.e., oxygen
uptake and carbon dioxide production) between an individual and their environment during
exercise at increasing workloads (Cooper & Storer, 2001). The Dallas bed rest study,
described above, clearly demonstrates that cardiorespiratory fitness is not a fixed value.
Changes in this component of physical fitness were directly related to structural and
functional changes in the oxygen delivery and utilization pathways because of decreases in
physical activity, which were later reversed through exercise training (Saltin et al., 1968).
It is unclear if individuals diagnosed with chronic medical conditions exhibit the same
flexibility in response to exercise training (i.e., restore more normal levels of
cardiorespiratory fitness). If so, how much exercise is required and are such interventions
acceptable to clinical populations? The answer to these questions will likely depend on the
6

populations studied, however, they form the foundation of exercise based secondary /
tertiary prevention programs.
1.1 Stroke recovery as a model to study the effectiveness of exercise interventions
designed to reverse the consequences of a previously inactive lifestyle.
Stroke is a medical emergency occurring when blood flow is disrupted to the central
nervous system that results in cell death and is associated with a focal loss of neurological
function and may even cause loss of life (Sacco et al., 2013). Transient ischemic attack
differs from stroke in that neurological function is returned within 24 hours from the onset
of symptoms (Sacco et al., 2013). The early symptoms of stroke include drooping on one
side of the face, weakness in one arm, and slurred speech (Hankey, 2017). These symptoms
are incorporated in the Heart and Stroke Foundations FAST campaign (F= face, A=arm,
S=speech, T=time) to help individuals recognize the signs of stroke and urge them to get
immediate medical attention. Advances in the hyperacute management of stroke have
reduced the case fatality rate and improved the odds of experiencing less severe
impairments (Goyal et al., 2015; Harmel et al., 2019). However, many stroke survivors are
left with permanent impairments that limit their ability to maintain functional independence
(Winstein et al., 2016). Although hemiparesis is among the most overt symptoms of stroke,
the effects are not limited to the motor domain and can include sensory, cognitive, and
language impairments along with emotional disturbances (Hankey, 2017; Mukherjee,
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Levin, & Heller, 2006). There are two main types of stroke, namely, ischemic and
hemorrhagic stroke. Ischemic stroke occurs when there is a lack of blood flow to specific
tissues within the central nervous system due to the narrowing or occlusion of a blood
vessel supplying them (Sacco et al., 2013). The obstruction is generally caused by a blood
clot that was developed in the affected artery itself (thrombus) or embolism that developed
as a thrombus from a different area of the circulatory system (thromboembolism) (Sacco
et al., 2013). Hemorrhagic stroke occurs when a blood vessel in the brain ruptures causing
blood to collect within the brain parenchyma or ventricles (intracerebral hemorrhage) or
the subarachnoid space (subarachnoid hemorrhage) that is not caused by trauma (Sacco et
al., 2013). Diagnosis of stroke and its subtypes is initially investigated based on clinical
symptoms and confirmed by radiological imaging of the brain (Hankey, 2017). It is
important to differentiate between ischemic and hemorrhagic stroke as their treatments are
very different. Acute ischemic stroke is treated using reperfusion techniques such as the
administration of intravenous alteplase and/or endovascular thrombectomy to breakdown
the blood clot or remove it using stent retrievers, respectively (Hankey, 2017). Such clot
busting drugs could be fatal if wrongly administered to individuals experiencing a
hemorrhagic stroke as it would likely lead to expansion of the brain bleed. The immediate
goal for treating hemorrhagic stroke is to reduce the bleeding risk, which is focused on
blood pressure control, stopping medication that may increase bleeding, and surgical
techniques to reduce pressure within the brain (Hankey, 2017).
8

1.1.1 Why Study Stroke Survivors?
Although most clinical populations could benefit from exercise-based interventions
focused on reversing the consequences of their previous inactivity, a unique opportunity
exists for individuals recovering from a stroke.
Stroke is a prevalent chronic condition that is associated with high rates of
cardiovascular mortality. Globally, the respective incidence and prevalence rates for stroke
were estimated to include 13.7 million cases and 80.1 million survivors in 2016
(Krishnamurthi, Ikeda, & Feigin, 2020). Although age-adjusted incidence rates have
remained relatively stable (Madsen et al., 2017), the prevalence of stroke is projected to
increase due to population growth and decreased case fatality rates. Accordingly, a recent
Canadian study estimates that the number of individuals living with the life-altering effects
of stroke will increase from 405,000 in 2013 to between 654,000 and 726,000 by 2038
(Krueger et al., 2015). The inadequate management of cardiovascular risk factors is
reflected in the high rates of recurrent stroke and major cardiovascular events, the primary
cause of premature mortality in this population (Bronnum-Hansen, Davidsen, Thorvaldsen,
& Danish, 2001). Therefore, secondary/tertiary prevention of cardiovascular comorbidity
is essential in this population, which will be discussed in later.
Physically inactive and sedentary lifestyles predate incident stroke. Physical
inactivity is among the leading modifiable risk factors that explain more than 90% of the
9

population’s attributable risk of stroke globally (O'Donnell et al., 2016). Furthermore, poor
cardiorespiratory fitness recorded during midlife is strongly predictive of future
hospitalization due to stroke (Pandey et al., 2016), which likely reflects lifelong exposure
to these risk factors. Given the strong influence of environmental factors on physical
activity participation (Sallis et al., 2006), it is unlikely that stroke survivors who were
previously inactive and are now living with the effects of stroke will have the support
necessary to engage in regular physical activity. Accordingly, high rates of sedentary
behavior and physical inactivity are observed in community-living stroke survivors
(English, Manns, Tucak, & Bernhardt, 2014).
Stroke survivors have unmatched access to an interdisciplinary health care team
during inpatient and outpatient rehabilitation services for a prolonged period (typically
between 1 to 3-months) (Hebert et al., 2016; Winstein et al., 2016). Such access to health
care providers offers an opportunity to deliver interventions designed to increase
cardiorespiratory fitness and facilitate lifelong participation in physical activity.
Poor cardiorespiratory fitness is characteristic of stroke survivors. Maximum
oxygen uptake measurements recorded upon completion of formalized stroke rehabilitation
(Smith, Saunders, & Mead, 2012) are 40% lower than measures taken in age and sexmatched heart disease patients after completion of cardiac rehabilitation (Banks, Cacoilo,
Carter, & Oh, 2019). Some of the discrepancy between the two clinical populations could
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be explained by neuromotor impairments, which can limit stroke survivors’ ability to
achieve validation criteria for assessment of maximum oxygen uptake (Midgley,
McNaughton, Polman, & Marchant, 2007; Poole & Jones, 2017) and reduce the amount of
active muscle mass (Potempa et al., 1995). However, it must also be recognized that
sedentary behaviors dominate the inpatient environment and very little time can be
characterized as moderate to vigorous intensity aerobic exercise. Furthermore, stroke
survivors discharged from formalized care retain the ability to achieve relatively large
increases in cardiorespiratory fitness (i.e., >30%) (Ivey, Stookey, Hafer-Macko, Ryan, &
Macko, 2015). Regardless of the reasons for poor cardiorespiratory fitness after stroke,
aerobic exercise training is an important treatment modality and has significant
implications for functional independence, ongoing cardiovascular risk, and quality of life
in this population, which are discussed below
1.1.2 Poor Cardiorespiratory Fitness Can Limit Functional Independence After
Stroke
Although hemiparesis is the most overt symptom associated with functional
impairments after stroke, poor cardiorespiratory fitness also impacts an individual’s ability
to perform ambulatory activities. Assessments of cardiorespiratory fitness reveal that peak
oxygen uptake is between 12.8- and 20.9-mL min-1 kg-1 among community living stroke
survivors (Saunders et al., 2020; Smith et al., 2012). Given that values less than 18 mL
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min-1 kg-1 are associated with perceived difficulties in completing daily activities among
older adults (Morey, Pieper, & Cornoni-Huntley, 1998), such low levels of
cardiorespiratory fitness pose a challenge to regaining functional independence after
stroke. Furthermore, hemiparesis increases the energy cost of ambulatory activities by a
factor of 1.5 to 2 times that of normal gait (S. Kramer, Johnson, Bernhardt, & Cumming,
2016). Together, poor cardiorespiratory fitness and increased energy cost of ambulatory
activities conspire to limit what is described as the functional fitness reserve (Macko et al.,
2001). To maintain functional independence, this reserve must be sufficient to include the
physical requirements for all daily activities. If relatively simple activities, such as walking
or getting out of bed, require large fractions of individuals functional fitness reserve, it will
be difficult to sustain other daily responsibilities without inducing excessive fatigue.
Furthermore, poor cardiorespiratory fitness can limit patient’s ability to sustain the
intensity of task-oriented therapies required to relearn lost functions after stroke and thus
create a potential ceiling for neuromotor recovery (Ploughman & Kelly, 2016). Therefore,
interventions targeted toward increasing cardiorespiratory fitness has widespread benefits
that extend beyond reducing ongoing cardiovascular risk and must be integrated with
therapies designed to increase functional independence among stroke survivors.
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1.1.3 Cardiorespiratory Fitness is an Important Treatment Target for the Secondary
Prevention of Cardiovascular Events and Recurrent Stroke
The characteristically low levels of cardiorespiratory fitness observed in stroke
survivors has serious implications for ongoing cardiovascular risk. Poor cardiorespiratory
fitness is an independent risk factor for future stroke (Pandey et al., 2016). The association
between cardiorespiratory fitness and stroke risk was evaluated among 19 815 participants
who completed a maximal symptom limited graded exercise test in their 40’s as part of the
Cooper Centre Longitudinal Study and were later followed up (at ³ 65 years of age)
through Medicare claims. A linear inverse association was observed between
cardiorespiratory fitness and stroke hospitalization for both male and female participants,
where every 1 metabolic equivalent (i.e., 3.5 mL min-1 kg-1) increase was associated with
a 7% reduction in risk for stroke hospitalization (Pandey et al., 2016). It is important to
note that the average cardiorespiratory fitness level reported among individuals in the
lowest fitness category was 29 (SD 4.2) mL min-1 kg-1, which is substantially higher than
values reported in stroke survivors. Furthermore, adjusting the model for baseline risk
factors (body mass index, lipid profile, blood pressure, diabetes) and later diagnosis of
hypertension, diabetes, and atrial fibrillation had little effect on the association between
midlife cardiorespiratory fitness and stroke hospitalization (Pandey et al., 2016). This is
not to say that cardiorespiratory fitness is the only important risk factor for future stroke as
hypertension and atrial fibrillation were also independently associated with stroke
13

hospitalization (Pandey et al., 2016). In fact, a recent multinational case control study
evaluated the association between potentially modifiable risk factors and acute stroke
among 13,447 cases and 13,472 age and sex matched non-stroke controls (O'Donnell et al.,
2016). Collectively, ten risk factors (hypertension, smoking status, waist-to-hip ratio, diet,
physical activity, diabetes, alcohol intake, psychosocial factors, cardiac causes (e.g., atrial
fibrillation), and lipid profile) were associated with nearly 90% of the population
attributable risk of stroke (O'Donnell et al., 2016). Ranked in order of contribution to
population attributable risk, hypertension, physical inactivity, and abnormal blood lipids
(apolipoprotein levels) were the top three risk factors (O'Donnell et al., 2016).
Interestingly, these same modifiable risk factors also explain much of the population
attributable risk of myocardial infraction (Yusuf et al., 2004). The challenge for stroke
survivors, however, is that the secondary prevention is not prioritized. Accordingly, a
recent cross-sectional comparison between patients receiving treatment for stroke and heart
disease demonstrated that stroke survivors were less likely to achieve secondary prevention
targets for blood pressure and lipid profile (Vanek et al., 2016). Also, as described above,
cardiorespiratory fitness is 40% lower among stroke survivors upon completion of
formalized rehabilitation compared to heart disease patients (Banks et al., 2019; Smith et
al., 2012). Accordingly, the risk of recurrent stroke and death from cardiovascular causes
remains high among stroke survivors (Dhamoon, Sciacca, Rundek, Sacco, & Elkind, 2006).
A more recent population-based cohort study conducted on nearly half a million Chinese
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adults reported that 41% of stroke survivors experienced recurrent stroke within a 5-year
period and the authors emphasized the importance of secondary prevention strategies in
this population (Chen et al., 2020). To this end, best practice guidelines for the secondary
/ tertiary prevention of stroke have been developed and treatment targets are outlined for
most of the modifiable risk factors described above (Wein et al., 2018). The one exception,
however, is cardiorespiratory fitness. Canadian guidelines recommend participation in
“dynamic exercise of moderate intensity… 4 to 7 days per week, to accumulate at least 150
minutes in episodes of 10 minutes or more, in addition to routine activities of daily living”
to prevent recurrent stroke (Wein et al., 2018). However, there is no target set for increasing
cardiorespiratory fitness or even a mention of increasing this component of physical fitness
for the purpose of secondary / tertiary prevention, which is surprising considering the
literature described above. Also, the recommendations for exercise as part of
secondary/tertiary prevention for recurrent stroke are very similar to the physical activity
guidelines disseminated for general populations (Wein et al., 2018). This suggests that the
amount of physical activity required to prevent future cardiovascular events is similar
among apparently healthy individuals as those with known cardiovascular and metabolic
comorbidities. The main difference in the dose of aerobic exercise included in both
recommendations is a focus on moderate intensity activity after stroke whereas higher
intensities are recommended for the general population. A focused review of exercise
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interventions implemented in stroke survivors for the purpose of increasing
cardiorespiratory fitness is provided in a later section.
1.1.4 The Link Between Cardiorespiratory Fitness and Quality of Life After Stroke
As described above, low levels of cardiorespiratory fitness can limit stroke
survivor’s ability to achieve functional independence, which has obvious implications for
individual’s quality of life. Accordingly, exercise induced improvements in quality of life
after stroke are often attributed to enhancements in functional performance (Pundik,
Holcomb, McCabe, & Daly, 2012). However, its effect on comorbidity should not be
overlooked. Nancy Mayo and colleagues (2015) evaluated the Wilson-Cleary healthrelated quality of life model in stroke survivors (N=678) throughout the subacute phase of
recovery. The model describes the casual relationships between five domains in sequential
order as follows: biology / physiology, symptoms, function, health perceptions, and quality
of life (Wilson & Cleary, 1995). In this model patient reported symptoms are investigated
through their link with the underlying biological and physiological abnormalities, and
functional status is directly related to symptoms. Additionally, patient’s health perceptions
are aligned with their functional status and ultimately to their quality of life. Using
structural equation modeling, Mayo et al. (2015) found that the model explained much of
the variation in health perceptions among stroke survivors, however, they did not find
support for a strong link between functional status and health perceptions. Allowing

16

additional paths from non-adjacent rubrics (i.e., from biology to symptoms and then to
health perceptions directly) improved the fit. In their final model, the authors reported
strong connections from comorbidity (biology rubric) and impairments (symptoms rubric)
to health perceptions, which they interpreted to suggest that interventions during the first
3-months after stroke should be focused on reducing comorbid health conditions and
impairments (Mayo et al., 2015). From this point of view, aerobic exercise training is
important for addressing impairments related to poor aerobic capacity (biology /
physiology) and treating the underlying cardiometabolic dysfunction associated with the
development of comorbid conditions in this population (i.e., diabetes, heart disease,
peripheral artery disease, etc.).
1.1.5 The Timeline of Stroke Recovery is Well-defined and is Conducive to Studying
the Effects of Exercise-based Interventions
The first seven days after the onset of stroke are described as the acute phase of
recovery (hyperacute: 0-24hrs) (Bernhardt et al., 2017). Treatments offered during the
acute phase are focused toward minimizing the amount of brain tissue damage and
preventing further medical complications (Hankey, 2017). Physical activity is limited
during the initial phase of recovery and may even be harmful if initiated too early
(Bernhardt et al., 2015).
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Perhaps, the first opportunity for initiating aerobic exercise training after stroke is
in the second week, which marks the beginning of the subacute phase of recovery (early
subacute: 7-days to 3-months; late subacute: up to 6-months) (Bernhardt et al., 2017). The
subacute phase is when formalized stroke rehabilitation services are typically offered and
the focus is on delivering task-oriented therapies (Hebert et al., 2016; Winstein et al., 2016).
The goal of such therapies is to help patients regain lost functions through active practice
of context-specific motor tasks (e.g., reaching, grasping, walking, etc.) (Pollock et al.,
2014). The first three months are regarded as the optimal window for recovery of lost
function after stroke because of the injured brains enhanced capacity for structural and
functional change during this time (Ward, 2017). Pre-clinical models have begun to
describe the neurobiological mechanisms underlying what is commonly referred to as
enhanced neuroplasticity during this early stage of recovery (Murphy & Corbett, 2009).
Clinical data also supports the idea of increased neuroplasticity during the first 3-months
of recovery, which is demonstrated through increased rates of functional recovery followed
by slowing or a plateau of recovery after this time (Jorgensen et al., 1995; Nakayama,
Jorgensen, Raaschou, & Olsen, 1994). Accordingly, best practice guidelines recommend
“three hours per day of direct task-oriented therapy, five days a week, delivered by the
interprofessional stroke team throughout the subacute phase” (Hebert et al., 2016).
Although such formalized stroke rehabilitation programs are generally considered an
intense form of physical rehabilitation, task-oriented therapies typically offered during
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inpatient services offer very little cardiovascular stress (Barrett et al., 2018; M. J. MacKayLyons & Makrides, 2002). Accordingly, interventions targeting cardiorespiratory fitness
during the first 3-months of recovery must incorporate aerobic exercise training in addition
to task-oriented therapy or increase the aerobic demands of task-oriented therapy itself.
At the 6-month mark stroke survivors enter the final phase of recovery and are often
described as chronic stroke survivors (Bernhardt et al., 2017). Compared to earlier time
points, the ability to achieve functional recovery through neural repair mechanisms is
reduced and changes in performance measures are generally described as compensatory in
nature (i.e., not normal pre-stroke behavior) (Bernhardt et al., 2017). Once recovery of
function begins to plateau, it seems reasonable to shift the focus toward treating one of the
central causes of stroke in the first place, poor cardiorespiratory fitness. Unfortunately,
such services are currently unavailable to stroke survivors after completion of formalized
rehabilitation. It is important to recognize that by enhancing cardiorespiratory fitness at
this stage of recovery, there are further opportunities to increase functional performance
while at the same time decreasing risk for future cardiovascular/cerebrovascular events and
enhancing quality of life (Saunders et al., 2020). Accordingly, incorporating functional
activities into aerobic exercise interventions may help to translate improvements in
cardiorespiratory fitness into enhanced ability to complete daily chores. From a secondary
/ tertiary prevention point of view, the primary goal of aerobic exercise interventions should
be to improve cardiorespiratory fitness and reduce associated risk factors. Increasing this
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component of physical fitness is likely a major step forward in helping stroke survivors
live a long productive life.
1.2 Aerobic Exercise Training for the Purpose of Increasing Cardiorespiratory
Fitness After Stroke: a Focused Review
1.2.1 Objective:
The primary objective of the current literature review is to describe the dosages of
aerobic exercise previously prescribed among stroke survivors for the purpose of
increasing cardiorespiratory fitness during the subacute and chronic phases of recovery.
Secondary objectives involve describing the dose-response effects of such exercise
interventions on cardiorespiratory fitness and other know coronary artery disease risk
factors.
1.2.2 Search Strategy and Data Reduction Methods:
To be included in this review, studies must have a) used randomized control or
waitlist control methodologies, b) included at least one aerobic exercise treatment arm (i.e.
sustained physical exercise at prescribed workloads according to heart rate reserve or
percentage of peak workload), c) reported cardiorespiratory fitness as the primary or coprimary outcome measure, and d) evaluated cardiorespiratory fitness during a symptomlimited graded exercise tests performed at baseline and post-intervention with direct
20

measures of gas exchange to determine maximal or peak oxygen uptake. The distinction
between maximal and peak oxygen uptake is made because it is unclear if stroke survivors
can sustain the workloads required to achieve a valid assessment of maximal oxygen uptake
(Howley, Bassett, & Welch, 1995; Midgley et al., 2007; Poole & Jones, 2017). However,
both terms are used as the gold standard assessment of cardiorespiratory fitness in the
stroke literature. To find relevant peer reviewed publications, the Medline database was
searched via PubMed (1947 to July 2020) using the strategy described in Table 1-1 below.
Titles and abstracts of all articles published in English returned from the database search
were screened for appropriateness based on the above inclusion criteria. After which, the
reference lists of the remaining studies and two recent systematic reviews (D'Isabella,
Shkredova, Richardson, & Tang, 2017; Saunders et al., 2020) were reviewed for additional
publications.
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Table 1-1: Search strategy and results
Search #
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14

22

Search strategy
“stroke” [Mesh]
“Exercise” [Mesh]
“Aerobic Exercise” Title/abstract
“Physical exertion” [Mesh]
“Rehabilitation” [Mesh]
#2 OR #3 OR #4 OR #5
#1 AND #6
#7 Filter: Clinical trial; randomized control trial
“Exercise test” [Mesh]
“Ergometry” [Mesh]
“Cardiovascular fitness” Title/abstract
“physiological outcomes” Title/abstract
#9 OR #10 OR #11 OR #12
#8 AND #13

Items found
134,183
194,729
9,541
56,302
304,130
520,842
13,427
2,807
64,397
64,596
1,355
682
67,703
137

In line with previous literature (Billinger, Boyne, Coughenour, Dunning, &
Mattlage, 2015; Garber et al., 2011), the dosage of aerobic exercise studied in each peer
reviewed article was described in terms of the frequency (number of sessions per week),
intensity (relative effort according maximal/peak oxygen uptake, heart rate reserve, or peak
workload), type (ergometer, functional training, constant-load, intermittent exercise, etc.),
and time (both duration of individual sessions and total length of the intervention period)
of prescribed activities. These parameters were then used to calculate the average energy
expenditure of exercise (EEE) for individual sessions and the cumulative weekly metabolic
stress. In studies that prescribed aerobic exercise workloads in terms of percentage of peak
workload achieved during the baseline graded exercise test, the following formula was used
to calculate rate of oxygen uptake (V̇O2) during the prescribed workloads (Cooper &
Storer, 2001):
Equation 1-1

!̇ #! = %10.3 ∗ +̇ , + (5.8 ∗ 1+) + 151
where Ẇ is the prescribed workloads in watts and BW is participants weight in
kilograms. Energy expenditure of exercise was then calculated as follows:
Equation 1-2

333 = !̇ #! ∗ 4 ∗ 5"#
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where t is the time spent at each workload and Qox is the energy equivalent for
oxygen assuming a respiratory exchange ratio of 0.9 (i.e., 5.1 kcal/L) (F. Peronnet &
Massicotte, 1991). The same formula was used to determine EEE in studies that prescribed
workloads based on heart rate reserve. However, V̇O2 was determined through calculation
of oxygen uptake reserve and multiplying by the prescribed intensity for heart rate reserve
(e.g., 60%) according to the following equation:
Equation 1-3

!̇ #! = %!̇ #! %&#/()&* − 898, ∗ :;<=>;?@<A ?B4<B=?4C(%) + 898
where V̇O2 max/peak is the highest value reported for V̇O2 during the baseline graded
exercise test, and RMR is resting metabolic rate, which was estimated to be 3.5 mL min-1
kg-1 (Cooper & Storer, 2001). Accordingly, EEE is a composite score that considers both
the prescribed intensity and volume of exercise, which reflects total metabolic stress
imposed by each study intervention. The advantage of calculating EEE is that we can
compare the doses of exercise between studies that vary in more than one of the ‘FITT’
parameters described above.
1.2.3 Results:
Of the 137 studies returned from the database search, 37 studies were excluded
because they did not use randomized control methods, an additional 50 studies were
excluded because they did not include an aerobic exercise treatment arm (body-weight
24

supported treadmill training was excluded if prescribed intensity was not based on heart
rate or percentage of peak workload determined during the baseline graded exercise test),
a further 35 studies were excluded because cardiorespiratory fitness was not reported as
the primary or co-primary outcome measure, and finally four studies were excluded
because they did not perform symptom-limited exercise tests with gas analysis to determine
maximal or peak oxygen uptake. In total, 16 studies met the inclusion criteria.
1.2.3.1 Aerobic Exercise Workloads Previously Prescribed to Increase Cardiorespiratory
Fitness After Stroke
Of the studies included in this review, the majority (12/16) involved stroke
survivors in the chronic phase of recovery. The FITT parameters and calculated EEE for
each study are reported in Table 1-2. At quick glance, the exercise prescription to enhance
cardiorespiratory fitness has not changed much over the last 25 years. Cycle and treadmill
ergometers were the most frequently used modalities to achieve the prescribed level of
aerobic stress. However, circuit training protocols were also implemented and included
functional activities performed in the water (Chu et al., 2004) and over-ground (Pang, Eng,
Dawson, McKay, & Harris, 2005). Most of these studies incorporated aerobic exercise 3
days/week (range: 3 to 5 sessions) for 30 min per session (20 to 50 min) over a 12-week
period (range: 3 to 24 weeks). On average, this involved 100 min (SD 22) of aerobic
exercise weekly. In terms of exercise intensity, more recent studies have implemented
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higher relative workloads during steady state exercise (Globas et al., 2012; Ivey et al.,
2015) compared to the seminal work (Potempa et al., 1995) and have moved toward high
intensity interval training protocols (Munari et al., 2018). The average estimated EEE was
155 (SD 56) kcal/session and ranged from 276 to 950 kcals/week. Given that the prescribed
weekly volume of aerobic exercise is relatively consistent between studies, it is not
surprising that EEE was higher among studies that implemented the highest relative efforts
(Globas et al., 2012; Munari et al., 2018).
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Table 1-2: Dose of aerobic exercise implemented in each study
Study
Potempa et al.
(1995)

Frequency
3 days / week

Rimmer, Riley,
Creviston, and
Nicola (2000)*
Chu et al.
(2004)‡

3 days / week

Macko et al.
(2005)

3 days / week

Pang et al.
(2005)‡

3 days / week

Ivey, Ryan,
Hafer-Macko,
Goldberg, and
Macko (2007)
Rimmer,
Rauworth,
Wang, Nicola,
and Hill (2009)

3 days / week

Tang, Sibley, et
al. (2009)†
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Energy Expenditure
of Exercise
~157 kcal / session
~472 kcal / week

Type
Cycle ergometer

Time
30 min per session over 10 weeks

Multiple types of
ergometers

30 min per session over 12 weeks

~174 kcal / session
~523 kcal / week

Water-based
exercise

30 min / session over 8 weeks

~166 kcal / session
~497 kcal / week

Treadmill walking

40-min / session over 6 months

~160 kcal/session
~479 kcal/week

Functional exercise
(FAME)

Up to 30 min / session over 19
weeks

~92 kcal/session
~276 kcal/week

60 to 70% of HRR

Treadmill walking
with body-weight
support

40-min / session over 6 months

~141 kcal/session
~422 kcal/week

3 days / week

LILD: <50% HRR
MISD: 40 to 69% of HRR

Cycle erg or
recumbent stepper

LILD: 30-60 min
MISD: 30 min over 14 weeks

3 days / week

50 to 70% of peak
workload or RPE 4-6 / 10

Semi-recumbent
cycle erg

Up to 30 min / session for
average 3 weeks

LILD: ~129
kcal/session
LILD: ~386 kcal/week
MISD: ~141
kcal/session
MISD: ~422 kcal/week
~125 kcal/session
~374 kcal/week

3 days / week

Intensity
30 to 50% of max effort
(4 weeks); highest training
load (last 6 weeks)
5-15 bpm lower than HR
associated with RER= 1
during GXT
Progressive increase in
intensity (50 to 80% of
HRR)
Progressive increase in
intensity (40 to 70% of
HRR)
Progressing from 40-50
up to 70-80% of HRR

Letombe et al.
(2010)*†

4 days / week

70 to 80% of peak power

Semi-recumbent
cycle erg

~20 min per session over 4 weeks

~110 kcal/session
~441 kcal/week

Globas et al.
(2012)

3 days / week

Progressing to 60-80% of
HRR

Treadmill walking
(0% grade)

Progressing to 30-50 min per
session over 12 weeks

~218 kcal/session
~654 kcal/week

(Jin, Jiang, Wei,
Chen, & Ma,
2013)
M. MackayLyons,
McDonald,
Matheson, Eskes,
and Klus (2013)†
Tang et al.
(2014)

5 days / week

Progressing to 50-70% of
HRR

Limb-loaded
cycling exercise

Progressing to 40 min per session
over 12 weeks

~74 kcal/session
~371 kcal/week

5 days / week for
first 6 week, then 3
days / week

Progressing to 60-75% of
V̇O2peak over first 4 weeks

At least 20 min per session over
12 weeks

~108 kcal/session
~430 kcal/week

3 days / week

Progressed from 40% to
70-80% of HRR

3 days / week

Stoller et al.
(2015)†

3 days / week

Robot-assisted
treadmill walking

30 min per session over 4 weeks

~102 kcal/session
~307 kcal/week

Munari et al.
(2018)

3 days / week

High Intensity Treadmill
(HI-TM): progressed to
80-85% HRR
Low Intensity Treadmill
(LI-TM): <50% HRR
The aim was 40-60% of
HRR. Post analysis
determined that average
HRR was 40%
High-intensity Treadmill
Training (HI-TM): 8595% V̇O2peak
Low-intensity Treadmill
Training (LI-TM): 60%
V̇O2peak

Progressing to 30-40 min of
continuous exercise (completed in
bouts of 10 min if needed) over 6
months
HI-TM: 30 min per session
LI-TM: progressing from 30 to 50
min over 6 months

~148 kcal/session
~444 kcal/week

Ivey et al. (2015)

Bodyweight
supported treadmill
starting at 70-90%
of self-selected
speed
Multimodal: cycle
erg., over ground
walking, functional
exercise.
Treadmill

Treadmill walking
(with grade,
intermittent)

HI-TM: 5 x 5 min intervals with
3-5 min active recovery at 50%
V̇O2peak between intervals
LI-TM: 40 min
Both interventions occurred over
12 weeks

HI-TM: ~317
kcal/session
HI-TM: ~950
kcal/week
LI-TM: ~233
kcal/session
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~156 kcal/session
~468 kcal/week

LI-TM: ~700
kcal/week

* Interventions lasted 60-min per session and included other exercises in addition to aerobic exercise (i.e., range of motion, balance, strength
training, etc.), only the aerobic exercise portion is described in the table; † Subacute phase of recovery; ‡ completed in the community (i.e., recreational
facility)

29

Most studies (12/16) reported the results of symptom-limited graded exercise tests
as peak oxygen uptake rather than maximal oxygen uptake. As displayed in Table 1-3, the
primary validation criterion for achieving maximal or peak workloads was volitional
exhaustion. In terms of other validation criteria, two studies reported on whether or not a
plateau in V̇O2 was achieved (Chu et al., 2004; Stoller et al., 2015), five studies reported
respiratory exchange ratios recorded at the end of the graded exercise test (Chu et al., 2004;
M. Mackay-Lyons, McDonald, et al., 2013; Pang et al., 2005; Potempa et al., 1995;
Rimmer et al., 2000; Stoller et al., 2015), and three studies reported percentage of age
predicted max heart rate achieved (Chu et al., 2004; M. Mackay-Lyons, McDonald, et al.,
2013; Stoller et al., 2015). At baseline, V̇O2peak scores ranged from 11.2 (SD 0.5) to 14.8
(SD 5.6) and 12.6 (SD 4.2) to 22.5 (SD 5.2) mL min-1 kg-1 during symptom-limited grated
exercise tests performed during subacute and more chronic phases of recovery,
respectively. Three studies reported no statistically significant changes in V̇O2peak after the
intervention period compared to baseline (Rimmer et al., 2009; Rimmer et al., 2000; Tang
et al., 2014) and one study reported no difference in treatment effects between the aerobic
exercise and usual care groups when implemented during inpatient rehabilitation (Tang,
Sibley, et al., 2009). The remaining 12 studies reported a statistically significant time by
group interaction effects in favor of aerobic exercise where pre to post changes in V̇O2peak
ranged from 2.0 to 5.5 mL min-1 kg-1. Using simple linear regression analysis, variability
in the dose-response effects of aerobic exercise was observed in the small non-statistically
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significant association with change in V̇O2peak (R2 = 0.27; p= 0.081). The predicted
association between weekly EEE and change in V̇O2peak along with the 95% CI of the error
are displayed in Figure 1-1.
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Table 1-3: Graded exercise testing outcomes for each of the included studies
Study
Potempa et al. (1995)*†
Rimmer et al. (2000)†
Chu et al. (2004)*†
Macko et al. (2005)‡
Pang et al. (2005)*†
Ivey et al. (2007)‡
Rimmer et al. (2009)†
Tang, Sibley, et al.
(2009)†
Letombe et al. (2010)†
Globas et al. (2012)‡
(Jin et al., 2013)†
M. Mackay-Lyons,
McDonald, et al. (2013)‡
Tang et al. (2014)†
Ivey et al. (2015)‡
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Sample Size
Intervention: 19
Control: 23
Intervention: 18
Control: 17
Intervention: 7
Control: 5
Intervention: 25
Control: 20
Intervention: 32
Control: 31
Intervention: 26
Control: 20
LILD: 14
MISD: 14
Control: 13
Intervention: 23
Control: 22
Intervention: 9
Control: 9
Intervention: 18
Control: 18
Intervention: 65
Control: 63
Intervention: 22
Control: 23
Intervention: 22
Control: 23
HI-TM: 18

Validity Criteria
Volitional exhaustion and RER > 1.15
Volitional exhaustion, RER > 1.0, and
HR > 90% age predicted max
RER> 1.15, plateau (1.5 ml min-1 kg-1),
or volitional exhaustion.
volitional exhaustion
volitional exhaustion
volitional exhaustion
RER> 1.1, HR> 90% of age predicted,
volitional exhaustion
Volitional exhaustion
Volitional exhaustion
Volitional exhaustion
Volitional exhaustion
volitional exhaustion
volitional exhaustion
volitional exhaustion

Oxygen Uptake (Max / Peak)
Baseline (ml min-1 kg-1) Post (ml min-1 kg-1)
Intervention: 16.6 (1.0)
Intervention: 18.8 (1.1)
Control: 15.1 (1.0)
Control: 15.2 (0.9)
Intervention: 13.3 (4.2)
Intervention: 14.4 (4.0)
Control: 14.1 (3.0)
Control: 12.7 (2.6)
Intervention: 17.3 (3.0)
Intervention: 21.2 (2.3)
Control: 17.1 (3.2)
Control: 17.6 (4.7)
Intervention: 14.9 (0.9)
Intervention: 17.3 (1.0)
Control: 14.7 (1.0)
Control: 14.9 (1.0)
Intervention: 22.5 (5.2)
Intervention: 24.5 (5.3)
Control: 21.5 (4.3)
Control: 21.8 (4.5)
Intervention: 13.7 (0.9)
Intervention: 15.7 (1.1)
Control: 14.8(0.9)
Control: 14.4 (1.0)
LILD:13.3 (3.6)
LILD: 14.0 (3.9)
MISD: 15.1 (7.4)
MISD: 15.7 (7.6)
Control: 12.6 (4.2)
Control: 12.2 (3.6)
Intervention: 11.6 (0.7)
Intervention: 13.1 (0.9)
Control: 11.2 (0.5)
Control: 12.1 (0.8)
Intervention: 11.5
Intervention: 14.0
Control: 12.0
Control: 12.5
Intervention: 18.9 (4.6)
Intervention: 24.4 (6.6)
Control: 21.7 (7.8)
Control: 20.9 (7.8)
Intervention: 13.2 (0.9)
Intervention: 16.8 (1.6)
Control: 13.2 (1.0)
Control: 13.3 (1.0)
Intervention: 14.2 (4.3)
Intervention: 18.4 (4.0)
Control: 14.5 (3.5)
Control: 15.6 (4.2)
Intervention: 16.9 (7.1)
Intervention: 17.4 (7.0)
Control: 16.9 (6.1)
Control: 16.6 (5.3)
HI-TM: 15.9 (1.7)
Intervention: 21.3 (1.6)

Stoller et al. (2015)‡
Munari et al. (2018)*‡

LI-TM: 16
Intervention: 7
Control: 7
HI-TM: 8
LI-TM: 7

volitional exhaustion
volitional exhaustion

*Reported results of the graded exercise test as V̇O2max; † Cycle erg; ‡ Treadmill
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LI-TM: 16.6 (1.2)
Intervention: 14.3 (4.9)
Control: 14.8 (5.6)
HI-TM: 20.9 (5.3)
LI-TM: 20.5 (5.6)

Control: 17.5 (1.2)
Intervention: 17.5 (6.2)
Control: 18.0 (5.9)
HI-TM: 25.5 (4.0)
LI-TM: 19.6 (2.9)

Delta V̇ O2 (ml min-1 kg-1)

8
6
4
2
0
0

200

400

600

800

1000

EEE (kcal/week)
Figure 1-1: Association between weekly energy expenditure of exercise and pre to post changes in
peak oxygen uptake. The line of best fit is displayed along with the 95% CI of the error (shaded area).
Triangles and circles are used to differentiate between studies initiated during the subacute and more chronic
phases of recovery, respectively.

34

In addition to evaluating the effects of aerobic exercise training on cardiorespiratory
fitness, three studies also explored its effect on blood glucose control (Ivey et al., 2007;
Tang et al., 2014) and lipid profile (Rimmer et al., 2009; Tang et al., 2014). In the study by
Ivey and colleagues (2007), pre to post changes in V̇O2peak (+15%) was associated with
reduced total insulin response (-24%) during the 3-hour glucose tolerance test. Importantly,
the observed improvements in insulin sensitivity were reported to be greatest for
individuals with the most pronounced insulin response at baseline (Ivey et al., 2007).
Among individuals with type 2 diabetes and impaired glucose tolerance at baseline, 7/12
in the intervention group and 1/11 in the control group improved their glucose tolerance
status. Accordingly, 63% of individuals with impaired glucose tolerance improved to
normal levels (5/8) and half of those with type 2 diabetes (2/4) reverted to impaired glucose
tolerance status upon completion of the exercise intervention whereas one participant in
the control group improved from impaired glucose tolerance to normal levels (Ivey et al.,
2007). The study by Tang et al. (2014) also reported improvements in glucose control.
However, the observed changes in fasting glucose levels were less likely to be exercise
induced because the pre to post effect was larger in the control group and the aerobic
exercise intervention failed to provide sufficient metabolic stress as it had little effect on
V̇O2peak (<3%) (Tang et al., 2014). Accordingly, the authors reported that a third of their
participants were unable to achieve the prescribed exercise intensity (Tang et al., 2014).
The intensity dependent effects of aerobic exercise training on blood pressure and lipid
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profile were evaluated in a preliminary study that cluster randomized participants to a
moderate intensity aerobic exercise program (see Table 1-2 for details), low intensity
aerobic exercise matched for EEE, or nonaerobic therapeutic exercise among chronic
stroke survivors with diabetes and other comorbidities (Rimmer et al., 2009). Group by
time effects were reported in favor of moderate intensity aerobic exercise to decrease total
cholesterol, low-density lipoprotein, and diastolic blood pressure (Rimmer et al., 2009).
However, baseline values for these markers of coronary artery disease were within
acceptable limits and although statistically significant it is unclear if such changes reduce
risk. Furthermore, the dosage of aerobic exercise implemented was insufficient to address
the very low levels of cardiorespiratory fitness observed in this cohort, which is perhaps a
stronger predictor of future events and all-cause mortality (Blair et al., 1989; Pandey et al.,
2016).
1.2.4 Discussion
The main outcome of the current review was consolidated data confirming the
limited variability in dosages of aerobic exercise previously prescribed to increase
cardiorespiratory fitness among stroke survivors. Interestingly, the amount of physical
activity incorporated in these studies was below current recommendations for older adults
(Tremblay et al., 2011). Unless participants engaged in an additional 50 minutes per week
outside the study protocols, they would still meet the definition of being physically inactive
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(van der Ploeg & Hillsdon, 2017). The exercise volume (i.e., frequency x time) is
remarkably similar between studies. Perhaps the one component of exercise prescription
that has changed over the last 25 years is a shift toward increasing the relative intensity of
physical activities. Accordingly, participants enrolled in more recent studies (Ivey et al.,
2015; Munari et al., 2018) likely achieved physical activity recommendations as they
incorporated vigorous intensity activities (Piercy et al., 2018; Tremblay et al., 2011).
However, among individuals with such poor levels of cardiorespiratory fitness, increasing
relative effort has little effect on the total metabolic stress imposed. For example, in a
typical 70-year-old male stroke survivor with a body weight of 80 kg and a V̇O2peak of 16
mL kg-1 min-1, a 20% increase in relative effort will cause an additional 30 kcal to be
expended over a 30-minute period. To put it in perspective, this increase is about 2% of
resting metabolic rate estimated in the same individual (Mifflin et al., 1990). Much higher
increases in EEE are likely possible through increases in exercise volume (i.e., frequency
and duration) while holding the exercise intensity relatively constant (i.e., 40 to 60% of
HRR). For example, increasing the duration of an exercise session from 30 minutes up to
60 minutes at the same relative intensity will double the EEE. Given the limited ability to
increase EEE through increments in exercise intensity, the feasibility and acceptability of
incorporating higher exercise volumes through increased frequency and duration of
individual sessions should be investigated.
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Exercise induced changes in cardiorespiratory fitness observed in this focused
review were consistent with a recent Cochrane review (Saunders et al., 2020). Comparing
the post intervention V̇O2peak scores between stroke survivors randomized to aerobic
exercise (N= 223) versus the control condition (N=215), the authors reported a mean
difference and 95% confidence interval (CI) for the difference in V̇O2peak of 3.4 mL min-1
kg-1 (CI 2.98 to 3.83) (Saunders et al., 2020). Although the treatment effects appear rather
large, many of these individuals remain below the threshold needed to perform ambulatory
activities without inducing excessive fatigue (Morey et al., 1998) and very few stroke
survivors achieved the 8 MET threshold (i.e., 28 mL min-1 kg-1) reported to offer protection
from cardiovascular events (Pandey et al., 2016). It is important to note that average levels
of cardiorespiratory fitness for male and female adults 60 years of age and older is in the
range of 26 to 32 and 21 to 24 ml min-1 kg-1, respectively (Cooper & Storer, 2001).
Accordingly, the extent to which stroke survivors can reverse the consequences of a
previous inactive lifestyle is currently unknown.
The small non-statistically significant association observed between EEE and pre
to post changes in V̇O2peak is difficult to interpret. Having a p-value larger than 0.05 means
that the observed association may be reached by chance. However, if we accept that a pvalue of 0.08 is providing some evidence indicating that the association is not by chance,
then we must also accept that much of the variability in the response to exercise training
(i.e., pre to post change in V̇O2peak) is not explained by the variability in prescribed EEE
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(i.e., >70% of the variability unexplained). There are likely many explanations for this
weak association. Firstly, the observed variability in the baseline V̇O2peak. Given that
relative intensity (i.e., percentage of V̇O2peak or HRR) is used for prescribing exercise, then
one prescription (e.g., 30 minutes at 60 % of HRR, 3-days per week over a 10-week period)
can have vastly different EEE depending on participants’ baseline level of
cardiorespiratory fitness. Secondly, most studies do not describe the workloads maintained
throughout the study period. This is a problem because we do not know the actual EEE.
For example, Tang et al. (2014) reported that a third of their participants were unable to
achieve the prescribed aerobic exercise workloads. Thirdly, the duration of the intervention
period varied between studies. For example, Ivey et al. (2015) observed similar changes in
V̇O2peak over a 6-month period as did Munari et al. (2018) over three months, however, this
was achieved at a much lower EEE. Finally, the validity of V̇O2peak for assessing changes
in cardiorespiratory fitness must be questioned. If stroke survivors are unable to reach the
criteria of V̇O2max, then, how do we interpret pre to post changes in graded exercise testing?
To what extent do these changes represent a learning effect? From the studies included in
this review, aerobic exercise training performed on the treadmill can improve walking
ability (Ivey et al., 2015; M. Mackay-Lyons, McDonald, et al., 2013; Macko et al., 2005).
Also, a large multicenter randomized control trial demonstrated that bodyweight supported
treadmill walking improved self-selected walking speed to a similar extent as did structured
physiotherapy among stroke survivors in the subacute phase of recovery (Duncan et al.,
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2011). Accordingly, the extent to which the observed pre to post changes in V̇O2peak reflect
underlying structural and functional changes in the cardiorespiratory system itself is
unclear. Collectively, these limitations indicate that studies with more robust methods for
evaluating changes in cardiorespiratory fitness and monitoring/reporting the actual
workloads achieved throughout the study period are required to fully elucidate the dose
response effects of aerobic exercise training in the stroke population.
Given the limitations discussed above, if we assume the dose-response effects
reported in Figure 1-1 to be true, we can then begin to address the question of how much
aerobic exercise training is needed to enhance cardiorespiratory fitness to average levels
observed in age and gender matched non-stroke population. Again, using the same 70-yearold stroke survivor described previously and setting the target V̇O2peak at 28 ml min-1 kg-1
(Pandey et al., 2016; Riebe, Ehrman, Liguori, & Magal, 2018), this individual would need
to expend 7023 kcal/week over an average of 12 weeks. At an average intensity of 60% of
HRR, this corresponds to more than 26 hours of structured aerobic exercise each week.
Accordingly, current aerobic exercise recommendations may need to increase by a factor
of at least 10 to realize its true potential for enhancing functional performance and reducing
cardiometabolic risk among stroke survivors. Although likely an overestimation, the above
data highlights the need for future studies to investigate the tolerable and acceptable
dosages of aerobic exercise among stroke survivors.
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The type of activity used to sustain the prescribed workloads can also influence the
dose response effects of aerobic exercise interventions. As displayed in Table 1-2, treadmill
and cycling ergometers were the primary types of activities implemented to increase
cardiorespiratory fitness in stroke survivors. The type of ergometer used does not appear
to be influenced by participants’ phase of recovery or level of impairment as similar
proportions of studies implemented treadmill versus cycling ergometer interventions in
both the subacute and chronic phase of recovery. However, it is difficult to draw
conclusions based on the small sample sizes used in these interventions and only four
studies recruited participants within the first 30-days of their recovery (Letombe et al.,
2010; M. Mackay-Lyons, McDonald, et al., 2013; Stoller et al., 2015; Tang, Sibley, et al.,
2009). Two of the earlier subacute studies incorporated low levels of metabolic stress (i.e.,
110 to 125 kcal/session) on the semi-recumbent cycle ergometer, which resulted in
relatively small gains in cardiovascular fitness (Letombe et al., 2010; Tang, Sibley, et al.,
2009). Recognizing the limits that poor cardiorespiratory fitness imposes on walking
ability and the focus on task-oriented relearning of walking during the subacute phase of
recovery, M. Mackay-Lyons, McDonald, et al. (2013) designed and implemented an
exercise intervention that progressively increased both the metabolic demands and walking
speed imposed during body weight supported treadmill training. Although novel in design,
the intervention imposed similar levels of metabolic stress as the previous studies.
Participants in the intervention group achieved relatively large changes in V̇O2peak
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compared to the previous work in subacute stroke (Letombe et al., 2010; Tang, Sibley, et
al., 2009), which were maintained up to one year after the intervention period and
statistically different from changes observed in the usual care group (M. Mackay-Lyons,
McDonald, et al., 2013). Although clinically meaningful changes in over ground walking
speed were also observed, they do not explain the enhanced effect of body weight
supported treadmill training on V̇O2peak as similar changes in walking speed were observed
between groups. The same trend is observed among chronic stroke survivors, with
treadmill aerobic exercise displaying enhance effects (Ivey et al., 2015) compared to
similar dosages of aerobic exercise performed on the cycling ergometer (Tang et al., 2014).
It is unclear why enhanced effects are observed after treadmill aerobic exercise training
compared to similar levels of metabolic stress imposed on the recumbent cycle ergometer.
Maybe it is the increased amount of muscle mass used on the treadmill, or increased daily
ambulatory activities due to the task-oriented nature of treadmill exercise, or increased
ability / willingness to maintain the target workload on the treadmill, or a combination of
these and other effects?
In conclusion, stroke survivors retain the ability to achieve relatively large
improvements in cardiorespiratory fitness during both the subacute and chronic phases of
recovery. However, the doses of aerobic exercise implemented to date are insufficient to
restore cardiorespiratory fitness to levels observed in age and sex matched healthy controls.

42

Future studies should focus on methods to enhance the effects of task-oriented activity on
cardiorespiratory fitness throughout the continuum of stroke recovery.
1.3 What Opportunities Currently Exist for Incorporating Aerobic Exercise Training
During Stroke Recovery?
Before we begin to design interventions that can overcome the consequences of
previous inactivity on cardiorespiratory fitness among stroke survivors, we must first
understand the target populations’ previous exposure to aerobic exercise training. It is
important to stress here that given the strong association between poor cardiorespiratory
fitness and future cardiovascular/cerebrovascular events (Pandey et al., 2016), high rates
of sedentary behavior likely predate incident stroke. Accordingly, formalized stroke
rehabilitation services likely include most survivors’ experience with structured aerobic
exercise training. As a subproject during my doctoral studies, we evaluated the metabolic
demands imposed during formalized stroke rehabilitation services offered at our tertiary
rehabilitation hospital. Measurements were taken 24 hours a day over 7-days during
patients’ first and last week of inpatient services. Having two monitoring periods allowed
us to evaluate changes in the total workload performed within the inpatient environment
over the course of the patient’s recovery. A 1-lead electrocardiography device with builtin accelerometer (Actiheart, CamNtech Inc., England, UK) was placed on participants
chest according to manufacturer instructions to continuously record heart rate and activity

43

counts (i.e., 15-sec epochs 24 hrs. per day), which were later converted to metabolic
equivalents. In line with previous literature (van der Ploeg & Hillsdon, 2017), activities
below 1.5 metabolic equivalents were described as sedentary and 3 metabolic equivalents
was used as the minimum threshold for moderate intensity physical activity. In total, 28
patients were approached to participate in the study; 19 completed the first monitoring
period and 8 participants completed both (Barrett et al., 2018). The main findings of this
study were that participants engaged in very little activity beyond 1.5 metabolic equivalents
and most of their awake time was characterized as either lying in bed or seated rest (Barrett
et al., 2018). In fact, only one participant sustained activity levels beyond 3 metabolic
equivalents for 20 min or more per day during the first and/or last week of their inpatient
stay. It is important to note that among patients who participated in both monitoring
periods, no obvious change in metabolic demand was observed either during supervised
task-oriented therapies themselves or with respect to total daily metabolic demands (Barrett
et al., 2018). The observed data contrast with a recent report, which suggests that most
stroke rehabilitation programs across Canada follow best practice recommendations for
incorporating aerobic exercise training during their inpatient/outpatient services (Nathoo
et al., 2018). However, our data is consistent with previous reports conducted in Canada
(M. J. MacKay-Lyons & Makrides, 2002) and across the globe (Bernhardt, Dewey, Thrift,
& Donnan, 2004). Furthermore, the level of cardiorespiratory fitness recorded among
stroke survivors who have previously completed formalized stroke rehabilitation and are
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discharged into the community remains very low (M. J. Mackay-Lyons & Makrides, 2004;
Tang, Sibley, et al., 2009).
Given the high amounts of sedentary behavior recorded in our observational study,
parallels can be drawn between the immobility imposed during the Dallas Bed Rest Study
and the amount of metabolic stress achieved during inpatient stroke rehabilitation.
Accordingly, aerobic exercise training must first overcome the detrimental effects of such
environments on the underlying structures and function of the cardiovascular system
(Saltin et al., 1968) before measurable improvements in cardiorespiratory fitness can be
observed. It is important to recall the amount of structured aerobic exercise that young
healthy participants had to complete in order to restore cardiorespiratory fitness to levels
recorded prior to the 21 days of bed rest, which included 200 to 400 minutes per week of
interval training and continuous aerobic exercise at intensities ranging from 60 to 100 %
of V̇O2max over a 7 to 8-week period (Saltin et al., 1968). A conservative estimate of the
weekly EEE is in the range of 3200 to 6400 kcal/week, which is getting close to the
predicted workloads described above to achieve normal levels of cardiorespiratory fitness
in stroke survivors. However, it is currently unknown if stroke survivors can sustain such
workloads, especially during the subacute phase of recovery. Although the feasibility of
incorporating aerobic exercise training during inpatient rehabilitation has been established
(Biasin et al., 2014), the dosages of aerobic exercise studied thus far remain relatively low
(M. Mackay-Lyons, McDonald, et al., 2013; Tang, Sibley, et al., 2009). The tolerability of
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increasing dosages of aerobic exercise among stroke survivors has not been empirically
evaluated and is currently under investigation (S. F. Kramer, Cumming, Johnson, Churilov,
& Bernhardt, 2020). In either case, when you compare the observed metabolic demand of
the inpatient environment with the amounts of aerobic exercise needed to increase
cardiorespiratory fitness to normal levels, a fundamental shift in the service delivery model
will be required.
Recognizing the limited access to progressive aerobic exercise programs and other
secondary/tertiary prevention strategies during formalized stroke rehabilitation services, a
transition of care has been proposed where stroke survivors are referred to cardiac
rehabilitation upon completion of traditional stroke rehabilitation (Marzolini, 2018). The
core components of comprehensive cardiac rehabilitation programs include a) patient
assessment, b) nutrition counseling, c) weight management, d) blood pressure
management, e) lipid management, f) diabetes management, g) tobacco cessation, h)
psychosocial management, i) physical activity counseling, and j) exercise training (Balady
et al., 2007). With respect to exercise training, the scientific statement from the American
Heart Association includes both aerobic and resistance activities 3-5 and 2-3 days per week,
respectively (Balady et al., 2007). Compared to stroke best practices (Wein et al., 2018),
slightly higher aerobic exercise intensities (i.e., 50 to 80% of heart rate reserve) and
volumes (3 to 5 days per week for 20 to 60 min per session) are recommended during
cardiac rehabilitation (Balady et al., 2007). The feasibility and preliminary effectiveness of
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such comprehensive secondary prevention programs has been described among individuals
who have experienced a transient ischemic attack or nondisabling minor stroke (Prior et
al., 2011). In fact, changes in cardiorespiratory fitness (+ 31.4%), body mass index (-0.53
kg/m2) blood pressure (systolic: -3.2 mmHg; diastolic -2.34 mmHg), and cholesterol
(total/high density lipoprotein: -11.6%) are like those observed in coronary heart disease
patients (Mitchell et al., 2019). The challenge, however, is adapting such programs for
individuals with stroke related impairments (Tang, Closson, et al., 2009). Lennon, Carey,
Gaffney, Stephenson, and Blake (2008) randomized 48 chronic stroke survivors to receive
a cardiac rehabilitation program (i.e., 20 x 30-min sessions of cycle ergometry at 50-60%
of HRR over 10-weeks, and 2 life skills sessions focused on stress management) or usual
care. The relatively low dose of aerobic exercise implemented in the study (60 minutes per
week at 50 to 60% of heart rate reserve over 10 weeks) lead to statistically significant
between group changes in cardiorespiratory fitness (+ 13%) and within group changes in
Framingham cardiac risk score (- 1.5 points), which lead the authors to conclude that
adapted cardiac rehabilitation is a feasible and effective method to decrease cardiovascular
risk among chronic stroke survivors. The reported decrease in cardiovascular risk is likely
overstated given that the post intervention V̇O2peak remained very low (12.0 ml min-1 kg-1)
in the cardiac rehab group and no change in cardiometabolic profile was observed. Also, it
is unclear how the cardiac rehabilitation program was adapted for stroke survivors;
especially given that most participants were independently ambulatory. Using repeated
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measures pre-post study designs, two Canadian studies also evaluated the feasibility and
effectiveness of integrating stroke survivors into an adapted cardiac rehabilitation program,
which involved lower staff to participant ratios and smaller class sizes compared to usual
(Marzolini, Tang, McIlroy, Oh, & Brooks, 2014; Tang, Marzolini, Oh, McIlroy, & Brooks,
2010). The programs were 6-months in length and involved once-weekly 90 min sessions
of education and supervised exercise along with four prescribed workouts to be completed
at home each week. Individually prescribed aerobic exercise was intended to be progressed
up to 30-60 minutes per session at intensities between 60 to 80% of heart rate reserve.
Based on self-reported information collected in activity logs, participants engaged in 76
min (SD 52) of aerobic exercise each week at an intensity of 48.9% of heart rate reserve
(SD 23.2). The actual amount of aerobic exercise performed was substantially lower than
the target training load and was like workloads previously described (Lennon et al., 2008).
Accordingly, small pre to post changes in cardiorespiratory fitness were observed
(Marzolini et al., 2014; Tang et al., 2010) with little to no effect on cardiometabolic profile
(Tang et al., 2010). It is important to point out here that although participants were
recruited for these studies based on having incomplete recovery from stroke, almost all
were independently ambulatory over flat surfaces with or without a gait aid. Therefore, it
is unclear why stroke survivors with mild to moderate levels of impairment have such poor
response to cardiac rehabilitation compared to individuals recovering from transient
ischemic attack or nondisabling stroke (Prior et al., 2011). In either case, we need novel
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interventions to increase the aerobic stress imposed during task-oriented activities. Two
potential methods are introduced below and evaluated in the subsequent chapters.
1.4 A Pragmatic Method to Increase the Cardiometabolic Stress Imposed During
Task-oriented Activities After Stroke: Circuit Training
Best practice recommendations include 15 hours per week of direct task-oriented
therapy throughout the subacute phase of stroke recovery (Hebert et al., 2016). In addition
to practicing goal directed functional movements, stroke survivors are encouraged to
accumulate 150 minutes of structured aerobic exercise training each week (Wein et al.,
2018). However, as described above, much higher dosages of aerobic exercise are likely
required to optimize its effect on secondary / tertiary prevention and functional
performance in stroke survivors. Given the large amounts of task-oriented therapy
recommended during stroke recovery, could some of the activities typically offered during
formalized therapy be structured in such a way to maintain at least moderate levels of
aerobic stress? If so, this would offer a pragmatic solution to increasing the cardiometabolic
stress imposed during impatient rehabilitation and will increase access to aerobic exercise
once stroke survivors are discharged from formalized rehabilitation. The obvious starting
point is with ambulatory rehabilitation activities. However, many stroke survivors are left
with impairments that limit their ability to walk even short distances and assistive devices
such as body-weight support (M. Mackay-Lyons, McDonald, et al., 2013) or robotic
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exoskeletons (Stoller et al., 2015) are often required to sustain moderate intensity aerobic
workloads. Access to such specialized equipment has repeatedly been reported as a barrier
to incorporating aerobic exercise among stroke survivors (Biasin et al., 2014; Brown et al.,
2014; Moncion et al., 2020). Accordingly, aerobic exercise interventions that are not
dependent upon the use of specialized equipment are needed. Several group-based exercise
classes that incorporate functional activities specific to stroke related impairments have
been developed (Marsden et al., 2016; Pang et al., 2005; Richardson et al., 2018; Salbach
et al., 2004; van de Port et al., 2009). Such classes are typically offered at the community
level and organize functional activities into workstations that include warm-up activities
followed by exercises directed toward increasing muscle strength, endurance, and balance,
and finishing with cooldown activities. Although such group-based exercise classes have
been reported to increase cardiorespiratory fitness and reduce metabolic risk markers
(Moore et al., 2015; Pang et al., 2005), the reproducibility of their findings must be
questioned given that the work to rest ratios are not well defined and workloads are
generally not prescribed in terms of percentage of max effort (i.e., % heart rate reserve, or
max heart rate). A relatively large (N=250) multicenter randomized control trial evaluated
the effects of incorporating functional activities into circuits employing a 1:1 work to rest
ratio (3 minutes functional activities followed by 3 minutes of recovery) over a 60-minute
session 2 days per week over 12 weeks compared to usual physiotherapy on walking ability
(van de Port, Wevers, Lindeman, & Kwakkel, 2012). The authors reported that circuit
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training was associated with significantly higher scores in walking speed and distance
covered during the six-minute walk test (van de Port et al., 2012). The observed
improvements in six-minute walk distance may indicate an improvement in
cardiorespiratory fitness, however, more work is needed to better understand the amount
of aerobic stress imposed during such interventions and the extent to which they can
improve metabolic risk markers in stroke survivors throughout the continuum of care. The
development of a circuit training protocol and evaluation of the aerobic workloads
sustained are the focus of Chapter 2. In Chapter 3, the effects of the circuit training protocol
on cardiorespiratory fitness and metabolic profile are evaluated among chronic stroke
survivors with multiple cardiovascular and metabolic comorbidities.
1.5 Normobaric Hypoxia Conditioning as a Potential Method to Increase the Aerobic
Strain Imposed During Task-oriented Activities After Stroke
Rather than increasing the amount of work performed in a given time period, the
aerobic stress imposed during task-oriented exercise could also be increased by performing
such activities under environmental conditions of either reduced partial pressure of inspired
oxygen (i.e. hypobaric hypoxia) or reduced fraction of inspired oxygen (i.e., normobaric
hypoxia). Given that atmospheric pressure decreases with increasing distance above sea
level (Mazzeo, 2008), hypobaric hypoxia is a natural phenomenon experienced by
individuals who ascend to higher altitudes for recreational activities such as skiing and
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trekking. Accordingly, the severity of environmental hypoxia exposure can be described in
terms of distance above sea level; “low altitude” refers to elevations below 2000 meters,
“moderate altitude” describes elevations between 2000 and 3000 meters, “high altitude” is
between 3000 to 5500 meters, and “extreme altitude” for elevation beyond 5500 meters
(Bartsch & Saltin, 2008). For perspective, the partial pressure of oxygen at sea level is
approximately 160 mmHg, which decreases to 125, 110, and 79 kPa at elevations of 2000,
3000, and 5500 meters, respectively (Peacock, 1998). In terms of duration of hypoxia
exposure, the following terminology and definitions have been proposed: a) “native”,
which describes populations that have lived at altitude for generations, b) “permanent”,
which describes individuals who have been exposed to hypoxic conditions from birth to
death, c) “long-term”, which describes continuous exposure that last from weeks to
months; d) “short-term”, which describes continuous exposure lasting from minutes to
hours, and e) “intermittent hypoxia” exposure that includes short periods of hypoxia (i.e.
minutes) interspaced with similarly short periods of normoxia (Hoppeler, Vogt, Weibel, &
Fluck, 2003). Together, the severity and duration of hypoxia exposure determine its dose
(Navarrete-Opazo & Mitchell, 2014). It is obviously not practical to bring stroke survivors
who live near sea level to higher altitudes for therapeutic purposes. Accordingly, hypobaric
chambers and hypoxicators can be used at sea level to simulate altitude exposure
(Serebrovskaya, Manukhina, Smith, Downey, & Mallet, 2008). In specialized rooms called
hypobaric chambers, barometric pressure is reduced to simulate the partial pressure of
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inspired oxygen experienced at the target distance above sea level. In contrast, hypoxicators
produce hypoxic gas mixtures either by infusing supply air with nitrogen or using a
deoxygenating technique such as filtering to simulate the level of environmental hypoxia
experienced at the target altitude (Serebrovskaya et al., 2008). Translating the severity of
environmental hypoxia exposure to fraction of inspired oxygen, the descriptions of
“moderate”, “high”, and “extreme” altitude correspond to fractions of inspired oxygen of
16 to 14%, 13 to 11%, and <10%, respectively (Bartsch & Saltin, 2008). In terms of using
environmental hypoxia exposure for therapeutic (Navarrete-Opazo & Mitchell, 2014) or
ergogenic purposes (B. D. Levine, 2002), moderate to high levels of simulated or natural
altitude exposure are typically used.
Performing exercise under conditions of hypobaric or normobaric hypoxia poses an
additional metabolic stress that must be overcome to sustain activities (Hoppeler, Klossner,
& Vogt, 2008; L.P. Kelly & Basset, 2017). Accordingly, breathing frequency, minute
ventilation, and heart rate are elevated at altitude compared to performing similar
workloads at sea level (L.P. Kelly & Basset, 2017). A shift in substrate partitioning toward
carbohydrate energy sources (i.e., glycogen, glucose, lactate) and an increased reliance on
intramuscular energy stores are also observed (F Peronnet et al., 2006). Elevations in
minute ventilation and heart rate act to maintain arterial oxygen supply (Bartsch & Gibbs,
2007; Bartsch & Saltin, 2008; Mazzeo, 2008), while changes in substrate partitioning aid
in oxidative energy production as less oxygen is required per mole of carbohydrate
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compared to lipids (Brooks et al., 1991; Mazzeo, 2008). These mechanisms are limited,
however, and maximal rates of oxygen uptake decrease by approximately 7% for every
1000-meter increase in elevation (Fulco, Rock, & Cymerman, 1998). Accordingly, a 14 to
21% increase in relative exercise intensity is observed when a given workload is performed
at moderate altitude compared to sea level. The increased relative effort is a hindrance to
athletic performance at altitude (B. D. Levine, 2002). However, it may provide an
opportunity to enhance cardiorespiratory and metabolic outcomes among populations such
as stroke survivors who have impairments that limit their ability to perform external work
(L.P. Kelly & Basset, 2017).
Exercise interventions performed under conditions of short-term moderate
normobaric hypoxia, are associated with similar or even enhanced effects on
cardiorespiratory fitness and metabolic outcomes among sedentary adults compared to
higher absolute workloads performed under typical sea level conditions (Hobbins, Hunter,
Gaoua, & Girard, 2017). As described above, maximal oxygen uptake decreases with
increasing altitude (Fulco et al., 1998) and, therefore, lower absolute workloads are needed
under normobaric hypoxia to match for relative exercise intensity. Accordingly, Haufe,
Wiesner, Engeli, Luft, and Jordan (2008) randomized 20 healthy adults to complete 12
sessions of aerobic exercise (60 min each) over 4 weeks at the same relative exercise
intensity under conditions of moderate normobaric hypoxia or normoxia. Although the
prescribed workloads were 20% higher under typical atmospheric conditions, participants
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randomized to the normobaric hypoxia intervention achieved similar changes in exercise
tolerance and experienced enhanced effects on maximal oxygen uptake, body fat mass,
blood triglyceride levels, and insulin sensitivity (Haufe et al., 2008). This led the authors
to suggest that exercise training in hypoxia elicits a similar cardiovascular stimulus to
exercise under normoxic conditions but at lower absolute workloads (Haufe et al., 2008).
Many of these findings were reproduced in overweight / obese adults (Netzer, Chytra, &
Kupper, 2008; Wiesner et al., 2010), individuals with metabolic syndrome (Klug et al.,
2018), and among patients with multiple sclerosis (Mahler et al., 2018). Such normobaric
hypoxia conditioning protocols that minimize the external work performed while
maintaining moderate to high levels of cardiometabolic stress may provide a therapeutic
benefit for individuals who are at increased risk of injury during weight bearing activities
such as those with morbid obesity and the frail elderly (Pramsohler et al., 2017). However,
for populations such as stroke survivors, the question is not how do we reduce the amount
of work performed, but rather, how do we maximize the effects of task-oriented activities
given participants limited ability to perform external work? Although more is needed to
determine the safety and feasibility of maintaining absolute workloads under conditions of
environmental hypoxia among clinical populations with preexisting cardiovascular
conditions (Parati et al., 2018), normobaric hypoxia conditioning is a potential method to
increase the aerobic stress imposed during task-oriented activities in stroke survivors. In
addition to its proposed secondary / tertiary prevention benefits, normobaric hypoxia
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exposure may even enhance recovery from stroke related impairments. Using a randomized
cross-over study design, Hayes et al. (2014) studied the effects of daily intermittent hypoxia
exposure (15 x 90 sec cycles of normobaric hypoxia [9% oxygen] and normoxia) followed
by over ground walking or seated rest on 5 consecutive days on walking performance
among individuals with incomplete spinal cord injury. Intermittent hypoxia exposure alone
was associated with statistically significant improvements in walking speed compared to
the sham exposure (i.e., normoxia) (Hayes et al., 2014). Furthermore, over ground walking
was associated with enhanced effects on walking endurance when preceded by intermittent
hypoxia exposure compared to sham exposure (Hayes et al., 2014). The enhanced effects
of preceding walking practice with intermittent hypoxia exposure on walking speed and
endurance were later reproduced on a body weight supported treadmill among patients with
incomplete spinal cord injury (Navarrete-Opazo, Alcayaga, Sepulveda, Rojas, & Astudillo,
2017). Although the methods employed in these studies are not consistent with normobaric
hypoxia conditioning (i.e., exercise was not performed under normobaric hypoxia), they
stimulate further interest in studying the effects of pairing normobaric hypoxia exposure
with task-oriented activities during stroke recovery. More work is needed to evaluate the
safety and feasibility of normobaric hypoxia exposure and to develop protocols that are
appropriate for use in stroke survivors. Chapter 4 of this thesis is dedicated to beginning to
address some of these questions.
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1.6 The Following Questions are Addressed in the Chapters that Follow:
•

Chapter 2:
a. Can functional task practice, which includes activities typically
employed during stroke recovery and does not require the use of
specialized equipment, be organized in such a way to achieve workloads
associated with at least moderate aerobic exercise intensity?

•

Chapter 3:
a. Among chronic stroke survivors with persistent hemiparesis and
multiple risk factors for coronary artery disease, does such intermittent
functional training methods lead to similar levels of metabolic stress as
progressive aerobic exercise training performed on a body weight
supported treadmill when implemented 3-days per week over a 10-week
period?
b. Are similar patterns for change in cardiorespiratory fitness, metabolic
risk factors, and resting whole body energy metabolism observed for
individual randomized to intermittent functional training as those
randomized to treadmill aerobic exercise training?

•
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Chapter 4:

a. Among chronic stroke survivors with persistent hemiparesis and
multiple risk factors for coronary artery disease, is normobaric hypoxia
exposure a safe and feasible method to increase the metabolic stress of
submaximal constant-load aerobic exercise performed on a body weight
supported treadmill?
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1.7 Co-authorship Statement
Chapters two, three, and four describe three separate research studies that are
currently under peer review or have been published. Along with my supervisors Dr.
Michelle Ploughman and Dr. Fabien Basset, I set the research objectives of the three studies
and designed the experiments. I was responsible for delivering the exercise interventions
and data collection with assistance from the lab manager and other trainees. I reduced the
data, performed the statistical analysis, prepared the figures and tables, and wrote the
manuscript. My supervisors provided feedback and edited the manuscript prior to
submission. The authors list and contributions for each study are provided below as they
were submitted for publication.
The first study titled “Intensifying functional task practice to meet the aerobic
training guidelines in stroke survivors” was published October 2017 in Frontiers in
Physiology - Clinical and Translational Physiology. Authors: Liam P. Kelly, Augustine J.
Devasahayam, Arthur R. Chaves, Elizabeth M. Wallack, Jason McCarthy, Fabien Andre
Basset and Michelle Ploughman. Contributions: “LK conceived of and designed experiment,
collected data, analyzed data, interpreted findings, and wrote the manuscript. AD screened subjects,
collected the data and edited manuscript. AC conceived of experiment and edited manuscript. EW recruited
participants and edited manuscript. JM designed the experiment and screened subjects. FB interpreted
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findings and edited manuscript. MP conceived of and designed the experiment, screened subjects, and edited
manuscript.”

The second study titled “Task-oriented circuit training as an alternative to
ergometer type aerobic exercise training after stroke” was published June 2021 in Journal
of Clinical Medicine. Authors: Liam P. Kelly, Augustine J. Devasahayam, Arthur R.
Chaves, Marie E. Curtis, Edward W. Randell, Jason McCarthy, Fabien A. Basset and
Michelle Ploughman. Contributions: “Study design and conceptualization, L.P.K. and M.P.; data
collection, L.P.K., A.J.D., A.R.C. and J.M.; blood collection and analysis, L.P.K., M.E.C., and E.W.R.; data
analysis and interpretation L.P.K. and F.A.B.; L.P.K.; original draft preparation, L.P.K.; review and editing,
L.P.K., M.P., F.A.B., and E.W.R.; supervision: M.P., F.A.B., and J.M. All authors have read and agreed to
the published version of the manuscript.”

The final study titled “Normobaric hypoxia exposure during treadmill aerobic
exercise after stroke: a safety and feasibility study” was published August 2021 in Frontiers
in Physiology-Clinical and Translational Physiology. Authors: Liam P. Kelly, Fabien A.
Basset, Jason McCarthy, and Michelle Ploughman. Contributions: “LPK, FAB, JM, and MP
contributed to the conception and design of the study. LPK and JM collected the data. LPK performed the
statistical analysis and wrote the first draft of the manuscript. All authors contributed to manuscript revision,
read, and approved the submitted version.”
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Chapter 2: Intensifying Functional Task Practice to Meet
Aerobic Training Guidelines in Stroke Survivors
2.1 Abstract
Objective: To determine whether stroke survivors could maintain workloads during
functional task practice that can reach moderate levels of cardiometabolic stress (i.e., ≥40%
oxygen uptake reserve (V̇O2R) for ≥ 20 min) without the use of ergometer-based exercise.
Design: cross-sectional study using convenience sampling.
Setting: research laboratory in a tertiary rehabilitation hospital.
Participants: chronic hemiparetic stroke survivors (>6-months) who could provide
consent and walk with or without assistance.
Intervention: a single bout of intermittent functional training (IFT). The IFT protocol
lasted 30 min and involved performing impairment specific multi-joint task-oriented
movements structured into circuits lasting approximately 3 min and allowing 30-45 sec
recovery between circuits. The aim was to achieve an average heart rate (HR) 30-50 beats
above resting without using traditional ergometer-based aerobic exercise.
Outcome measures: attainment of indicators for moderate intensity aerobic exercise.
Oxygen uptake (V̇O2), carbon dioxide production (V̇CO2), and HR were recorded
throughout the 30 min IFT protocol. Values were reported as percentage of V̇O2R, HR
reserve (HRR) and HRR calculated from age predicted maximum HR (HRRpred), which
were determined from a prior maximal graded exercise test.
Results: Ten (3-female) chronic (38 ± 33 months) stroke survivors (70% ischemic) with
significant residual impairments (NIHSS: 3 ± 2) and a high prevalence of comorbid
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conditions (80% ≥ 1) participated. IFT significantly increased all measures of exercise
intensity compared to resting levels: V̇O2 (∆ 820 ± 290 L min-1, p < 0.001), HR (∆ 42 ± 14
bpm, p < 0.001), and energy expenditure (EE; ∆ 4.0 ± 1.4 kcal min-1, p < 0.001). Also,
mean values for percentage of V̇O2R (62 ± 19), HRR (55 ± 14), and HRRpred (52 ± 18)
were significantly higher than the minimum threshold (40%) indicating achievement of
moderate intensity aerobic exercise (p = 0.004, 0.016, and 0.043, respectively).
Conclusion: Sufficient workloads to achieve moderate levels of cardiometabolic stress can
be maintained in chronic stroke survivors using impairment-focused functional movements
that are not dependent on ergometers or other specialized equipment.
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2.2 Introduction
Stroke mortality rate continues to decrease thanks to advances in medical
management (Thrift et al., 2017) and emergency medical care (Crichton, Bray, McKevitt,
Rudd, & Wolfe, 2016). However, the amount of recovery observed after disabling stroke
remains largely unchanged and the number of individuals living with life-altering physical
and cognitive impairments due to stroke is increasing (Krueger et al., 2015). A major
challenge to regaining function after disabling stroke is the limited time window for
optimal recovery, which is thought to occur within the first 3 months (Cramer, 2008;
Murphy & Corbett, 2009). This sensitive period for enhanced plasticity and subsequent
plateau of recovery follows well-defined neurobiological processes that involve
upregulation of growth-promoting factors followed by their downregulation with
concurrent increases in growth-inhibiting factors (Murphy & Corbett, 2009). Substantial
resources are currently being employed to develop interventions that extends this time
window and possibly even enhance repair mechanisms through use of stem cells, brain
stimulation, and other pharmaceutical therapies (Ward, 2017). However, it is unclear
whether the plateau of recovery observed post-stroke is due to a failure of the mechanisms
underlying spontaneous biological recovery or if it is related to suboptimal dosage of
physical and behavioral therapies (Ward, 2017). Animal models of stroke reinforce the
critical importance of intense therapeutic exercise combined with an enriched environment

63

to optimize the efficacy of pharmaceutical, and stem cell interventions (Hicks et al., 2009;
Johansson, 2000; Ploughman et al., 2009; Sale, Berardi, & Maffei, 2014). Therefore, stroke
rehabilitation must be optimized to not only take advantage of intrinsic mechanisms for
recovery but also to enhance the effects of emerging therapies.
Unfortunately, current inpatient stroke rehabilitation is of insufficient intensity to
promote optimal recovery. Studies from across the globe consistently report that stroke
patients spend most of their time “inactive and alone” (Bernhardt et al., 2004) throughout
the acute and subacute phases of recovery (Astrand et al., 2016). Also, the total amount of
work performed during structured therapy is below levels required to maintain functional
fitness (Macko et al., 2005) and reduce cardiovascular risk (M. J. MacKay-Lyons &
Makrides, 2002). Accordingly, patients in both the acute and chronic phases of recovery
demonstrate levels of cardiorespiratory fitness that are about half (~16 ml min-1 kg -1) of
those observed in age and gender matched populations (Ivey et al., 2015; M. MackayLyons, McDonald, et al., 2013; Potempa et al., 1995; Smith et al., 2012). In addition to
increasing risk for recurrent stroke (M. Mackay-Lyons, Thornton, Ruggles, & Che, 2013),
such levels of physical deconditioning limit patients’ ability to participate in structured
therapy (Billinger et al., 2015; Tang, Sibley, et al., 2009) and may even contribute to a
ceiling for neuromotor recovery (Ploughman & Kelly, 2016). Given the inverse association
between cardiorespiratory fitness and stroke risk (Pandey et al., 2016), premorbid physical
activity levels also contribute to the poor aerobic capacity observed after rehabilitation.
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Regardless, the low intensity nature of the inpatient environment must be addressed to
optimize recovery.
Several studies have proposed adding ergometer-based aerobic training to inpatient
rehabilitation (M. Mackay-Lyons, McDonald, et al., 2013; Tang, Sibley, et al., 2009;
Wang, Wang, Fan, Lu, & Wang, 2014), while others have suggesteed that practice of gross
motor skills could produce a training effect if there was adequate attention to heart rate
monitoring (Marsden et al., 2017; Outermans, van Peppen, Wittink, Takken, & Kwakkel,
2010; van de Port et al., 2012). In either case, stroke best practice guidelines have advised
therapists to provide aerobic training in addition to a minimum of 3 hours per day of skilled
task training (Billinger et al., 2014; Hebert et al., 2016). In practice, however, there are
many challenges to implementing such recommendations including insufficient time, lack
of resources, patient level of impairment, and concern for ongoing cardiovascular risk
(Bayley et al., 2012; Biasin et al., 2014; Prout, Mansfield, McIlroy, & Brooks, 2016).
Rehabilitative strategies that are individualized to level of impairment, addressing multiple
targets (i.e. relearning of functional tasks and cardiorespiratory fitness), and which do not
rely on specialized equipment are urgently needed. The purpose of the current study was
to determine whether functional task practice could be structured in such a way to maintain
sufficient workloads to reach moderate levels of cardiometabolic stress (i.e. ≥ 40% oxygen
uptake reserve (V̇O2R) for ≥ 20 min) without the use of ergometers. As a first step, an
impairment-based intermittent functional training (IFT) protocol was developed to answer
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this question among chronic stroke survivors. It was hypothesized that (1) workloads
maintained during IFT would cause significant elevations in cardiometabolic responses
compared to resting values, and (2) the increased cardiometabolic demands of IFT would
be within a range needed to increase cardiorespiratory fitness (i.e. moderate-to-vigorous
intensity).
2.3 Methods
2.3.1 Participants
Chronic stroke survivors (>6 months post-stroke) were recruited from a discharge
registry of a tertiary inpatient rehabilitation center as part of an ongoing clinical trial. The
local Health Research Ethics Authority approved the study (see Appendix A) and
participants provided written informed consent. Inclusion criteria were: (1) diagnosis of
disabling stroke requiring physical rehabilitation, (2) able to provide consent, and (3) able
to walk at least with assistance.
2.3.2 Experimental Design
Participants visited the laboratory on two separate occasions, with at least 72-hours
between sessions to avoid any carryover effect. During the first visit, anthropometrics and
stroke characteristics (type of stroke, co-morbid conditions, severity of stroke [National
Institutes of Health Stroke Scale] (Goldstein, Bertels, & Davis, 1989), and level of
66

impairment [Chedoke-McMaster Impairment Inventory for Leg and Foot] (Gowland et al.,
1993) were recorded prior to performing a maximal graded exercise test (GXT). The GXT
was performed to determine maximal oxygen uptake (V̇O2max) and maximum heart rate
(HRmax) as described below. The second session lasted approximately 50 min and
included a 10 min seated rest period, followed by 30 min of IFT (described below),
finishing with a 10 min seated recovery period. Oxygen uptake (V̇O2), carbon dioxide
production (V̇CO2), breathing frequency, and tidal volume, were recorded breath-by-breath
throughout the experimental sessions using a portable metabolic cart (VmaxST, Sensor
Medics, FL, USA). Heart rate was collected in line with respirometry data using a chest
strap sensor (H10, Polar Electro Inc., NY, USA) wirelessly connected to the portable
metabolic cart.
2.3.3 Graded Exercise Testing
Prior to performing the GXT, participants were assessed for cardiovascular risk by
the study physician using a standardized medical history form. A physician was available
during all GXTs. Participants performed the GXT on either a body weight supported
treadmill or total body recumbent stepper.
The total body recumbent stepper GXT protocol was adapted from previous work
in this population (Billinger, Tseng, & Kluding, 2008). Briefly, after familiarizing
participants with the TBRS and adjusting the ergometer for arm and leg length, participants
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maintained 80 steps per minute (SPM) while the load level was gradually increased to level
3. This workload (~ 20 W) was maintained for the first 2 min, which was then increased
by one load level every 2 minutes at 80 SPM (~20 W increments) until exhaustion or
completion of load level 10. If exhaustion was not reached after load level 10, SPM was
increased in increments of 10 SPM every 2 min until exhaustion.
The body weight supported treadmill GXT protocol was based on the AEROBICS
guidelines, (MacKay-Lyons M, 2012) which involved: 2 min stages beginning with
walking at self-selected speed and 0% treadmill grade for 2 min, followed by a 2.5%
increase in grade every 2 min until an incline of 10% was reached and, thereafter, a .05 m
s-1 increase in speed every 2 min, until test termination. A <10 % bodyweight support was
used during the GXT to prevent falls.
Both exercise tests were terminated using predefined criteria: (1) volitional
exhaustion, (2) no increase in V̇O2 or HR despite increases in workload, (3) inability to
maintain workload and (4) signs of excessive fatigue. Achievement of V̇O2max was assessed
based on attainment of at least two of the following criteria: (1) a plateau in V̇O2 (<80 mL
min−1) despite increasing workload; (2) respiratory exchange ratio (RER; V̇CO2/V̇O2)
above 1.10; and (3) HRmax ±10 beats min−1 of predicted maximum HR (HRmaxpred)
calculated as 206.9 – (0.76 x age) or 164 – (0.7 x age) if prescribed beta blockers (Medicine,
2010).
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2.3.4 Intermittent Functional Training (IFT)
The IFT protocol involved performing multi-joint task-oriented movements (i.e.
sit-to-stand, lying-to-sitting, kneeling-to-stand, etc.) structured into circuits lasting
approximately 3 min and allowing 30-45 sec recovery between circuits. Selection of
functional tasks were determined based on participant's individual impairments as
determined by two registered physiotherapists (MP, and AJD). There was 1:1 supervision
during IFT and participants were encouraged to minimize rest time within each circuit. The
aim was to achieve an average HR 30-50 beats above resting throughout the IFT protocol.
As displayed in figure 1, more metabolically demanding tasks were paired with less
demanding ones and consideration was given to minimize task setup and transfer time to
maintain the target HR range
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Figure 2-1: Illustration of a typical intermittent functional training session. Participants completed
3 circuits of 3 functional tasks. Each circuit was completed twice, with 30-45 sec recovery between sets,
before moving onto the next circuit. Circuit 1: A) sit-to-stand (15-20 reps), B) lying-to-sit (7/side), and C)
hip bridge (15-20 reps). Circuit 2: A) step-up-to-stand (10-15 reps), B) alternate 1-leg balance (5 sec hold
7/leg), C) alternate-arm and alternate-leg (5 sec hold 7/side). Circuit 3: A) lying-to-standing (15-20 reps), B)
high-knees (15-20 reps), C) tandem walking (10 meters). Participants were instructed to move from one
exercise to the next with minimal rest.
= 15-30 bpm above resting,
= 30-45 bpm above resting, and
= 45-60 bpm above resting
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2.3.5 Calculations
Attainment of the minimum intensity to be considered moderate intensity exercise
(MacKay-Lyons M, 2012; Medicine, 2010) was determined after completion of the IFT
protocol. The following equations were used to determine if the minimum threshold criteria
were exceeded based on 40% of V̇O2 reserve (V̇O2R), HR reserve (HRR), and HRR
calculated from age predicted maximal HR (HRRpred):
Equation 2-1:

!̇ #! $ = &'!̇ #!"#$ − !̇ #!%&'( ) × 40%. + !̇ #!%&'( ))
Equation 2-2:

HRR = [(HR "#$ − HR %&'( ) × 40%] + HR %&'(
Equation 2-3:

HRR )%&* = &'HR )%&* − HR %&'( ) × 40%. + HR %&'(
Where V̇O2max and HRmax were the highest values recorded for oxygen uptake and
heart rate during the GXT, respectively. Resting heart rate (HRrest) and oxygen uptake
(V̇O2rest) were recorded immediately prior to IFT in the seated position. Age-predicted
maximal heart rate (HRpred) was calculated as describe above. Energy expenditure (EE) at
rest and during IFT was calculated based on previously published data (Jeukendrup &
Wallis, 2005).
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2.3.6 Data Reduction and Statistical Analysis
Heart rate and respirometry data were recorded breath-by-breath and later
smoothed using a 30-point box averaging technique. Maximal oxygen uptake was
determined during the last 30 secs of the GXT and all parameters were reported for the
same time point. A mean value representing the 10 min resting periods before and after
IFT was reported for all parameters. During IFT both a mean value representing the entire
30 min data collection period and a mean value after removing seated rest time were
recorded. Lastly, the cardiometabolic demands of the individual tasks during IFT were
reported for the most frequently used tasks.
Due to non-random selection of participants and small sample size, non-parametric
statistical tests were used (Graph-Pad Prism, Version 7). Friedman’s statistical test was
used to detect differences in the cardiometabolic demands at rest, during IFT, and recovery.
When appropriate, a priori post hoc analysis were performed using the Dunn's multiple
comparisons test. The Wilcoxon signed rank test was used to test for differences in relative
exercise intensities based on V̇O2R, HRR, and HRRpred compared to the minimum
threshold criteria (Medicine, 2010). Data are reported as means and standard deviation.
Statistical significant was set at p < 0.05.
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2.4 Results
Seven of the ten participants recruited were male and seven experienced ischemic
strokes. As displayed in Table 1, significant residual impairments were observed in
participants between 12- and 131-months’ post stroke on both the NIHSS and the ChedokeMcMaster Impairment Inventory (leg & foot). Most participants were overweight, based
on the body mass index (BMI), and eight had at least one comorbid condition.
Physiological responses to the GXT and minimum threshold criteria are reported in Table
2. All participants could complete the GXT and V̇O2max was between 14- and 29-mL min1

kg-1, with a mean value of 20.6 ± 5.4 mL min-1 kg-1. These values fall within the very

poor category according to normative data published by the American College for Sports
Medicine (Medicine, 2010). Maximal HR recorded during the GXT was 150 ± 26 bpm,
which was within 2% of age-predicted values. Average RER recorded at V̇O2max was 1.06
± 0.06. The minimum threshold criteria based on 40% of: V̇O2R, HRR, and HRRpred were
0.85 ± 0.28L min-1, 103 ± 17 bpm, and 104 ± 14 bpm, respectively.
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Table 2-1: Participant characteristics

Participant

Age
(years)

Sex
(M,F)

Weight
(kg)

BMI
(kg m2
)

Stroke type

Months
since stroke

NIHSS
(/42)

Combined
Chedoke (/14)

Hypertension

Diabetes

Dyslipidemia

01

61

M

119

35.9

Ischemic

24

1

13

✓

✓

✓

02

43

M

64

20.4

Ischemic

27

7

4

✓

✗

✓

03

62

M

82

26.2

Ischemic

33

4

7

✗

✗

✗

04

69

M

85.3

27.2

Ischemic

26

1

13

✗

✓

✗

05

49

F

85

30.5

Hemorrhagic

12

5

9

✓

✗

✗

06

79

F

60.6

28.0

Ischemic

24

0

12

✗

✗

✗

07

76

M

78.5

25.1

Ischemic

131

3

11

✗

✓

✗

08

67

M

90.3

29.8

Ischemic

32

3

12

✗

✓

✓

09

59

F

65

23.0

Hemorrhagic

40

2

9

✓

✗

✗

10

81

M

81.9

27.4

Hemorrhagic

31

3

12

✓

✗

✓

NIHSS: National Institute of Health Stroke Scale
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Table 2-2: Physiological responses recorded during graded exercise test and calculated minimum threshold criteria.
Minimum threshold criteria
Participant
01
02
03
04
05
06
07
08
09
10

75

Resting HR
(min-1)
91
80
66
80
94
60
63
62
61
54

Resting V̇O2
(ml min-1)
393
279
410
303
320
213
124
306
243
462

V̇O2max
(ml min-1)
2950
1640
2570
1760
1190
840
1670
1710
1670
1150

RER at
max
1.01
1.08
1.11
1.07
1.03
0.91
1.11
1.13
1.11
1.02

V̇O2max
(ml min-1 kg-1)
24.7
24.5
29.4
20.2
14.0
13.9
21.5
18.9
25.1
14.1

HRmax(min-1)
150
185
172
168
171
122
148
138
137
98

HRpred(min)
161
173
160
154
170
147
149
156
162
107

1

V̇O2R
(ml min-1)
1415
823
1274
886
668
464
742
868
814
737

HRR
(min-1)
115
122
108
115
125
85
97
92
91
72

HRRpred
(min-1)
119
117
104
110
124
95
97
100
101
75

Throughout IFT, participants spent more than 80% of the time engaged in taskoriented exercise and less than 5 min was characterized as seated rest time (see Table 3).
As displayed on Figure 2, IFT significantly increased all measures of workload compared
to resting levels: V̇O2 (∆ 0.82 ± 0.29 L min-1, p<0.001), HR (∆ 42 ± 14 bpm, p<0.001), EE
(∆ 4.0 ± 1.4 kcal min-1, p<0.001), and RER (∆ 0.06 ± 0.04, p<0.001). Although not
significantly different from pre-exercise values, three of the four measures remained
elevated during the 10 min seated post-exercise recovery period: V̇O2 (∆ 0.17±0.09 L min1

, p=0.051), HR (∆ 22±8 bpm, p=0.051), and EE (∆ 0.8±0.4 kcal min-1, p=0.051).
All participants could achieve at least one of the minimum threshold criteria during

IFT (Table 3). In fact, mean values for percentage of V̇O2R (62±19%), HRR (55±14%),
and HRRpred (52±18%) were significantly higher than the minimum threshold (40%)
indicating moderate intensity exercise (p=0.004, 0.016, and 0.043, respectively; Figure 3).
Also, the metabolic equivalents (MET) for individual task-oriented exercises when
completed in a circuit with minimal rest periods were greater than 2.5 (see Figure 4).
Practice of standing up from ½ kneel position and stepping-up to stand on 15-20-inch box
were the most metabolically challenging tasks at 4-4.5 METs
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Table 2-3: Participant responses to intermittent functional training excluding rest time.

Participant
01
02
03
04
05
06
07
08
09
10

77

Time
(mm:ss)
21:05
23:43
23:03
21:11
29:23
19:28
25:13
19:58
24:50
19:50

HR
(min-1)
115
125
109
126
91
149
118
95
121
81

V̇O2
(ml min-1)
1664
954
1240
710
922
1309
1363
833
1212
1003

MET
4.23
4.28
4.02
2.36
4.07
4.32
5.00
3.89
3.84
3.50

Achievement of minimum threshold
criteria
HR
HRpred
V̇O2
Yes
Yes
Yes
Yes
No
Yes
Yes
No
Yes
Yes

No
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes

Yes
Yes
No
No
Yes
Yes
Yes
No
Yes
Yes

200

Heart rate (min-1)

*

1.5
1.0
0.5
0.0

Resting

10

IFT

*

8
6
4
2
0

Resting

IFT

Recovery

*

150
100
50
0

Recovery

Respiratory exchange ratio

Oxygen uptake (L min-1)

Energy expenditure (kcal min-1)

2.0

Resting

IFT

Recovery

1.0

*

0.9
0.8
0.7
0.6

Resting

IFT

Recovery

Figure 2-2: Cardiometabolic responses to intermittent functional training. Box and whisker plot
displaying the median and 5th - 95th percentile. *Significantly different from pre-exercise resting p < 0.05.
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Relative intensity (%)

120
100

*

80

*

*

60
40
20
0

VO2R

HRR

HRRpred

Figure 2-3: Mean response during intermittent functional training based on oxygen uptake reserve
(V̇O2R), heart rate reserve (HRR), and HRR using age predicted maximal heart rate (HRRpred). Dashed lines
indicate minimum threshold required to be considered moderate intensity aerobic exercise. *p < 0.05
compared to 40% threshold.

79

Fl
oo
re
xe
rc
G
is
ai
es
tt
ra
H
in
ig
in
h
g
st
ep
pi
Si
ng
t-t
oSt
st
ai
an
St
rc
d
an
lim
dbi
to
ng
-1
St
/2
ep
k
-u
ps nee
l
(1
520
")

Metabolic Equivalent
6

training

80

4

2

0

Figure 2-4: Metabolic equivalent (MET) of functional tasks used during intermittent functional

2.5 Discussion
We aimed to determine whether practice of individualized functional tasks while
keeping HR 30-50 beats above resting for 30 min would be sufficient to achieve the
minimum intensity and duration of activity needed to be considered moderate intensity
aerobic exercise. Our intention was to develop a method that could be used to enrich stroke
rehabilitation by targeting both relearning of neuromotor control and cardiorespiratory
fitness. The key finding of the current study was that chronic stroke survivors could sustain
workloads during the IFT protocol that were beyond the minimum intensity needed to
increase cardiorespiratory fitness (Garber et al., 2011) without the use of ergometers or
other specialized equipment. All participants reached at least one of the minimum threshold
criteria and average HR was between 40 and 80% of HRR. Using similar intermittent
training approaches, Marsden et al. (2017) also reported workloads in the moderate to
vigorous intensity range using task-oriented exercise in subacute stroke survivors.
However, they combined circuits of both functional and ergometer-based exercise to meet
aerobic exercise guidelines in this population. Such relative workloads have also been
recorded using circuit-based functional movements in populations without acquired brain
injury (Miller et al., 2014; Paoli et al., 2013; Schmidt, Anderson, Graff, & Strutz, 2016;
Sperlich et al., 2017). During high-intensity circuit training using resistance-based
exercise, overweight males were able to maintain workloads corresponding to 85% of
maximal HR for 30 min 3 times per week over 4 weeks (Miller et al., 2014). Interestingly,
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this strategy was sufficient to improve blood pressure, glucose tolerance, blood lipids, and
body composition (Miller et al., 2014). Although we used tasks that are commonly
employed during contemporary stroke rehabilitation, the cardiometabolic demands were
much higher than those previously reported (M. J. MacKay-Lyons & Makrides, 2002). In
the current study, however, more emphasis was placed on the total amount of work
performed rather than on the biomechanics and therapists should consider the tradeoff
(quality / quantity) before implementing such a program.
The appeal of such intermittent functional training paradigms lies in the fact that it
pairs an aerobic exercise stimulus along with task-oriented exercise, which may provide
synergetic benefits on ambulatory outcomes in stroke survivors. Outermans et al. (2010),
demonstrated that adding 55 min of high intensity task-oriented circuit training to 30 min
of usual physiotherapy was more effective than adding the same amount of typical therapy
on gait parameters and walking endurance. The safety and efficacy of such therapeutic
exercise has also been demonstrated in a relatively large (n= 250) multicenter randomized
control trial (van de Port et al., 2012). The authors reported significant improvements in
walking speed and endurance using task-oriented circuit training in stroke survivors who
had completed inpatient therapy. Although these studies were not designed to elucidate the
underlying mechanisms, the authors argued that improvements in ambulatory function
were likely related to a higher cardiorespiratory workload during circuit training
(Outermans et al., 2010). This would then suggest that changes in walking speed and
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endurance resulted from increased cardiorespiratory fitness rather than improved
neuromotor control of gait. However, aerobic exercise not only increases capacity for work
but it also stimulates structural and functional alterations in the brain after stroke
(Ploughman, Austin, Glynn, & Corbett, 2015). It is believed that this beneficial effect is
mediated via increased expression of growth factors, such as brain derived neurotrophic
factor, which is associated with functional recovery after stroke (Ploughman et al., 2009).
It is then conceivable that circuit-based training, which combines task-oriented and aerobic
exercise, could enhance neuromotor recovery through synergistic effects on
neuroplasticity. This is an important area for future research.
The intermittent functional training protocol described in the current study
overcomes three major barriers to implementing aerobic exercise during stroke
rehabilitation. Firstly, insufficient time within a single therapy session is consistently
reported as a challenge to implementing aerobic exercise recommendations (Biasin et al.,
2014; Prout et al., 2016). Therapists have been asked to provide at least 30 min of moderate
intensity aerobic exercise three times per week in addition to 3 hrs per day task-oriented
training (Billinger et al., 2014; Hebert et al., 2016) without corresponding increases in
therapy time (Bayley et al., 2012). Although the tradeoff between quantity and quality of
task-oriented exercise performed during the IFT protocol needs to be considered, gradually
decreasing rest time and organizing tasks to maintain HR 30-50 beats above resting within
a therapy session (e.g. the last 20-30 min) is achievable and may be an effective strategy
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to meet best practice guidelines without increasing therapy time. Secondly, many
rehabilitation centers do not have structured aerobic exercise programs and access to
appropriate ergometers is a significant barrier to implementation (Prout et al., 2016).
Unlike other task-oriented circuit training protocols (Marsden et al., 2017; Outermans et
al., 2010; van de Port et al., 2012), the current study was performed without any specialized
equipment other than a HR monitor and items which are typically available in stroke
rehabilitation units (i.e. floor mat, step, and a bed). Furthermore, the minimal equipment
requirement makes the IFT protocol transferrable to the community as part of a homebased exercise program. Thirdly, uncertainty on how to progress patients with ongoing
cardiovascular risk and comorbid conditions has been identified as a barrier to reaching
target HR training zones (Biasin et al., 2014). This is further complicated by
recommendations to perform maximal exercise testing with electrocardiography
monitoring (MacKay-Lyons M, 2012), which is not routinely available in rehabilitation
units. Progression within the IFT protocol could be achieved by increasing the complexity
of a given functional task (e.g. practice on unstable surface) rather than increasing the target
HR. Although IFT may help to address several challenges to implementation of aerobic
exercise recommendations, it is still unknown whether such exercise strategies can
replicate the demonstrated benefits observed with ergometer-based aerobic exercise on
CRF (Ivey et al., 2015; M. Mackay-Lyons, McDonald, et al., 2013) and cardiometabolic
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risk factors (D'Isabella et al., 2017) in stroke survivors. A comparison between the two
methods is warranted.
2.5.1 Study Limitations
As a first step toward understanding the potential utility of providing intensive taskoriented exercise during inpatient rehabilitation, we evaluated the cardiometabolic
demands of our IFT protocol in chronic stroke survivors. The generalizability of these
results to patients at earlier stages into their recovery is a significant limitation. However,
it must be realized that tasks were individualized to each participant’s level of impairment
and such tasks are commonly employed during inpatient rehabilitation. Also, the
cardiovascular demands were within the range recommended for patients within the first 3
months (MacKay-Lyons M, 2012) and did not require the use of specialized equipment.
2.6 Conclusion
The level of physical deconditioning observed in stroke survivors not only increases
risk for recurrent stroke and development of comorbid conditions but can also limit
participation in rehabilitation programs. Stroke best practice guidelines now encourage
incorporating aerobic exercise as soon as possible during inpatient rehabilitation and
throughout the continuum of care (Billinger et al., 2014; Hebert et al., 2016). However,
there are many challenges to implementing aerobic exercise recommendations during
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inpatient rehabilitation including access to appropriate ergometers, ability to maintain
target heart rate training zone, and assessment of underlying cardiovascular risk. The
current analysis revealed that typical functional tasks employed during inpatient
rehabilitation can be organized to meet aerobic training guidelines in chronic stroke
survivors with significant cardiovascular comorbidities and residual impairments. The
advantage of such exercise modalities is that specialized equipment is not required, tasks
are individualized to impairments, and progression can be achieved by increasing difficulty
of movement rather than only increasing the target HR. When implemented into a
progressive training program (Ploughman & Kelly, 2016), IFT has the potential to address
multiple targets for regaining function after stroke. More studies are needed to describe the
cardiometabolic demands in subacute stroke survivors and to determine the efficacy of
such training programs on functional recovery, CRF, and cardiovascular risk factors.
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Chapter 3: Task-oriented Circuit Training as an Alternative
to Ergometer Type Aerobic Exercise Training After
Stroke
3.1 Abstract
Moderate-intensity aerobic exercise training is an important treatment strategy to enhance
functional recovery and decrease cardiometabolic risk factors after stroke. However, stroke
related impairments limit access to ergometer-type exercise. The aims of the current study
were (1) to evaluate whether our task-oriented circuit-training protocol (intermittent
functional training; IFT) could be used to sustain moderate-intensity aerobic workloads
over a 10-week intervention period, and (2) investigate its preliminary effects on
cardiorespiratory fitness and metabolic profile compared to constant-load ergometer-type
exercise (CET). Forty chronic hemiparetic stroke survivors were randomized to receive 30sessions of IFT or CET over ten weeks. Similar proportions of participants randomized to
IFT (7/19) and CET (9/18) sustained workloads associated with moderate-intensity aerobic
exercise over the study period (p= 0.515). However, CET was associated with more
substantial changes in maximal oxygen uptake (MD= 2.79 mL min-1 kg-1 CI: 0.84 to 4.74)
compared to IFT (MD= 0.62 mL min-1 kg-1 CI: -0.38 to 1.62). Pre-to-post changes in Creactive protein (-0.9 mg/L; p=0.017), fructosamine (+14.7 µmol/L; p= 0.026), and resting
whole-body carbohydrate oxidation (+24.2 mg min-1; p= 0.046) were observed when
considering both groups together. Accordingly, IFT can replicate the aerobic intensities
sustained during traditional ergometer-type exercise training. More work is needed to
evaluate the dose-response effects of such task-oriented circuit training protocols on
secondary prevention targets across the continuum of stroke recovery.
87

3.2 Introduction
Stroke rehabilitative efforts are primarily directed toward the recovery of lost
functions. Hence, best practice guidelines include 15 hours of direct task-oriented therapy
each week during inpatient/outpatient rehabilitation services (Hebert et al., 2016). Such
treatment involves practicing relevant tasks, including moving from lying to sitting,
stepping, and walking. As delivered during neurorehabilitation programs focused on
restoring more normal movement patterns after stroke, task-oriented activities provide
insufficient cardiovascular stress levels (M. J. MacKay-Lyons & Makrides, 2002).
Accordingly, practitioners are recommended to incorporate an additional 150 minutes of
moderate-intensity aerobic exercise each week during formalized care and encourage
stroke survivors to remain active throughout the continuum of recovery (Billinger et al.,
2014; Marilyn MacKay-Lyons, 2019). In addition to its implications for functional
recovery (Ploughman & Kelly, 2016), moderate-intensity aerobic exercise is an integral
component of lifestyle and risk factor management to prevent recurrent stroke and other
major cardiovascular events (Wein et al., 2018). Although recent evidence suggests an
increased focus on incorporating aerobic exercise recommendations during formalized
stroke rehabilitation (Nathoo et al., 2018), sedentary activities remain the dominant
behavior of the inpatient environment (Astrand et al., 2016; Barrett et al., 2018; Bernhardt
et al., 2004; Sjoholm et al., 2014; West & Bernhardt, 2012). Furthermore, stroke survivors
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are not meeting physical activity targets once discharged into the community (English et
al., 2014; Moore et al., 2013). The limited treatment time available to each patient, and a
lack of access to the specialized equipment needed to adapt traditional ergometer type
aerobic exercise for stroke survivors with hemiparesis, are among the barriers to
incorporating aerobic exercise during formalized rehabilitation (Moncion et al., 2020).
Similarly, stroke related impairments limit access to existing exercise programs available
at the community level (Tang, Closson, et al., 2009). Accordingly, practical solutions are
needed to increase access to moderate-intensity aerobic exercise throughout the continuum
of stroke recovery.
Task-oriented circuit training may be an effective strategy to replicate the
intensities and outcomes achieved during traditional aerobic exercise training without
using ergometers or other specialized equipment. A relatively large (N= 150) randomized
control trial demonstrated that task-oriented circuit training was more effective than usual
physiotherapy on gait outcomes in a cohort of stroke survivors who recently completed
inpatient rehabilitation (van de Port et al., 2012). Other studies have reported beneficial
effects of group-based exercise classes on cardiorespiratory fitness (Marsden et al., 2016;
Moore et al., 2015; Pang et al., 2005) and cardiometabolic risk factors (Moore et al., 2015)
among community-dwelling stroke survivors. However, the aerobic workloads maintained
during such group-based exercise classes are not well defined. Furthermore, the extent to
which task-oriented circuit training can achieve the large treatment effects reported for
89

ergometer-type aerobic exercise interventions (Saunders et al., 2020) needs further
investigation.
Building on previous literature (Pang et al., 2005; van de Port et al., 2012), we
developed a task-oriented circuit training protocol that included activities typically
employed during formalized stroke rehabilitation and did not require the use of ergometers
or other specialized equipment. Task-oriented activities were incorporated into circuits that
paired more metabolically demanding movements with less demanding ones to maintain a
target heart rate range of 30 to 50 beats per minute above resting levels. Indeed, workloads
supported during this intermittent functional training (IFT) protocol are sufficient to
achieve at least moderate-intensity aerobic exercise criteria over a single session (L. P.
Kelly et al., 2017). However, it is unknown whether such workloads are sustainable over a
typical treatment period (i.e., 8 to 12 weeks) or if they can replicate the outcomes observed
after ergometer-type aerobic exercise training. Accordingly, the current study aimed to
evaluate participants' ability to sustain moderate-intensity aerobic workloads during IFT
over the 10-week study period and investigate its preliminary effects on cardiorespiratory
fitness and metabolic profile compared to ergometer-type aerobic exercise training.
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3.3 Methods
3.3.1 Study Design
A parallel-groups randomized comparative study design was employed to evaluate
participants' ability to maintain moderate-intensity aerobic workloads during IFT and to
investigate its preliminary effects compared to constant-load ergometer training (CET)
performed on the treadmill according to best practice recommendations (Marilyn MacKayLyons, 2019). Participants who received inpatient and outpatient therapy from the
provincial tertiary rehabilitation hospital within the preceding three years were recruited.
The following inclusion criteria were used: (1) age 18 years, (2) ischemic or hemorrhagic
stroke>6 months, (3) ability to perform 2-step instruction, (4) and ambulatory with or
without aid >10 m. Participants were excluded if they presented with any absolute
contraindications for graded exercise testing as described elsewhere (Riebe et al., 2018).
Allowing for a 20% dropout rate, we enrolled 20 participants per group to retain at least 16
participants in each exercise group. Power analysis based on previous studies employing
similar dosages of aerobic exercise training (Macko et al., 2005; Macko et al., 2001)
suggested that this sample size would have sufficient power to detect within-group
differences in maximum oxygen uptake (V̇O2max) over the study period (0.85 power, a =
0.05). Experimental procedures were approved by the regional Health Research Ethics
Board (HREB# 2018.082) (see Appendix A), and all participants provided written
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informed consent following TCPS 2: Ethical Conduct for Research Involving Humans
(Canadian Institutes of Health Research, 2018). Participants were randomized in permuted
blocks of 6-8 (using an opaque envelope) to receive either the IFT or CET interventions 3days per week over ten weeks. Given the nature of the study, it was not possible to blind
participants on group assignments. Participant characteristics (age, sex, height, weight, and
list of current medications), stroke history (date of onset, type of stroke), and the severity
of residual impairment using the National Institutes of Health Stroke Scale (NIHSS)
(Goldstein et al., 1989) and stage of lower limb recovery using the Chedoke McMaster
scale (Gowland et al., 1993) were recorded after randomization.
3.3.2 Interventions
Resting heart rate (HR) and blood pressure were recorded before each 30-minute
session of IFT and CET using a digital blood pressure monitor (Essentia, Physiologic,
Montreal, Quebec). As described previously (L. P. Kelly et al., 2017), IFT sessions
involved performing 6-9 circuits of task-oriented exercises (3 different tasks per circuit)
focused on improving functional ability. Circuits lasted approximately 3-min each, pairing
more metabolically demanding tasks with less demanding ones in such a way to maintain
an HR range 30-50 bpm above resting. This target HR range is associated with at least
moderate levels of aerobic intensity (i.e., >40% of heart rate reserve, HRR) in chronic
stroke survivors (L. P. Kelly et al., 2017) and reflects a 3 to 5-fold increase in HR compared
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to current inpatient rehabilitation practices (Barrett et al., 2018). Task-oriented exercises
were selected based on each participant's functional limitations, and difficulty was
progressed throughout IFT (i.e., increasing the number of repetitions within a given time
frame, increasing step height, incorporating unstable surfaces, etc.). Exercises included
practicing rolling side-to-side on a mat, moving from lying to sitting and sitting to standing,
stepping and transferring from standing position to the floor and back. Among participants
randomized to CET, sessions were performed on a motorized treadmill (Trackmaster
TMX58, Full Vision Inc, KS, USA) with harness support (<10% of body weight,
PneuWeight, Pneumex, ID, USA) unless contraindicated and the total body recumbent
stepper (T4r, Nustep, LLC, MI, USA) was used instead. Treadmill speed and incline (or
load-level and steps-per-min) were adjusted to achieve a target HR range corresponding to
40 to 60% of HRR as tolerated. The target HR range was calculated as follows:
Equation 3-1:
40% HRR = (HRmax − HRrest) ∗ 0.40 + HRrest
Equation 3-2:
60% HRR = (HRmax − HRrest) ∗ 0.60 + HRrest

Where maximum HR (HRmax) was recorded during the baseline graded exercise
test and resting HR (HRrest) was measured before each exercise session. In terms of
progression, the focus was on increasing treadmill workload (i.e., speed and incline).
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Continuous verbal encouragement was provided throughout both interventions to sustain
workloads >40% of HRR.
3.3.3 Outcome Measures
The primary outcome measure was proportions of participations sustaining the
prescribed moderate-intensity aerobic workloads (i.e., >40% of HRR) in 80% or more of
the exercise sessions. Participants wore a chest strap HR transmitter (T31-Coded, Polar
Electro Oy, Kempele, Finland) and a wrist-worn wireless receiver (FT2, Polar Electro Oy,
Kempele, Finland) during each session to monitor HR response. Average HR was recorded
for each 30-min IFT and CET session.
Secondary outcomes included comparing proportions of participants in the IFT and
CET groups who achieved the a priori threshold for change in V̇O2max and pre to post
changes in parameters related to metabolic profile. The threshold for meaningful change in
V̇O2max was set at >1.4 mL min-1 kg-1 based on the results of previous studies in chronic
hemiparetic stroke survivors (Ivey et al., 2007; Macko et al., 2005; Macko et al., 2001).
Using similar treadmill aerobic exercise training methods to the current research, Macko
et al. (2005) reported a mean difference and 95% confidence interval for the difference
between pre-and post-graded exercise tests of 2.1 mL min-1 kg-1 (95% CI: 1.4 to 2.7) over
a 3-months. Other measures of cardiometabolic risk included changes in body mass index
(BMI), resting blood pressure, resting HR, serum C-reactive protein (a measure of chronic
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inflammation), serum lipids [triglycerides, total cholesterol, high-density lipoprotein
cholesterol (HDL), low-density lipoprotein cholesterol (LDL)], and serum fructosamine
(short term glycemia). As an exploratory outcome, pre to post changes in whole-body
resting energy expenditure was evaluated in a subset of the participants. Assessments of
V̇O2max and resting energy expenditure were performed over two sessions (at least 3-days
apart) at baseline and after the intervention period. Participants were instructed to refrain
from structured physical activities for 24-hr and consume no food at least 4-hr before each
assessment. In an attempt to reduce biological variation, assessments were performed at
the same time of day, and participants were instructed to take medications as prescribed
throughout the trial.
3.3.3.1 Maximum Oxygen Uptake:
A calibrated indirect calorimetry system (Moxus, AEI Technologies, Pittsburgh,
PA, USA) was used to assess V̇O2max and resting whole-body energy metabolism.
Symptom-limited graded exercise tests were performed on either the treadmill (with 10%
body weight support) or total-body recumbent stepper to determine V̇O2max. The first two
cohorts of participants in each group (n =14) performed pre-and post-graded exercise tests
on the treadmill, and the remaining assessments were performed on the total-body
recumbent stepper. The decision to switch to a total-body recumbent stepper early in the
study was made due to challenges in determining the oxygen uptake/workload relationship
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on the treadmill. Although the bodyweight support harness was used and participants were
instructed not to hold onto the handrail, participants felt unsteady with increasing
workloads and repeatedly held onto the handrails. Participants were interfaced with the
metabolic cart using 51 mm diameter corrugated tubing (2.74 m) connected to a silicone
oro-nasal face mask (8900 series) with a two-way non-rebreathing valve and headgear
(Hans Rudolph Inc., Shawnee, KS, USA). Ventilatory parameters (tidal volume, breathing
frequency, and minute ventilation) and expired gas concentrations (fraction of expired
oxygen and fraction of expired carbon dioxide) were recorded breath by breath to
determine rates of oxygen uptake (V̇O2) and carbon dioxide production (V̇CO2). The HR
response to graded exercise testing was recorded in line with ventilatory parameters using
a telemetry system (Polar Electro Oy Kempele, Finland) or electrocardiography device
(CardioCard, Nasiff Associates Inc., Central Square, NY, USA), which were integrated
with the indirect calorimetry system. Electrocardiography was only used when deemed
necessary by the study physician. Rating of perceived exertion was taken during the last
30-sec of each stage using the Borg CR10 scale (Borg & Kaijser, 2006; G. Borg, 1982).
The treadmill graded exercise test protocol was based on best-practice recommendations
(Marilyn MacKay-Lyons, 2019), which involved walking at a self-selected speed and 0%
incline for 2 min, followed by a 2.5% increase in grade every 2 min until a slope of 10%
was reached and, after that, a 0.05 m/s increase in speed every 2 min, until test termination.
The total-body recumbent stepper protocol was adapted from previous work in this
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population (Billinger et al., 2008) and involved increments in workload (~20 W) every 2
min through load-level or step frequency changes. All testing was terminated according to
established criteria (Riebe et al., 2018). Achievement of V̇O2max was assessed based on the
attainment of at least two of the following criteria (Howley et al., 1995): (i) a plateau in
V̇O2 (<2.1 mL min-1 kg-1) with increasing workload, (ii) respiratory exchange ratio greater
than 1.15, and (iii) HRmax >90% of age-predicted maximum heart rate calculated as
(Brawner, Ehrman, Schairer, Cao, & Keteyian, 2004; Gellish et al., 2007):
Equation 3-3

!"#$% = 207 − (0.7 ∗ $./)
Equation 3-4

!"#$%(1/2$ 14567/89) = 164 − (0.7 ∗ $./)
Equation 3-4 was used to predict HRmax in participants receiving beta-adrenergic
blockade therapy.
3.3.3.2 Resting Metabolic Rate:
To explore exercise-induced changes in whole-body energy metabolism, resting
metabolic rate was added to the experimental protocol after the first two blocks of
participants completed the intervention period. Briefly, the protocol involved participants
lying comfortably on an adjustable bed with their head supported by a single pillow in a
temperature-controlled (22-24 oC) and dimly lit room. Participants were instructed to
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minimize movements during the test and not to fall asleep. The indirect calorimetry system
was adapted for resting metabolic rate measurements, which included the use of a flowthrough canopy place over the participant's head and a flow meter (Moxus, AEI
Technologies, Pittsburgh, PA, USA). According to manufacturer instructions, the flow rate
was adjusted to maintain a fraction of expired oxygen between 0.7 and 1.0. The data
collection period lasted 40-min; of which the first 15-min and last 5-min were discarded.
The remaining 20-min were averaged to determine V̇O2 and V̇CO2. Measurements were
then used to calculate resting energy expenditure (REE), lipid oxidation rate (Lox), and
carbohydrate oxidation rates (CHOox) according to the following formulas (Simonson &
DeFronzo, 1990):
Equation 3-5

"== = 3.91 @̇ B! + 1.10 @̇ DB! – 1.93 F
Equation 3-6

G5% = 1.69 @̇ B! – 1.69 @̇ DB! – 2.03 F
Equation 3-7

D!B5% = 4.57 @̇ DB! – 3.23 @̇B! – 2.60 F
Where urinary nitrogen excretion rate (N) was estimated to be 0.01 g min-1
(Simonson & DeFronzo, 1990). Resting metabolic rate was also predicted (REEpred) using
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the Mifflin-St Jeor equations (Frankenfield, Roth-Yousey, & Compher, 2005; Mifflin et
al., 1990):
Equation 3-8
REEpred (males) = 10 ∗ weight + 6.25 ∗ height − 5 ∗ age + 5
Equation 3-9
REEpred (females) = 10 ∗ weight + 6.25 ∗ height − 5 ∗ age − 161

Where weight is measured in kg, height in cm, and age in years.
3.3.3.3 Blood analysis:
Blood samples were taken immediately before the graded exercise tests performed
at baseline and post-intervention (3 days after the last exercise session). A 10 mL sample
was obtained from the antecubital vein using (no additive) Vacutainer tubes (BD, Canada).
The blood was left to clot at room temperature for 30-min, spun at 2,200 rpm for 10 min,
blood serum was aliquoted into microcentrifuge tubes, and placed at -80°C until blood
chemistry tests were performed. Upon completing data collection, samples were thawed
and analyzed at a local clinical laboratory using the methodologies described below.
Briefly, CRP, total cholesterol, high-density lipoprotein cholesterol (HDL), triglycerides,
and fructosamine were measured on Architect c16000 clinical chemistry systems (Abbott
Diagnostics, Abbott Park, IL, USA). All testing reagents were purchased from Abbott
Diagnostics. The CRP method was calibrated for high sensitivity CRP determination. The
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Friedwald Equation was used to calculate LDL-Cholesterol concentrations (LDL (mmol/L)
= total cholesterol (mmol/L) – HDL (mmol/L) – [triglycerides (mmol/L) / 2.2])
(Friedewald, Levy, & Fredrickson, 1972; Vujovic et al., 2010). Fructosamine analysis
included reference values between 205 and 285 µmol / L as normal average blood glucose
levels (Vujovic et al., 2010). The reference values for risk stratification based on CRP were
as follows: <1 mg/L= low risk, 1-3 mg/L= moderate risk, and > 3 mg/L= high risk of CVD
(Ridker, 2003). The recommendations of the Expert Panel on Detection and Treatment of
High Blood Cholesterol in (2001) were used for risk assessment based on lipid profile.
3.3.4 Statistical Analysis
Continuous data were first inspected for outliers, and distribution tested for
normality using the T D'Agostino-Pearson normality test. Differences between IFT and
CET groups at baseline were evaluated using the independent samples T-test for
continuous data, the Mann-Whitney U tests for ordinal data, and the Fisher's exact test for
nominal data. Differences in proportions of individuals maintaining at least moderateintensity aerobic exercise workloads over the intervention period between IFT and CET
were evaluated using the Fisher's exact test. Similarly, the Fisher's exact test was used to
test for differences in proportions of individuals exceeding the 1.4 mL min-1 kg-1 threshold
set for changes in V̇O2max between the two groups. Within-group changes over the
intervention period were evaluated using the paired samples T-test. The Wilcoxon
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matched-pairs test was used to evaluate blood markers' changes due to this data's noncontinuous nature. Bland-Altman analysis was performed to assess the agreement between
measured and predicted resting energy expenditure. Spearman correlation coefficients (rs)
were used to evaluate associations between changes in V̇O2max and changes in other
metabolic markers. Statistical significance was set at p < 0.05. All statistical analysis and
figures were performed in Prism 8 for MacOS (GraphPad Software, CA, USA).
3.4 Results
Of the 40 participants [65 years of age (SD 9)] randomized to receive either IFT or
CET, 37 completed at least one session of their allocated treatment. As reported in Figure
3-1, no dropouts were observed among participants randomized to IFT, while 3 participant
dropouts were observed in the CET group. Furthermore, two participants could not safely
complete 30-min of walking on the treadmill and were switched to the total body recumbent
stepper (participant numbers CET08 and CET15). As reported in Table 3-1, 35 % of the
randomized participants were female, and most suffered an ischemic stroke (31 / 40). No
statistically significant group differences were observed for baseline characteristics. The
average BMI was 27.8 kg m-2 (SD 4.7), corresponding to the overweight category based
on the American College of Sports Medicine classifications (Riebe et al., 2018). Although
participants were, on average, 34 months (SD 29) since their first disabling stroke, many
survivors were left with significant impairment. Accordingly, 63 % of participants had
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NIHSS scores > 5 or Chedoke-McMaster Stage of Recovery Leg or Foot scores <6,
indicating moderate levels of impairment (Gowland et al., 1993; Kwakkel et al., 2010). On
average, participants had very poor levels of cardiorespiratory fitness 16.0 mL min-1 kg-1
(SD 5.0) according to age and sex-based normative data (Riebe et al., 2018). In fact, 60%
had scores below the minimum threshold required for completing daily activities without
inducing excessive fatigue (i.e., 18 to 20 mL min-1 kg-1) (Macko et al., 2001; Morey et al.,
1998). Accordingly, the current cohort represents the full range of impairments and
functional limitations observed in community-dwelling stroke survivors.
Seven participants in the IFT and nine participants in the CET groups maintained
> 40 % of HRR in at least 80 % of the sessions (Figure 3-2). Statistical analysis (IFT n =
19, CET n = 18) revealed no differences between groups for proportions of participants
meeting the moderate-intensity aerobic exercise criteria (Fisher's exact test; p = 0.515).
Also, the impairment level did not appear to explain the relatively high proportions of
participants not sustaining the prescribed workloads. For instance, of the participants who
did not maintain > 40 % HRR, only 4 / 12 in the IFT group and 3 / 8 in the CET group had
NIHSS > 5 suggestive of moderate disability. Participants randomized to CET and
switched to total-body recumbent stepper for their training completed 30/30 of their
exercise sessions. However, they were unable to maintain workloads > 40 % of HRR.
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Figure 3-1: Participant flow through each stage of the study
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Table 3-1: Baseline Characteristics

ID
IFT01
IFT02
IFT03
IFT04
IFT05
IFT06
IFT07
IFT08
IFT09
IFT10
IFT11
IFT12
IFT13
IFT14
IFT15
IFT16
IFT17
IFT18
IFT19
IFT20
CET01
CET02
CET03
CET04
CET05
CET06
CET07
CET08
CET09
CET10
CET11
CET12
CET13
CET14
CET15
CET16
CET17
CET18
CET19

Sex
F
M
M
M
M
M
F
M
M
M
M
M
M
M
F
F
F
M
F
M
M
M
M
F
M
M
M
F
M
M
F
F
M
M
M
F
M
F
F
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Age
58
61
50
75
66
79
79
67
69
81
74
79
54
71
73
63
70
55
64
71
71
43
62
49
69
67
69
71
65
52
72
72
54
58
78
67
60
52
66

BMI
(kg m-2)
21.5
38.9
27.6
24.5
32.1
28.4
26.2
29.6
28.5
28.2
28.0
29.5
26.8
28.4
24.7
26.7
27.9
32.9
18.3
32.9
30.9
24.3
26.9
29.6
26.3
24.2
19.1
35.3
35.6
32.9
24.3
22.8
29.6
37.8
22.7
21.1
24.1
30.6
26.0

Stroke Type
Hemorrhagic
Ischemic
Hemorrhagic
Ischemic
Ischemic
Hemorrhagic
Ischemic
Ischemic
Ischemic
Hemorrhagic
Hemorrhagic
Ischemic
Ischemic
Hemorrhagic
Ischemic
Ischemic
Ischemic
Ischemic
Hemorrhagic
Ischemic
Ischemic
Ischemic
Ischemic
Hemorrhagic
Ischemic
Ischemic
Ischemic
Ischemic
Ischemic
Ischemic
Hemorrhagic
Ischemic
Ischemic
Ischemic
Ischemic
Ischemic
Ischemic
Ischemic
Ischemic

NIHSS
2
1
17
3
15
11
0
3
1
3
7
9
9
10
3
2
1
3
0
3
6
7
4
5
1
12
6
15
0
1
3
5
10
3
9
2
0
1

Chedoke
(leg /7)
5
6
3
6
3
3
6
6
6
5
3
5
5
5
5
7
7
7
7
5
3
5
5
7
3
5
1
7
6
5
5
3
6
5
6
6

Chedoke
(foot /7)
4
7
2
5
1
2
6
6
6
5
2
3
4
6
5
7
7
7
7
6
1
2
4
6
4
4
1
7
7
5
4
1
5
3
5
6

V̇O2max
(mL min-1 kg-1)
22.9
22.8
14.6
23.5
11.8
15.9
14.2
19.6
15.8
9.9
17.2
10.8
14.3
12.0
8.0
19.3
13.5
20.2
19.7
19.6
15.1
17.6
19.3
14.5
20.0
15.2
19.5
4.9
15.1
23.1
10.2
18.4
10.8
7.9
11.8
28.3
18.2
12.0

Six participants in the IFT group and 11 participants in the CET group exceeded
the 1.4 mL min-1 kg-1 threshold for change in V̇O2max. The difference in proportions
between the two groups did not reach the level of statistical significance (Fisher's exact
test; p= 0.103). However, as displayed in Figure 3-3, CET was associated with more
consistent and larger cardiorespiratory fitness changes. The mean difference and 95%
confidence interval for the difference between pre-and post-measurements were 0.62 mL
min-1 kg-1 (CI: -0.38 to 1.62) and 2.79 mL min-1 kg-1 (CI: 0.84 to 4.74) for participants
randomized to IFT and CET, respectively. In terms of symptom-limited graded exercise
testing to evaluate changes in cardiorespiratory fitness, no adverse events were observed,
and most participants (n=35) reached volitional exhaustion or were unable to maintain the
target workload during the final stage. Two participants stopped the graded exercise test
due to leg pain during baseline testing only. Fifty-four and 56 % of participants reached at
least 2 of the a priori criteria for determining V̇O2max during the pre-and post-intervention
assessments, respectively (see Table 3-2).
Resting blood pressure and BMI measurements remained relatively stable over the
study period across both groups [systolic (MD = -6 mmHg, CI: -14 to 2); diastolic (MD =
1 mmHg, CI: -5 to 6); BMI (MD = -0.20 kg m-2, CI: -0.43 to 0.03)]. However, a consistent
decrease in pre to post assessments of resting heart rate was observed after IFT (MD = -4.1
bpm, CI: -7.4 to -0.7) and CET (MD = -5.9 bpm, CI: -10.0 to -1.8). Average serum CRP
exceeded the high-risk reference values at both time points among participants randomized
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to IFT [Pre: 4.3 mg/L (SD 5.1); Post: 3.7 mg/L (SD 4.2)] and CET [Pre: 5.3 mg/L (SD 6.1);
Post: 4.0 mg/L (SD 5.7)]. However, four participants in each group dropped their levels
into a lower risk category, which was associated with statically significant pre to post
changes in CRP across both groups (MD= -0.9 mg/L CI: -1.9 to -0.1). The majority of
participants had serum fructosamine levels within the normal range (200 to 285 µmol/L)
at both time points (see Table 3-3). However, average values increased after IFT (MD=
11.5 µmol/L, CI: -12.7 to 35.8) and CET (MD= 18.7 µmol/L, CI: 3.2 to 34.1), which
suggests an increase in short-term glycemia after the exercise interventions. Similarly,
scores for total cholesterol, HDL, LDL, and triglycerides were associated with low risk at
baseline and postintervention for both exercise groups. A small but statistically significant
increase in total cholesterol was observed after IFT (MD= 0.2 mmol/L, CI: 0.04 to 0.39).
In terms of correlations between changes in V̇O2max and metabolic markers, the only
statistically significant association observed was with changes in fructosamine (rs= 0.42,
p= 0.024).
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Figure 3-2: Dose analysis. Heatmap displaying participant's average heart rate during each week of
aerobic exercise training. The graph's top and bottom halves are separated for intermittent functional training
(IFT) and constant-load ergometer training groups (CET), respectively. Dark blue and purple cells indicate
workloads below the moderate-intensity aerobic exercise threshold (i.e., <40% HRR).
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Figure 3-3: Change in maximum oxygen uptake (V̇O2max) over the 10-week intervention period
among participants randomized to (a) intermittent functional training and (b) constant-load ergometer
training. Dotted lines indicate the a priori threshold for change in V̇O2max (i.e., 1.4 mL min-1 kg-1). Solid lines
display the mean difference and 95% confidence interval.
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Table 3-2: Participants Maximum Absolute Oxygen Uptake and Achievement of Graded Exercise
Testing Criteria at Pre and Post Assessments

ID
IFT01
IFT02
IFT03
IFT04
IFT05
IFT06
IFT07
IFT08
IFT09
IFT10
IFT11
IFT12
IFT13
IFT14
IFT15
IFT16
IFT17
IFT18
IFT19
IFT20
CET01
CET02
CET03
CET04
CET05
CET06
CET07
CET08
CET09
CET10
CET11
CET12
CET13
CET14
CET15
CET16
CET17
CET18
CET19

Ergometer
Treadmill
Treadmill
Treadmill
Treadmill
Treadmill
Treadmill
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
Treadmill
Treadmill
Treadmill
Treadmill
Treadmill
Treadmill
Treadmill
NuStep
Treadmill
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
NuStep
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Pre-Graded Exercise Test
V̇O2 Plateau
RER HRM
Yes/no
1467 yes
1.06 70
2878 yes
1.01 98
1458 yes
0.99 78
1782 yes
1.05 98
1131 yes
0.85 74
1272 yes
1.03 124
865 yes
0.84 77
1776 no
1.12 98
1348 yes
1.03 104
810 yes
0.97 96
1526 no
1.09 120
1013 yes
0.98 88
1096 yes
1.06 83
1000 yes
0.99 60
548 yes
0.92 54
1189 no
1.07 94
950 yes
1.04 74
1930 no
1.12 101
1035 no
1.07 103
1809 no
1.22 88
1391 no
1.05 94
1270 yes
0.96 77
1676 no
0.94 80
1204 yes
1.01 98
1702 no
0.99 103
1089 no
0.92 75
1126 yes
1.21 91
397 yes
0.80 60
1804 yes
0.94 93
2350 no
0.97 90
1370 yes
1.0
83
589 yes
1.07 77
1647 no
1.17 84
1193 yes
1.07 76
587 yes
1.05 88
680 yes
0.83 67
2146 yes
1.05 84
1591 yes
1.09 88
818 no
1.12 98

RPE
(/10)
4
7
10
7
8
5
7
8
7
5
9
5
10
5
10
9
7
10
10
6
8
6
5
7
5
10
3
10
10
7
5
10
7
4
7
7
9
7

Post-Graded Exercise Test
V̇O2 Plateau
RER HRM
Yes/no
1716 No
1.06 82
2924 Yes
1.00 93
1540 Yes
1.07 79
1716 No
1.17 82
1331 Yes
0.89 75
1246 Yes
1.09 124
860 Yes
0.90 88
1664 No
1.12 94
Dropout prior to intervention
1088 Yes
1.02 91
1481 Yes
1.06 121
1017 Yes
1.01 84
1162 No
1.08 79
1339 No
1.05 67
605 Yes
0.92 53
1010 No
1.04 89
920 Yes
1.05 66
1745 No
1.07 100
1260 Yes
1.07 101
1727 No
1.23 87
1250 Yes
1.10 93
1845 No
1.04 103
2431 Yes
1.06 106
1290 Yes
1.01 98
2235 Yes
1.07 104
1217 Yes
0.97 96
1253 Yes
1.26 98
524 Yes
0.87 55
1836 No
1.05 93
2685 No
1.02 95
Dropout during intervention
588 Yes
1.16 70
1755 No
1.16 87
1597 No
0.94 79
580 Yes
1.14 74
Dropout prior to intervention
Dropout during intervention
Dropout during intervention
976 Yes
1.09 93

RPE
(/10)
5
7
10
3
10
3
10
9
9
5
9
7
8
5
10
5
10
7
5
5
6
5
2
5
10
7
4
10
9
5

7

Table 3-3: Pre to Post Changes in Short-term glycemia and lipid profile during intermittent
functional training and constant-workload ergometer exercise

ID
IFT01
IFT03
IFT04
IFT05
IFT07
IFT08
IFT10
IFT11
IFT12
IFT14
IFT15
IFT16
IFT17
IFT18
IFT19
IFT20
CET01
CET02
CET03
CET04
CET05
CET06
CET07
CET09
CET10
CET12
CET13
CET14
CET19

Fructosamine Total
(µmol/L)
cholesterol
(mmol/L)
Pre
Post
Pre
Post
244.4 261
5.017 5.475
279.6 281.7 3.606 3.782
238.2 261
3.094 3.609
186.4 198.9 3.106 3.154
232 246.5 3.221 3.135
294.1 298.3 2.743 2.755
236.1 221.6 2.283 2.254
258.9 244.4 3.116 3.363
269.3 244.4 3.296 3.604
366.6 372.9 4.924 6.032
261 275.5 3.376 3.669
209.2 209.2 4.215 4.22
263.1 248.6 2.688 3.082
256.9 242.4 2.329 2.71
219.6 393.6 4.946 4.619
279.6 279.6 3.572 3.501
194.7 190.6 2.774 2.75
354.2 426.7 3.532 3.114
225.8 254.8 5.53 5.326
203 203
5.261 6.105
225.8 236.1 2.534 2.498
263.1 292.1 2.933 3.303
265.1 285.9 2.098 2.263
171.9 192.6 4.066 3.483
209.2 219.6 3.407 3.811
265.1 263.1 3.544 3.135
341.8 401.9 3.383 3.263
298.3 277.6 3.917 3.729
169.9 186.4 2.647 2.565
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High-density
Low-density
Triglycerides
Lipoprotein (mmol/L) lipoprotein (mmol/L) (mmol/L)
Pre
1.322
1.137
1.04
0.991
0.906
0.862
0.792
1.471
0.883
1.407
1.047
1.551
1.312
0.656
1.666
1.043
0.926
0.956
1.111
1.322
1.107
0.731
0.801
1.134
1.666
1.369
1.238
1.082
0.971

Post
1.203
1.11
1.184
1.038
0.905
0.862
0.849
1.316
0.862
1.824
1.156
1.565
1.41
0.739
1.654
1.054
0.844
0.854
1.125
1.541
1.115
0.954
0.925
1.107
1.931
1.222
1.104
0.995
0.994

Pre
3.195
1.889
1.758
1.665
1.339
1.234
0.943
1.239
1.942
2.717
1.838
1.806
1.059
1.049
2.897
1.768
1.223
1.998
3.809
3.068
0.835
1.736
1.012
2.409
1.371
1.606
1.386
2.408
0.946

Post
3.71
2.026
2.119
1.6
1.428
1.192
0.983
1.587
2.108
3.102
1.998
2.052
1.277
1.443
2.509
1.571
1.314
1.756
3.541
3.883
0.768
1.917
0.959
1.926
1.558
1.336
1.584
2.279
0.776

Pre
1.101
1.275
0.652
0.989
2.147
1.424
1.206
0.893
1.036
1.759
1.08
1.887
0.698
1.373
0.842
1.675
1.375
1.271
1.343
1.917
1.302
1.025
0.627
1.151
0.813
1.251
1.67
0.939
1.606

Post
1.237
1.422
0.674
1.136
1.764
1.543
0.928
1.013
1.395
2.433
1.132
1.326
0.869
1.162
1.004
1.927
1.303
1.109
1.453
1.498
1.352
0.95
0.833
0.99
0.709
1.27
1.266
1.001
1.749

The resting indirect calorimetry data indicated a shift in whole-body energy
metabolism over the study period. Although little change in pre to post-measurements of
daily resting energy expenditure was observed (MD = -21 kcal 24hr-1, CI: -103 to 61), the
agreement between measured and predicted values was improved after exercise training
compared to baseline. Bland-Altman analysis of the percent difference between measured
and predicted resting energy expenditure [100 * (measured – predicted) / average] revealed
the bias and 95% confidence interval of the agreement to be 2.82 (CI: -22.72 to 28.38) and
-2.19 (-19.02 to 14.64) at pre-and post-assessments, respectively. As displayed in Figure
3-4, the discrepancy between measured and predicted values decreased from pre to post
measurements. This change was coupled with a shift in resting substrate partitioning
toward increased reliance on carbohydrate energy substrates. As displayed in Figure 3-5,
lipid oxidation rates decreased, and carbohydrate oxidation rates increased from pre to post
resting metabolic rate measurements after IFT (Lipid: MD = -10.6 mg min-1 CI: -29.4 to
8.1; CHO: MD = 18.8 mg min-1 CI: -17.4 to 55.2) and CET (Lipid: MD = -12.5 mg min-1
CI: -22.5 to -2.5; CHO: MD = 34.0 mg min-1 CI: 4.2 to 63.8).
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B) Post-intervention Resting Energy Expenditure
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Figure 3-4: Bland-Altman analysis of agreement between measured resting energy expenditure via
indirect calorimetry and predicted energy expenditure via the Mifflin-St Jeor equation during pre (A) and
post (B). IFT (n= 11) closed circles; CET (n= 6) open circles.
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Figure 3-5: Resting Substrate Partitioning. Changes in rates of resting carbohydrate (CHO) and
lipid oxidation over the intervention period. (A) Intermittent functional training (IFT), (B) constant-load
ergometer training (CET), and (C) combined groups. Panels A and B display individual changes along with
mean difference and 95% CI. Panel C displays pre to post changes in substrate partitioning across both
groups, * p < 0.05.
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3.5 Discussion
We undertook this study to evaluate chronic hemiparetic stroke survivors' ability to
sustain moderate-intensity aerobic workloads during IFT over the 10-week study period
and to investigate its preliminary effects on cardiorespiratory fitness and metabolic profile.
Compared to best practice recommendations for ergometer-type aerobic exercise training,
a similar proportion of participants randomized to IFT maintained the moderate-intensity
aerobic exercise criteria over the 10-week study period. Accordingly, organizing taskoriented activities into 3-minute circuits that pair more metabolically demanding tasks with
less demanding ones to increase HR 30 to 50 bpm above resting is a practical method to
replicate the intensities of aerobic exercise imposed during ergometer-type training. The
added value of such aerobic exercise strategies includes the fact that it does not require the
use of specialized equipment, and task-oriented activities can be adapted to individuals'
level of impairment, making IFT a practical tool to provide moderate-intensity aerobic
exercise throughout the continuum of stroke recovery.
Previous studies have evaluated the effects of different functional exercise training
paradigms among individuals recovering from a stroke (Marsden et al., 2016; Pang et al.,
2005; Salbach et al., 2004; van de Port et al., 2012). However, the aerobic workloads
maintained during prior investigations have not been well defined, and to date, no
comparison has been made with traditional ergometer-type aerobic exercise training.
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Among the ergometers appropriate for hemiparetic stroke survivors, the bodyweightsupported treadmill is perhaps the best choice for comparison with functional exercise
because it incorporates both task practice and aerobic stress (M. Mackay-Lyons,
McDonald, et al., 2013). Also, several randomized control trials have demonstrated the
beneficial effects of treadmill aerobic exercise training on cardiorespiratory fitness and
metabolic outcomes among stroke survivors during the subacute (M. Mackay-Lyons,
McDonald, et al., 2013; Stoller et al., 2015) and more chronic phases of recovery (Globas
et al., 2012; Ivey et al., 2007; Macko et al., 2005; Macko et al., 2001). However, in the
current study, almost half of the participants randomized to CET failed to sustain the
prescribed aerobic workloads. The extent to which this observation aligns with previous
interventional studies is unclear because the authors often neglect to report the actual
aerobic workloads maintained throughout the study period. However, it does align with
previous feasibility studies that have identified stroke survivors' limited ability to sustain
moderate-intensity workloads as barriers to implementing aerobic exercise guidelines
during formalized rehabilitation (Biasin et al., 2014). Also, the within-group changes in
cardiorespiratory fitness observed after CET are similar to those previously reported (Ivey
et al., 2007; Macko et al., 2005; Macko et al., 2001). Therefore, the dose analysis likely
reflects a true variability among chronic hemiparetic stroke survivors in their ability or
willingness to sustain moderate-intensity aerobic workloads.
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Although some participants (n = 6) randomized to IFT exceeded the a priori
threshold for anticipated change in V̇O2max, CET was associated with more extensive
effects on cardiorespiratory fitness. The blunted effect of IFT likely reflects a lower total
energy expenditure of exercise compared to CET. Given that both interventions were
matched for treatment time, the rest periods incorporated during the intermittent protocol
and the time taken to switch between task-oriented activities reduced the total amount of
time engaged in moderate-intensity aerobic exercise during IFT. Our cross-sectional study
demonstrated that about 75 % of the IFT session is categorized as exercise time(L. P. Kelly
et al., 2017). Although the aerobic workloads achieved during IFT are substantially higher
than those observed during task-oriented therapies performed during contemporary stroke
rehabilitation (Barrett et al., 2018; M. J. MacKay-Lyons & Makrides, 2002), they are not
high enough to overcome the decreased energy demand during rest periods. Therefore, IFT
session duration will likely need to be increased to match the energy expended during CET
before a valid comparison between interventions can be made. In contrast, high-intensity
interval training protocols have been used to achieve shorter exercise durations while
matching for energy expenditure of exercise (Viana et al., 2018). The difference here is
that high-intensity interval training interventions incorporate much higher relative
workloads (e.g., 3-minutes at workloads > 80 % of V̇O2max) along with recovery intervals
(e.g., 3-minutes at workloads < 60 % of V̇O2max) to match energy expenditure of exercise
with constant-workload activities. The extent to which task-oriented activities can be used
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to achieve high-intensity aerobic intervals in hemiparetic stroke survivors is beyond the
current study's scope. However, the present data demonstrate that the moderate-intensity
aerobic workloads sustained during IFT are sufficient to increase cardiorespiratory fitness
for at least some stroke survivors.
Serum CRP was the most responsive blood marker to change in the current study.
Elevated CRP levels are associated with an increased risk of future cardiovascular events
(Blake, Rifai, Buring, & Ridker, 2003) and unfavorable long-term functional outcomes
after ischemic stroke (VanGilder et al., 2014). Four participants in each group reduced their
CRP levels into a lower risk category, and statistically, significant pre to post changes were
observed across both groups. The observed changes in CRP align with the results of
previous exercise interventions (Fedewa, Hathaway, & Ward-Ritacco, 2017) and highlight
the value of including this biomarker of cardiovascular risk in future definitive trials among
stroke survivors.
Fructosamine and serum lipids remained within normal and low-risk reference
values throughout the study period. However, statistically significant within-group
increases in average blood glucose levels and total cholesterol were observed after CET
and IFT, respectively. The observed changes are in contrast with a recent meta-analysis on
the topic, which reported decreases in fasting glucose and total cholesterol (D'Isabella et
al., 2017). Similarly, the observed increase in carbohydrate oxidation during post-
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intervention assessments of resting metabolic rate is inconsistent with the concept of
improved metabolic fitness (Nordby, Saltin, & Helge, 2006). Given that dietary controls
were not imposed in the current study, the increase in short-term glycemia and the shift
toward increased oxidation of carbohydrate energy sources at rest could result from
changes in eating behaviors over the study period. However, the ability to switch between
energy substrates is depressed among deconditioned populations (Goodpaster & Sparks,
2017; Thyfault & Bergouignan, 2020), and the observed changes in substrate partitioning
might reflect a positive acclimation to exercise training in this cohort. In fact, a small but
statistically significant positive association was observed between changes in V̇O2max and
serum fructosamine levels. Also, the agreement between predicted and observed resting
energy expenditure improved over the study period. More studies are needed to elucidate
the dose-response effects of exercise on metabolic flexibility in clinical populations such
as stroke survivors.
Among the limitations of the current study was that almost half of the study
participants failed to achieve the a priori criteria for valid V̇O2max measurement. This is a
common observation in stroke rehabilitation trials, and because of this, many research
groups describe the results of graded exercise testing as "peak oxygen uptake" rather than
maximum (Letombe et al., 2010; M. Mackay-Lyons, McDonald, et al., 2013; Macko et al.,
2005; Rimmer et al., 2000; Tang, Sibley, et al., 2009). However, without a valid assessment
of V̇O2max, it is difficult to interpret the pre to post changes in graded exercise testing (Poole
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& Jones, 2017). Therefore, new exercise testing protocols are needed to improve the
validity of V̇O2max measurements in clinical populations such as stroke survivors. As
described above, the lack of dietary controls may have influenced outcomes, and future
investigations should monitor changes in eating and physical activity behaviors over the
study period. Finally, the current study was not powered to determine equivalence between
the two interventions. Although the difference in proportions of participants achieving the
threshold for the anticipated change in V̇O2max did not reach the level of statistical
significance, this data should be interpreted with caution.
3.6 Conclusions
Task-oriented circuit training can replicate the aerobic intensities sustained during
traditional ergometer-type exercise training among chronic hemiparetic stroke survivors.
However, relatively large proportions of participants in both exercise groups failed to
achieve the moderate-intensity aerobic exercise criteria over the 10-week study period.
Accordingly, more studies are needed to elucidate the individual variability in sustaining
moderate-intensity aerobic workloads among participants with similar levels of
impairment. Also, more work is needed to evaluate the extent to which task-oriented circuit
training can be used to replicate the outcome observed after ergometer-type aerobic
exercise.
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Chapter 4: Normobaric hypoxia exposure during treadmill
aerobic exercise after stroke: a safety and feasibility
study
4.1 Abstract
Objective: To evaluate the safety and feasibility of performing treadmill aerobic exercise
in moderate normobaric hypoxia among chronic hemiparetic stroke survivors.
Design: Observational study using convenience sampling.
Setting: Research laboratory in a tertiary rehabilitation hospital.
Participants: Chronic hemiparetic stroke survivors who could walk at least 10-meters with
or without assistance and had no absolute contraindications to exercise testing.
Intervention: Participants (3 male and 4 female) were asked to complete three normobaric
hypoxia exposure protocols within a single session. First, they were passively exposed to
normobaric hypoxia through gradual reductions in the fraction of inspired oxygen (FIO2 =
20.9 %, 17.0 %, and 15.0 %) while seated (5-min at each level of FIO2). Participants were
then exposed to the same reductions in FIO2 during constant-load exercise performed on a
treadmill at 40% of heart rate reserve. Finally, participants completed 20-min of exercise
while intermittently exposed to moderate normobaric hypoxia (5 x 2-min at FIO2= 15.0%)
interspaced with 2-min normoxia intervals (FIO2= 20.9 %).
Outcome measures: The primary outcome was occurrence of adverse events, which
included standardized criteria for terminating exercise testing, blood oxygen saturation
(SpO2) < 80 %, or acute mountain sickness score > 2. The increased cardiovascular strain
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imposed by normobaric hypoxia exposure at rest and during exercise, was evaluated by
changes in SpO2, heart rate (HR), blood pressure, and rating of perceived exertion (RPE).
Results: One participant reported mild symptoms of nausea during exercise in normobaric
hypoxia and discontinued participation. No other adverse events were recorded.
Intermittent normobaric hypoxia exposure was associated with reduced SpO2 (MD = -7.4
%, CI: -9.8 to -5.0) and increased HR (MD = 8.2, CI: 4.6 to 11.7) compared to intervals
while breathing typical room air throughout the 20-min constant-load exercise period. The
increase in HR was associated with a 10 % increase in relative effort. However, reducing
FIO2 had little effect on blood pressure and RPE measurements.
Conclusion: Moderate normobaric hypoxia appeared to be a safe and feasible method to
increase the cardiovascular strain of submaximal exercise in chronic hemiparetic stroke
survivors. Future studies evaluating the effects of pairing normobaric hypoxia exposure
with existing therapies on secondary prevention and functional recovery are warranted.
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4.2 Introduction
Poor cardiorespiratory fitness is characteristic of individuals experiencing the
effects of stroke. Measurements taken during the first three months of recovery
demonstrate that maximum oxygen uptake values range from 10 to 18 mL min-1 kg-1 (M.
Mackay-Lyons, McDonald, et al., 2013; M. J. Mackay-Lyons & Makrides, 2004; Tang,
Sibley, Thomas, McIlroy, & Brooks, 2006). Given the inverse association between
cardiorespiratory fitness and future risk of stroke (Pandey et al., 2016) it is perhaps not
surprising that these values correspond to the "very poor" category based on normative data
(Riebe et al., 2018). However, it is striking that fitness levels among stroke survivors are
less than 60% of that reported for age and sex-matched coronary heart disease patients
upon completion of cardiac rehabilitation (Banks et al., 2019). Such differences in fitness
could be explained by the fact that people with cerebrovascular disease are offered lowerintensity task-oriented rehabilitation compared to people having cardiovascular disease
(Hebert et al., 2016). Although relevant to overcome functional limitations, task-oriented
therapies offered during stroke rehabilitation provide insufficient cardiovascular stress
(Barrett et al., 2018; M. J. MacKay-Lyons & Makrides, 2002)
Important advances are taking place in the field of stroke rehabilitation to enhance
the provision of aerobic training (Biasin et al., 2014); specifically transitioning eligible
patients with stroke to cardiac rehabilitation (Marzolini, 2018). Feasibility and preliminary
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effectiveness of comprehensive cardiac rehabilitation programs has been confirmed among
individuals who have experienced a transient ischemic attack or non-disabling minor stroke
(Prior et al., 2011). The challenge, however, is adapting such programs for individuals with
more severe stroke-related impairments (Tang, Closson, et al., 2009). Indeed, stroke
survivors with mild-to-moderate levels of motor impairments can meet the minimal aerobic
exercise targets (Marzolini, McIlroy, Oh, & Brooks, 2012) and achieve statistically
significant increases in pre-to-post measures of cardiorespiratory fitness upon completion
of adapted cardiac rehabilitation programs (Lennon et al., 2008; Marzolini et al., 2012;
Marzolini et al., 2014; Tang et al., 2010). However, notably cardiorespiratory fitness
remains in the "very poor" category upon completion of adapted cardiac rehabilitation and
the training-induced improvements in cardiometabolic risk factors have been inconsistent
(Lennon et al., 2008; Marzolini et al., 2014; Tang et al., 2010). Accordingly, new
approaches are needed to enhance the effects of physical exercise interventions currently
offered to stroke survivors.
Normobaric hypoxia conditioning has the potential to enhance the effects of
exercise in stroke survivors. Normobaric hypoxia exposure involves reductions in the
fraction of inspired oxygen (FIO2) from values recorded near sea-level (FIO2= 20.9%) to
values that simulate the moderate levels of hypoxia experienced at elevations between 2000
and 3000 m above sea-level (FIO2= 17.0 to 15.0%) (Bartsch & Saltin, 2008). During
normobaric hypoxia conditioning studies, participants perform submaximal exercise while
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breathing the normobaric hypoxia gas mixture (Klug et al., 2018). Since maximum aerobic
workloads decrease at a rate of about 7% for every 1000 m increase in altitude (@ 2%
decrease in FIO2) (Fulco et al., 1998), the absolute workloads performed in normobaric
hypoxia must be reduced to be equivalent to the relative exercise intensity experienced
under typical sea-level conditions (Bartsch & Saltin, 2008). In other words, training in
normobaric hypoxia is a method to increase the cardiometabolic stress of submaximal
exercise without an increase in biomechanical strain (Pramsohler et al., 2017).
Interestingly, among overweight/obese participants, exercise completed in normobaric
hypoxia conditions resulted in similar (Klug et al., 2018) or even enhanced (Netzer et al.,
2008; Wiesner et al., 2010) benefits on cardiometabolic outcomes compared to aerobic
workloads matched for relative intensity at sea-level. Clinically, the approximately 15%
increase in relative effort during submaximal exercise performed in moderate normobaric
hypoxia (Fulco et al., 1998) may provide a unique solution for stroke survivors with
diminished ability to perform external work due to hemiparesis. Although preliminary
evidence in other clinical populations suggests a synergistic effect of pairing exercise with
normobaric hypoxia exposure on metabolic (Mackenzie, Maxwell, Castle, Brickley, &
Watt, 2011; Mahler et al., 2018) and functional outcomes (Navarrete-Opazo, Alcayaga,
Sepulveda, Rojas, et al., 2017; Navarrete-Opazo, Alcayaga, Sepulveda, & Varas, 2017),
more work is needed to translate these findings to stroke survivors. Accordingly, the
objective of the current preliminary study was to determine if exposing chronic hemiparetic
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stroke survivors to moderate levels of normobaric hypoxia during treadmill aerobic
exercise was safe and feasible.
4.3 Methods
4.3.1 Participants
Participants were recruited from a registry of chronic stroke survivors who
completed inpatient/outpatient rehabilitation services and recently participated in a
rehabilitation trial at our laboratory (NC1674790). Participants had to meet the following
inclusion criteria to be considered for the current study: (1) age ≥18 years, (2) ischemic or
hemorrhagic stroke >6 months before study enrollment, (3) ability to perform 2-step
instruction, (4) and ambulatory with or without aid >10 m. Participants were excluded if
they presented with any absolute contraindications for graded exercise testing as described
elsewhere (Riebe et al., 2018) or reported a change in physical activity levels (increase or
decrease) since their last graded exercise test. The study protocol was approved by the
regional Health Research Ethics Board (2018.013) in accordance with the TCPS (II)
guidelines (Canadian Institutes of Health Research, 2018) and the declaration of Helsinki
(see Appendix B).
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4.3.2 Physical Profile
Data collected during the follow-up period of the previous trial, including
assessments of stroke severity (National Institute of Health Stroke Scale, and Chedoke
McMaster stage of recovery for leg and foot) (Goldstein et al., 1989; Gowland et al., 1993),
walking performance, and symptom-limited graded exercise testing, were used in the
current study to describe participants' physical profile. As described elsewhere (Ploughman
et al., 2019), self-selected walking speed was assessed on an instrumented gait analysis
walkway (Zeno Walkway, Protokinetics LLC, PA, USA) and the average of two trials were
recorded. Symptom-limited graded exercise tests were performed on either a motorized
treadmill (Trackmaster TMX58, Full Vision Inc, KS, USA) with harness support (<10%
of body weight, PneuWeight, Pneumex, ID, USA) or a total-body recumbent stepper (T4r,
Nustep, LLC, MI, USA) as described previously (L. P. Kelly et al., 2017). Maximum heart
rate (HR), maximum oxygen uptake (V̇O2max), and the HR corresponding to 40% of V̇O2max
were recorded for use in the current study.
4.3.3 Experimental Design
Given the preliminary objectives of this observational study, the aim was to recruit
8 participants (4 females). Study participants were asked to complete three different
normobaric hypoxia exposure protocols within a single session. As illustrated in Figure 1.,
FIO2 was manipulated using a hypoxicator (GO2Altitude, Biomedtech Ltd, VIC, Australia)
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that continuously pumped air (120 L min−1) into two 120-liter Douglas bags. Gas
concentration within the Douglas bags was monitored using an oxygen sensor (Rapidox
O2, Sensotec Ltd, Cambridge, UK), ensuring that the target FIO2 was maintained within ±
0.2%. Participants were interfaced with the hypoxicator using a two-way non-rebreathing
valve (2700, Hans Rudolph, Kansas, USA) connected to an oro-nasal facemask (series
8900, Hans Rudolph, Kansas, USA), and tubing. Blood pressure (BP; systolic / diastolic),
HR (using 12-lead electrocardiography; CardoCard, Nasiff Associates Inc., NY, USA),
oxygen saturation (SpO2; Massimo SET, CA, USA), and rating of perceived exertion (RPE)
(G. A. Borg, 1982) were monitored throughout the three normobaric hypoxia exposure
protocols, which are described below. Also, symptoms of acute mountain sickness were
recorded at the end of each exposure protocol and again the next morning over the
telephone using the Lake Louise Acute Mountain Sickness Scale (Roach et al., 2018).
4.3.3.1 Passive Progressive Normobaric Hypoxia Exposure Protocol
During the first exposure protocol, participants were passively exposed to
gradual reductions in FIO2 during seated rest. As illustrated in Figure 1A, participants first
breathed a gas mixture consistent with typical room air (i.e., normoxia; FIO2 = 20.9%) for
5-min and then FIO2 was reduced to 17.0% for an additional 5-min and finally reduced to
15.0% for the last 5-min of the passive progressive normobaric hypoxia exposure protocol.
Measures of HR, SpO2, and BP were recorded during the last 30-sec of exposure at the
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three levels of FIO2 studied. The facemask was removed between each 5-min exposure
period to allow time (5-to 10-min) for the adjustment of FIO2 within the Douglas bags.
If no adverse events were recorded during passive progressive normobaric hypoxia
exposure, participants moved onto the active phases of the study where normobaric
hypoxia exposure was paired with constant-load exercise performed on the treadmill with
bodyweight supported (~10%) at self-selected walking speed. To determine self-selected
walking speed, participants were first familiarized with the treadmill and then asked to
choose a speed that they could comfortably maintain for 20 minutes or more. Treadmill
incline was then adjusted to achieve a target HR corresponding to 40% of participants heart
rate reserve while breathing normoxia room air.
4.3.3.2 Active Progressive Normobaric Hypoxia Exposure Protocol
During the second exposure protocol, participants were exposed to gradual
reductions in FIO2 while walking on the treadmill at the predetermined treadmill speed and
incline. As illustrated in Figure 1B, the same protocol described above was used to
progressively increase the level of normobaric hypoxia exposure during treadmill walking
in 5-min epochs. Measures of HR, SpO2, BP, and RPE were recorded during the last 30sec of exposure at the three levels of FIO2 studied. Again, if no adverse events were
recorded, participants moved onto the final exposure protocol.
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4.3.3.3 Active Intermittent Normobaric Hypoxia Exposure Protocol
During the third exposure protocol, participants walked on the treadmill at
the predetermined speed and incline for 20-min while intermittently exposed to 5 x 2-min
intervals at FIO2= 15% interspaced with 2-min intervals at FIO2= 20.9% (see Figure 1C).
During active intermittent normobaric hypoxia exposure, gas concentration remained
constant within the Douglas bags (i.e., 15.0 ± 0.2%) and a valve was used to switch between
room air and moderate normobaric hypoxia every 2-min. Measures of HR and SpO2 were
recorded during the last 30-sec of each 2-min interval.

129

(A) Passive Progressive Normobaric Hypoxia Exposure
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(B) Active Progressive Normobaric Hypoxia Exposure
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(C) Active Intermittent Normobaric Hypoxia Exposure
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Figure 4-1: Experimental design. To evaluate the safety and feasibility of moderate normobaric
hypoxia exposure, participants were exposed to gradual reductions in the fraction of inspired oxygen (FIO2)
during sitting (panel A) and during constant-load treadmill walking (panel B). Then, participants completed
20-min of constant-load treadmill walking while intermittently exposed to normobaric hypoxia (5 x 2-min at
FIO2= 15.0%) interspaced with intervals of typical room air (normoxia; 5 x 2-min at FIO2= 20.9%) (panel C).
Each pair of normobaric hypoxia and normoxia intervals were defined as a bout (5-bouts in total). Measures
of blood oxygen saturation (SpO2), heart rate (HR), blood pressure (BP), rating of perceived exertion (RPE),
and symptoms of acute mountain sickness (AMS) were monitored throughout the three exposure protocols
and recorded at defined intervals as indicated in the figure. A hypoxicator using nitrogen filtration technique
was used to manipulate fraction of inspired oxygen in two Douglas bags. Participants were interfaced with
the bags using corrugated tubing, non-breathable valve, and an oro-nasal facemask.
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4.3.4 Outcome Measures
The primary objective of the current study was to determine if exposing chronic
hemiparetic stroke survivors to moderate levels of normobaric hypoxia during treadmill
aerobic exercise was safe and feasible. Accordingly, having to stop the protocol due to
occurrence of adverse events and circumstances for termination were of primary
importance. The normobaric hypoxia exposure periods were terminated according to
accepted indications for stopping an exercise test (Riebe et al., 2018) and evidence of acute
mountain sickness (Roach et al., 2018). Specifically, the exercise was halted if there was a
decrease in systolic blood pressure (< 10 mm Hg) below baseline values or a hypertensive
response (systolic > 250 mm Hg or diastolic > 115 mm Hg), a significant change in the
electrocardiography tracing (e.g., ST elevation/depression, ventricular tachycardia,
premature ventricular contractions, etc.), onset of angina like symptoms, shortness of
breath, signs of severe fatigue, or participant requested to stop. Given the anticipated effects
of normobaric hypoxia exposure on SpO2, especially among individuals treated with beta
blockers (Bilo et al., 2011), a cutoff score of 80% was set for exercise termination.
Participants could only proceed from one exposure protocol to the next if there was absence
of termination indicators. As described above, symptoms associated with acute mountain
sickness were also recorded and scores >2 was suggestive of acute mountain sickness
(Roach et al., 2018). In terms of feasibility, participants' ability to sustain constant
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workloads under moderate normobaric hypoxia was evaluated along with changes in
cardiovascular strain.
4.3.5 Statistical Analysis:
Effects of normobaric hypoxia exposure on HR, SpO2, and BP were evaluated at
the levels of FIO2 studied during seated and treadmill walking activities. The Shapiro-Wilk
test was first performed to determine if the data came from an approximately normal
distribution and log transformed if required. Repeated measures one-way ANOVA was
used to test for differences at the three levels of FIO2 during the passive progressive
normobaric hypoxia and active progressive normobaric hypoxia exposure protocols.
Repeated measures two-way ANOVA was used to test for differences in HR and SpO2
response between the 5-intervals of normoxia (FIO2= 20.9%) and normobaric hypoxia
(FIO2= 15.0%) during the active intermittent exposure protocol. Changes in RPE were
recorded during the active treatments only and evaluated using the Friedman test and
Wilcoxon matched pairs signed rank test during the progressive and intermittent protocols,
respectively. Ratio data are reported as mean difference (MD) and 95 % confidence interval
(CI), unless otherwise indicated. Ordinal data are reported as the median and range.
Statistical significance was set at p< 0.05. All statistic tests and figures were prepared using
Prism 8 for MacOS (GraphPad Software, CA, USA).

133

4.4 Results:
Thirteen potential participants were contacted; four declined to participate, one was
excluded during the medical examination due to uncontrolled diabetes and peripheral
neuropathy, and one participant dropped out prior to the intervention. Characteristics of the
remaining seven participants are displayed in Table 1. Participants were on average 5.7
years (SD 0.8) since their first disabling stroke, most often due to ischemia. The cohort had
mild to moderate stroke severity (National Institute of Health Stroke Scale; median = 2,
range = 0 - 9) (Kwakkel et al., 2010) and incomplete sensori

motor recovery of the

lower-limb according to the Chedoke-McMaster Stroke Assessment (Gowland et al., 1993)
(leg + foot / 14; median = 9.0, range = 4 - 13). Self-selected walking speed was below the
80 cm sec-1 threshold set for community ambulation in 3/7 subjects (Duncan et al., 2011;
Perry, Garrett, Gronley, & Mulroy, 1995). All participants were receiving treatment for
hypertension and most had at least one metabolic comorbidity. Average BMI was 28.5 kg
m-2 (SD 6.9); corresponding to the overweight category (Riebe et al., 2018). Fitness levels
were in the “very poor” to “poor” range (18.7 ml min-1 kg-1 (SD 5.0)) compared to age and
sex matched normative data (Riebe et al., 2018). Maximum HR achieved during the prior
symptom-limited graded exercise test was 149 bpm (SD 28), which was within 10% of age
predicted values.
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Table 4-1: Participant Characteristics
Participant #

1

2

3

4

5

6

7

Age (years)

83

63

57

65

53

73

48

Sex (Male / Female)

F

F

M

F

F

M

M

Weight (kg)

60.0

65.5

71.9

60.0

85.3

90.8

64.9

Stroke type

Ischemic Hemorrhagic Ischemic Ischemic Hemorrhagic Ischemic Ischemic

Time since stroke
(years)

5.6

4.9

5.8

6.7

6.6

4.8

5.1

Stroke severity
(NIHSS1; low 0 to 42 0
high)

2

9

2

5

1

7

Chedoke-McMaster
Leg/Foot Impairment 6/6
(low 7 to high 0)

5/4

5/3

5/5

5/4

7/6

3/1

Resting Heart Rate

52

55

63

71

88

72

88

Resting BP (mmHg)

130/80

110/60

142/90

110/70

140/80

134/66

90/60

66.8

103.7

46.7

75.4

83.5

116.3

89.9

14.2

25.1

15.0

16.6

14.0

20.3

25.7

Cardiorespiratory
fitness category2

VP

P

VP

VP

VP

VP

VP

Maximum HR3

126

137

105

153

171

168

185

Age predicted
Maximum HR

151

120

124

163

171

158

175

Dyslipidemia

Yes

No

Yes

Yes

No

Yes

Yes

Diabetes

No

No

No

Yes

No

Yes

Yes

Hypertension

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Betablocker (yes/no) No

Yes

Yes

No

No

No

No

Osteoporosis /
Osteopenia

Yes

Yes

Yes

No

No

No

Walking speed (cm
sec-1)
V̇O2max (mL min-1
kg-1)

1

Yes

NIHSS= National Institute of Health Stroke Scale; 2based on age and sex matched normative data
published by the American College of Sports Medicine (Riebe et al., 2018), VP= very poor (< 20th percentile),
P= poor (< 40th percentile); 3maximum value recorded during a symptom-limited graded exercise test
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All participants were able to complete the passive progressive normobaric hypoxia
exposure period and no adverse events were reported. A gradual reduction in SpO2 was
observed at rest during exposure to moderate normobaric hypoxia compared to the
normoxia condition. The mean difference and 95% confidence interval (CI) were 2.1% (0.9
to 3.4) and 4.6% (1.5 to 7.6) at FIO2 equal to 17.0 and 15.0%, respectively. A corresponding
increase in resting HR was observed with reductions in FIO2 (MD= 4.1 bpm, CI: 1.4 to 6.9
and MD= 4.6 bpm CI: -0.1 to 9.3, respectively). Systolic and diastolic blood pressures
remained relatively stable throughout the passive progressive normobaric hypoxia
exposure protocol.
Participants were able to maintain constant-load treadmill walking at workloads
corresponding to 40% of HRR in normoxia. One participant reported mild symptoms of
nausea (acute mountain sickness score = 1) after initiation of exercise at FIO2= 17.0% and
requested to stop. No adverse events were reported in the remaining participants. As
displayed in Figure 2., dose response changes in SpO2 were observed during exercise
performed under normobaric hypoxia. Importantly, reductions in SpO2 were above the
cutoff score. Corresponding increases in HR were observed at the two levels of FIO2
studied. The increased cardiovascular strain imposed by moderate normobaric hypoxia
exposure did not alter blood pressure responses to constant-workload exercise. Also,
reducing FIO2 had little effect on participants RPE during exercise.
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Blood oxygen saturation
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-5

0

0

Mean difference (%)

(C)
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Figure 4-2: Active Progressive Normobaric Hypoxia Exposure. Effects of reducing FIO2 on blood
oxygen saturation (panel A), heart rate (panel B), mean arterial blood pressure (panel C), and rating of
perceived exertion (panel D) during constant workload exercise. Data reported as mean difference and 95%
confidence interval for the difference between normoxia (FIO2= 20.9%) and the two levels of normobaric
hypoxia (FIO2 = 17.0, and 15.0%). The box and whisker plots (panel D) report the median along with the 25th
and 75th percentiles and range (min to max) at the three levels of FIO2 studied.

137

20

Participants (n = 6) were able to maintain 20-min of constant-load treadmill
walking during intermittent (5-intervals of 2-min) exposure to moderate normobaric
hypoxia (FIO2 = 15.0%) interspaced with 5-intervals of 2-min at FIO2 = 20.9%. No adverse
events were reported during active intermittent normobaric hypoxia. As described in Figure
3., pairs of normobaric hypoxia and normoxia exposure were defined as bouts (i.e., 5-bouts
in total). A significant group x time effect was observed for reductions in SpO2 during
normobaric hypoxia exposure compared to normoxia across the 5-bouts (p= 0.017).
Correspondingly, group x time effects were observed for increases in HR during
normobaric hypoxia exposure compared to normoxia across the 5-bouts (p= 0.003).
Although two participants reported a slightly higher RPE during the first interval in
normobaric hypoxia, scores were essentially the same by the final bout (see Figure 3.). No
symptoms of headache, nausea, or dizziness/light-headedness were reported the next
morning over the telephone.
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Figure 4-3: Effects of intermittent normobaric hypoxia exposure (FIO2= 15.0%) on blood oxygen
saturation (panel A), heart rate (panel B), and rating of perceived exertion (panel C) during constant workload
exercise. Data reported as mean difference and 95% confidence interval for the difference between 2-min
intervals of normoxia (FIO2= 20.9%) and normobaric hypoxia (FIO2= 20.9%). Each pair of normobaric
hypoxia and normoxia intervals were defined as a bout (5-bouts in total). The box and whisker plots (panel
C) report the median along with the 25th and 75th percentiles and range (min to max) for rating of perceived
exertion during constant workload exercise at the two levels of FIO2 studied during bouts 1, 3, and 5.
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4.5 Discussion:
The current observational study was undertaken to examine the preliminary safety
and feasibility of performing treadmill aerobic exercise under conditions of moderate
normobaric hypoxia among chronic hemiparetic stroke survivors. Other than one
participant reporting mild symptoms of nausea upon reducing FIO2 during exercise, no
adverse events were observed during normobaric hypoxia exposure or the morning after.
As anticipated, the addition of moderate normobaric hypoxia to constant workload exercise
was associated with reductions in SpO2 and corresponding increases in HR. However, the
increased cardiovascular strain had little effect on BP measurements and participants did
not perceive the efforts as more demanding, as indicated by RPE scores. The current study
provides initial evidence that supports the use of normobaric hypoxia exposure to increase
the cardiovascular demands of submaximal exercise in chronic stroke survivors with
walking impairments.
Several research reports have evaluated the safety of exposure to environments with
reduced oxygen availability, such as terrestrial high altitudes (i.e., hypobaric hypoxia), in
older adults with preexisting cardiovascular conditions (Bartsch & Gibbs, 2007; B. D.
Levine, 2015; Parati et al., 2018). It is generally accepted that individuals with
asymptomatic coronary heart disease who have a sufficiently high exercise capacity (i.e.
>6 metabolic equivalents or 21 mL min-1 kg-1) are at minimal increased risk during high
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altitude trekking (Bartsch & Gibbs, 2007). However, as reflected in the current data, the
majority of stroke survivors have cardiorespiratory fitness levels below this threshold
(Saunders et al., 2020; Smith et al., 2012). Also, hemiparetic gait is associated with a 1.5
to 2-fold increased energy demand (S. Kramer et al., 2016). The net effect of low
cardiorespiratory fitness and increased energy cost of ambulatory activities is a diminished
capacity to accommodate changes in aerobic demand. With the goal of developing
normobaric hypoxia conditioning protocols appropriate for stroke rehabilitation, we
investigated whether chronic hemiparetic stroke survivors could tolerate treadmill walking
while progressively and intermittently exposed to reductions in FIO2. Arterial oxygen
saturation, electrocardiography, blood pressure, and rating of perceived exertion were
recorded during constant-load exercise to monitor for signs of excessive cardiovascular
stress. Unremarkable changes in blood pressure and electrocardiography tracings were
recorded during normobaric hypoxia exposure. These outcomes are consistent with data
collected in a relatively large cohort (N=97) of older adults upon initial ascent to high
altitude (Erdmann, Sun, Masar, & Niederhauser, 1998). As anticipated, normobaric
hypoxia exposure reduced SpO2 both at rest and during constant workload exercise.
However, SpO2 values remained above the cutoff score in all participants, including those
prescribed beta blockers, which has previously been identified as a potential risk among
individuals receiving antihypertensive treatment (Bilo et al., 2011). Mild symptoms of
nausea were reported by one participant, which dissipated shortly after stopping the
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exercise protocol. As reported in the Supplementary Table 1 (see Appendix C), this
participant (#5) selected a treadmill speed above the target workload, and it is unclear if
the symptoms of nausea were a result of normobaric hypoxia itself or the high-intensity
nature of such workloads when paired with normobaric hypoxia. No symptoms of
headache, nausea, or dizziness/light-headedness were reported in the remaining
participants. Collectively, findings from this preliminary study support that performing
submaximal exercise under conditions of moderate normobaric hypoxia provides no
additional risk beyond that of exercise in typical environments among chronic hemiparetic
stroke survivors.
With respect to feasibility, participants were able to sustain 20-min of constant
workload exercise while intermittently exposed to moderate normobaric hypoxia.
Although the treadmill speed and incline were maintained throughout active intermittent
normobaric hypoxia, average HR was 7.8 bpm higher during the five 2-min intervals of
normobaric hypoxia exposure. This corresponded to a 10% increase in relative effort based
on participants’ HRR. Although lower than the anticipated 15% increase in relative effort
for the level of FIO2 studied (Fulco et al., 1998), the change in relative effort is likely
underestimated given that HRR is diminished under conditions of reduced oxygen
availability (Bartsch & Gibbs, 2007). It is equally important to point out that HR and SpO2
began to recover between intervals, which suggest that participants were able to
accommodate the increased cardiovascular stain of moderate normobaric hypoxia exposure
142

during submaximal exercise. Furthermore, participants did not perceive the workloads as
more demanding when performed at reduced FIO2. The lack of effect on RPE is consistent
with the results of a previous placebo-controlled trial that reported participants were unable
to accurately predict whether or not they performed submaximal exercise in normobaric
hypoxia or under typical sea level conditions (Netzer et al., 2008). Accordingly,
normobaric hypoxia exposure appears to be a feasible method of increasing the
cardiovascular strain of submaximal exercise in chronic hemiparetic stroke survivors.
The focus of the current study was on using normobaric hypoxia exposure to
increase the cardiovascular strain of submaximal exercise among chronic hemiparetic
stroke survivors. However, normobaric hypoxia exposure may enhance the effects of
submaximal exercise independent of changes in relative exercise intensity. For instance, in
a recent randomized trial among overweight/obese females, metabolic benefits were
enhanced when normobaric hypoxia was combined with 12-weeks of high-intensity
interval training (Camacho-Cardenosa et al., 2018). This is consistent with normobaric
hypoxia conditioning studies that report similar (Klug et al., 2018) or enhanced (Netzer et
al., 2008; Wiesner et al., 2010) effects on cardiometabolic outcomes at lower absolute
workloads. Furthermore, intermittent normobaric hypoxia exposure enhanced the effects
of locomotor training on walking speed, endurance, and dynamic balance among
individuals with incomplete spinal cord injury (Navarrete-Opazo, Alcayaga, Sepulveda,
Rojas, et al., 2017; Navarrete-Opazo, Alcayaga, Sepulveda, & Varas, 2017). The latter
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studies incorporated more severe levels of normobaric hypoxia (FIO2= 9.0%) immediately
prior to bodyweight supported treadmill training, which suggests a priming effect of
normobaric hypoxia exposure. Although mechanisms underlying the synergistic effects of
pairing normobaric hypoxia exposure with exercise are yet to be elucidated, both acute
physiological responses and more prolonged acclamatory processes are likely involved
(Hochachka, Rupert, & Monge, 1999). For example, during constant workload exercise
performed in hypoxia there is an increased mobilization of carbohydrate and lipid energy
substrates compared to exercise performed in normoxia at the same absolute and relative
workloads (F Peronnet et al., 2006). Despite the fact that increased mobilization of both
energy substrates is characteristic of hypoxia exposure, substrate partitioning is shifted
toward carbohydrate energy sources during exercise in hypoxia and lipid oxidation is
enhanced during the post exercise recovery period under normoxic conditions (L.P. Kelly
& Basset, 2017). Such metabolic perturbations during and in-between individual bouts of
exercise may help to explain the similar or enhanced effects of normobaric hypoxia
exposure on adiposity and metabolic profile among sedentary overweight adults at a lower
total energy expenditure of exercise (Haufe et al., 2008; Netzer et al., 2008; Wiesner et al.,
2010). Further, hypoxia-induced increases in the expression of transcriptional factors
including hypoxia-inducible factor-1alpha (HIF-1 alpha) and proliferator-activated
receptor-gamma coactivator-1 alpha (PGC-1 alpha) have been linked to improvements in
insulin sensitivity and skeletal muscle lipid metabolism after normobaric hypoxia
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conditioning, respectively (Haufe et al., 2008; Wiesner et al., 2010). Normobaric hypoxia
exposure also increases expression of brain derived neurotrophic factor and its receptor
tyrosine kinase receptor-B (TrkB)(Dale, Ben Mabrouk, & Mitchell, 2014), which is
reasoned to explain the beneficial effects of intermittent hypoxia on ambulatory function
among individuals with incomplete spinal cord injury(Navarrete-Opazo, Alcayaga,
Sepulveda, Rojas, et al., 2017). Given the benefits reported in other clinical populations
and the multiple potential mechanisms underlying acute and more prolonged physiological
responses, studies investigating the dose response effects of pairing normobaric hypoxia
with task-oriented activity after stroke are warranted.
There are several methodological considerations that must be discussed. Firstly, the
current study was conducted in a small convenience sample of chronic stroke survivors.
This cohort was chosen because of their previous experience with aerobic exercise and the
fact that they were able to achieve moderate intensity workloads without adverse events in
a previous trial. In order to prepare for future studies, we needed to demonstrate that the
additional risk associated with normobaric hypoxia exposure was proportional to its
potential benefits. Secondly, we exposed participants to a narrow range of normobaric
hypoxia both at rest and during a single constant workload. This dose of normobaric
hypoxia exposure was chosen because of previous intervention studies conducted in
sedentary populations that demonstrated favorable outcomes when submaximal aerobic
exercise was paired with similar reductions in FIO2 (Camacho-Cardenosa et al., 2018;
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Fernandez Menendez et al., 2018; Haufe et al., 2008; Wiesner et al., 2010). Given the range
of HR and SpO2 responses observed and the fact that perception of effort was not
influenced by normobaric hypoxia exposure, this cohort likely could have tolerated even
further decreases in FIO2 and/or increases in absolute workload. Also, decreases in SpO2
during exercise performed in normobaric hypoxia were highly variable between
participants and individual adjustments in FIO2 may be required to ensure similar levels of
cardiovascular and metabolic stress between participants (Lee & Thake, 2018).
4.5.1 Conclusion:
The current preliminary study provides initial evidence that moderate normobaric
hypoxia exposure is a safe and feasible method to increase the cardiovascular strain of
submaximal exercise after stroke. Scientific evidence collected over the last three decades
indicates that stroke survivors can respond positively to aerobic exercise training (Saunders
et al., 2020). However, the doses of aerobic exercise studied thus far are insufficient to
enhance cardiorespiratory fitness to more normal and low risk levels. Stroke-related
impairments and comorbid health conditions are significant barriers to sustaining
workloads associated with moderate intensity aerobic exercise in this population (Biasin et
al., 2014; Moncion et al., 2020). Accordingly, normobaric hypoxia exposure may be an
effective strategy to enhance the effects of aerobic exercise training on cardiorespiratory
fitness, secondary prevention, and functional recovery after stroke. Future studies are
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needed to confirm the results of the current study and to determine the most appropriate
protocols for pairing normobaric hypoxia exposure with physical exercise in large
representative samples of stroke survivors at different stages of recovery.
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Chapter 5: Summary
5.1 Introduction
Physical inactivity is a significant threat to individuals' health and quality of life in
our modern societies. Population health directives focused on decreasing sedentary
behaviors and promoting active communities form the foundation of our fight against the
increasing prevalence of non-communicable diseases. However, for clinical populations
such as stroke survivors, targeted solutions are likely required to reverse the consequences
of previous physical inactivity. The "very poor" levels of cardiorespiratory fitness observed
among stroke survivors across the continuum of recovery is a direct reflection of previous
and ongoing physical inactivity. With the intent of developing aerobic exercise
interventions appropriate for use during stroke rehabilitation, the current thesis had four
aims: 1) design a task-oriented circuit training protocol that imposed at least moderateintensity aerobic workloads over a 30-min exercise session without the use of ergometers
or other specialized equipment, 2) evaluate the feasibility of sustaining moderate-intensity
aerobic workloads over a 10-week intervention period using the task-oriented circuittraining protocol, 3) investigate the preliminary effects of our task-oriented circuit-training
protocol on cardiorespiratory fitness and metabolic profile among chronic hemiparetic
stroke survivors, and 4) evaluate the safety and feasibility of pairing moderate normobaric
hypoxia exposure with treadmill aerobic exercise as a means to increase the cardiovascular
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strain of submaximal exercise. A summary of the primary research findings and resulting
conclusions are presented first. Then, recommendations for future research and
contributions to knowledge are discussed.
5.2 Research Objectives
The first study, presented in Chapter 2, demonstrated that organizing task-oriented
activities into 3-min circuits that paired more metabolically demanding tasks with less
demanding ones was an effective method to sustain moderate-intensity aerobic workloads
over a single 30-min session. The protocol was described as intermittent functional training
because participants switched between functional tasks within each circuit, and rest periods
were incorporated throughout the exercise session. The goal was to achieve a target heart
rate of 30 to 50 beats per minute above resting while engaging in task-oriented activities
typically employed during formalized stroke rehabilitation. The advantages of such
exercise modalities include that specialized equipment is not required, tasks are
individualized to impairments, and progression can be achieved by increasing difficulty of
movement rather than only increasing the target HR.
The second and third research objectives were evaluated through parallel groups
randomized comparative study design that recruited 40 chronic hemiparetic stroke
survivors. Participants were randomized to complete 30-sessions of intermittent functional
training or treadmill aerobic exercise training at workloads associated with 40 to 60% of
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heart rate reserve. Similar proportions of participants in both groups sustained workloads
related to moderate-intensity aerobic exercise over the 10-week study period. Accordingly,
the intermittent functional training protocol was a feasible method to provide moderateintensity aerobic exercise training among chronic hemiparetic stroke survivors. Its effects
on cardiorespiratory fitness and metabolic profile were less clear and will require future
investigation. Differences in proportions of participants achieving the a priori threshold
for meaningful change in cardiorespiratory fitness did not reach the level of statistical
significance. However, within-group improvements in fitness were demonstrated for the
treadmill group only. In either case, the workloads sustained during both exercise
interventions were insufficient to cause a categorical shift in cardiorespiratory fitness based
on normative data (i.e., from "very poor" to "poor" or even "good") (Riebe et al., 2018).
Similarly, small changes in systemic inflammation (C-reactive protein), lipid profile, shortterm glycemia (fructosamine), and resting whole-body energy metabolism were observed
over the study period. Based on the above outcomes, much higher dosages of aerobic
exercise over more extended periods may be required to restore cardiorespiratory fitness to
more normal and low-risk levels among individuals recovering from a stroke.
The final study was designed to evaluate the safety and feasibility of performing
submaximal exercise under conditions of moderate normobaric hypoxia among chronic
hemiparetic stroke survivors. Concerning safety, participants were continuously monitored
for adverse events during normobaric hypoxia exposure, which included standard exercise
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termination criteria and symptoms associated with acute mountain sickness. One
participant reported mild symptoms of nausea (i.e., not indicative of acute mountain
sickness) during exercise in moderate normobaric hypoxia and discontinued the protocol.
Symptoms dissipated shortly after stopping the activity, and no adverse events were
observed in the remaining participants. In terms of feasibility, participants maintained the
constant absolute workload (i.e., same treadmill speed and incline) under conditions of
normoxia and moderate normobaric hypoxia. Pairing moderate normobaric hypoxia with
the submaximal exercise caused an 8.2 bpm (CI: 4.6 to 11.7) increase in heart rate, which
was associated with a 10% increase in relative effort. The increased cardiovascular strain
had little effect on arterial blood pressure measurements, and participants did not perceive
the workloads as more difficult in normobaric hypoxia according to the rating of perceived
exertion data. Collectively, this data suggests that moderate normobaric hypoxia was a safe
and feasible method to increase the cardiovascular strain of submaximal exercise among
chronic hemiparetic stroke survivors.
5.3 Recommendations
As an initial step, we designed the intermittent functional training protocol and
evaluated its feasibility and preliminary effectiveness among chronic hemiparetic stroke
survivors. However, the longer-term objective was to create a moderate-intensity aerobic
exercise protocol that could be employed during subacute rehabilitation and continue to be
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used once patients transitioned into the community after discharge from formalized care.
Accordingly, the intermittent functional training protocol incorporated real-world taskoriented activities typically employed during inpatient/outpatient stroke rehabilitation. The
difference between task-oriented activities offered during usual stroke care and how they
are included during intermittent functional training is a shift of focus from quality to
quantity of movement. For instance, when completing a task such as moving from sitting
to standing, the intermittent functional training emphasized repetition to elevate heart rate
and focused less on symmetry and precision of joint movement. Future studies are needed
to determine at what point during subacute rehabilitation it is appropriate to initiate such
task-oriented circuit training protocols. Also, more studies are required to evaluate the
dose-response effects of intermittent functional training and the extent to which it could be
used to replicate the effects of more traditional ergometer-type aerobic exercise. Finally,
future studies are warranted to investigate the feasibility and effectiveness of such taskoriented circuit training protocols when implemented as part of a home-based exercise
program or telerehabilitation service.
Pairing normobaric hypoxia exposure with submaximal exercise can enhance
multiple outcomes important for secondary prevention and functional recovery after stroke.
However, more work is needed before the results presented in Chapter 4 can be applied to
the broader stroke population. Firstly, studies that include larger sample sizes of
participants with less experience in aerobic exercise and are at earlier stages of recovery
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are required. Secondly, studies should investigate the effects of normobaric hypoxia
exposure at rest (i.e., passive) and in combination with exercise before, during, and after
exposure compared to standard care. Finally, more studies are needed to determine the
most appropriate types of activity (i.e., task-oriented, ergometers, whole-body, etc.) to pair
with normobaric hypoxia and how the type of activity could influence outcomes.
5.4 Contributions to Knowledge
Among the first studies to investigate the effects of moderate-intensity aerobic
exercise training on cardiorespiratory fitness after stroke was published nearly three
decades ago by Potempa et al. (1995). The authors reported relatively large treatment
effects on cardiorespiratory fitness and provided initial data linking increases in aerobic
capacity with improvements in sensorimotor recovery among chronic hemiparetic stroke
survivors. Since then, numerous studies have reproduced the effects of aerobic exercise
training on cardiorespiratory fitness among stroke survivors in the subacute (Letombe et
al., 2010; M. Mackay-Lyons, McDonald, et al., 2013; Stoller et al., 2015; Tang, Sibley, et
al., 2009) and more chronic (Chu et al., 2004; Globas et al., 2012; Ivey et al., 2007; Ivey et
al., 2015; Jin et al., 2013; Macko et al., 2005; Munari et al., 2018; Pang et al., 2005; Rimmer
et al., 2009; Rimmer et al., 2000; Tang et al., 2014) phases of recovery. However, the
challenge has been translating these findings into clinical practice where stroke survivors
remain very sedentary (Barrett et al., 2018; Bernhardt et al., 2004). Among the barriers to
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incorporating aerobic exercise during inpatient/outpatient rehabilitation services is a lack
of access to ergometers and the adaptive equipment needed to accommodate stroke-related
impairments (Biasin et al., 2014). The intermittent functional training protocol, described
in chapters two and three, provides a framework for organizing task-oriented activities
routinely offered during formalized rehabilitation in such a way to achieve moderateintensity aerobic workloads. Although more work is needed to determine the optimal dose
of intermittent functional training and investigate its effects on stroke survivors at earlier
stages of recovery, such task-oriented protocols provide a practical tool to make moderateintensity aerobic exercise accessible across the continuum of stroke recovery.
Although not an anticipated outcome, half of chronic hemiparetic stroke survivors
randomized to treadmill aerobic exercise training failed to sustain the moderate-intensity
criteria over the intervention period (Chapter 3). This outcome is consistent with the
challenges reported among subacute stroke survivors during inpatient rehabilitation in their
ability to reach prescribed aerobic exercise targets (Biasin et al., 2014). Nevertheless, we
observed within-group changes in cardiorespiratory fitness after treadmill aerobic exercise
training comparable to previous reports (Ivey, Macko, Ryan, & Hafer-Macko, 2005; Ivey
et al., 2007; Macko et al., 2005; Macko et al., 2001). A deeper inspection of the results
reveals that the statistically significant pre-to-post chances in cardiorespiratory fitness were
unlikely to have a meaningful impact on cardiometabolic risk profile as fitness levels
remain in the "very poor" category. Accordingly, much higher amounts of physical exercise
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may be required to restore more normal and low-risk levels of cardiorespiratory fitness
among stroke survivors.
To date, normobaric hypoxia conditioning studies have incorporated lower absolute
workloads under simulated altitude conditions to match relative exercise intensities in
typical sea-level states. Studies employing these methods have reported similar (Klug et
al., 2018) or enhanced (Netzer et al., 2008; Wiesner et al., 2010) effects of moderate
normobaric hypoxia exposure on cardiometabolic outcomes in overweight/obese subjects.
Given the inconsistent results, it has been argued that normobaric hypoxia exposure
provides little benefit beyond the effects of the exercise itself (Klug et al., 2018). However,
we must acknowledge that the reduced absolute workloads imposed during normobaric
hypoxia exposure result in a lower total energy expenditure of exercise. Accordingly, a
lack of difference between groups is suggestive of a positive outcome. For clinical
populations such as hemiparetic stroke survivors, normobaric hypoxia exposure offers the
means to amplify the cardiometabolic stress of submaximal exercise without increasing the
external workload. As reported in Chapter 4, chronic hemiparetic stroke survivors tolerated
constant-load treadmill walking in moderate normobaric hypoxia, which was associated
with a 10% increase in relative intensity compared to the same activity performed under
typical sea-level conditions. Notably, the increased cardiovascular strain was not
associated with adverse events, and participants did not perceive the workloads as more
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demanding. This study was among the first to pair normobaric hypoxia exposure with
submaximal exercise among stroke survivors.
While the intermittent functional training and normobaric hypoxia conditioning
protocols are novel methods to provide aerobic exercise training after stroke, they are
intended to be incorporated into a progressive rehabilitative strategy rather than stand-alone
solutions. As presented in the literature review of Chapter 1, current aerobic exercise
recommendations after stroke are not sufficient to increase cardiorespiratory fitness to
more normal and low-risk levels. In fact, the simple linear regression model provided
estimates that current recommendations will need to be multiplied by a factor of 10 in order
to increase fitness enough to reduce cardiovascular risk. Recent evidence indicates that
dedicated rehabilitation units are making progress on incorporating current best practice
guidelines for aerobic exercise after stroke (Nathoo et al., 2018). However, it is
questionable that a single exercise prescription of 150 minutes of moderate-intensity
physical activity weekly will be sufficient to optimize functional outcomes and have a
meaningful effect on secondary prevention after stroke. Accordingly, models for
progressing the volume and intensity of activity according to individuals' phase of recovery
are needed to realize the true potential of aerobic exercise training after stroke. Using
periodization methodologies typically employed to prepare elite athletes for competition,
we developed a model for progressing the volume and intensity of aerobic exercise
throughout the first three months of stroke recovery (Ploughman & Kelly, 2016). Although
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this model needs to be validated and extended to include stroke survivors in more chronic
phases of recovery, it provides a starting point to create solutions that can significantly
impact individual health and quality of life.

157

Bibliography
Astrand, A., Saxin, C., Sjoholm, A., Skarin, M., Linden, T., Stoker, A., . . . Cumming, T.
(2016). Poststroke Physical Activity Levels No Higher in Rehabilitation than in
the Acute Hospital. Journal of Stroke and Cerebrovascular Diseases, 25(4), 938945. doi:10.1016/j.jstrokecerebrovasdis.2015.12.046
Balady, G. J., Williams, M. A., Ades, P. A., Bittner, V., Comoss, P., Foody, J. M., . . .
Southard, D. (2007). Core components of cardiac rehabilitation/secondary
prevention programs: 2007 update: a scientific statement from the American
Heart Association Exercise, Cardiac Rehabilitation, and Prevention Committee,
the Council on Clinical Cardiology; the Councils on Cardiovascular Nursing,
Epidemiology and Prevention, and Nutrition, Physical Activity, and Metabolism;
and the American Association of Cardiovascular and Pulmonary Rehabilitation.
Circulation, 115(20), 2675-2682. doi:10.1161/CIRCULATIONAHA.106.180945
Baldwin, C., van Kessel, G., Phillips, A., & Johnston, K. (2017). Accelerometry Shows
Inpatients With Acute Medical or Surgical Conditions Spend Little Time Upright
and Are Highly Sedentary: Systematic Review. Physical Therapy, 97(11), 10441065. doi:10.1093/ptj/pzx076
Banks, L., Cacoilo, J., Carter, J., & Oh, P. I. (2019). Age-Related Improvements in Peak
Cardiorespiratory Fitness among Coronary Heart Disease Patients Following
Cardiac Rehabilitation. J Clin Med, 8(3). doi:10.3390/jcm8030310
Barrett, M., Snow, J. C., Kirkland, M. C., Kelly, L. P., Gehue, M., Downer, M. B., . . .
Ploughman, M. (2018). Excessive sedentary time during in-patient stroke
rehabilitation. Topics in Stroke Rehabilitation, 1-9.
doi:10.1080/10749357.2018.1458461
Bartsch, P., & Gibbs, J. S. (2007). Effect of altitude on the heart and the lungs.
Circulation, 116(19), 2191-2202. doi:10.1161/CIRCULATIONAHA.106.650796
Bartsch, P., & Saltin, B. (2008). General introduction to altitude adaptation and mountain
sickness. Scandinavian Journal of Medicine and Science in Sports, 18 Suppl 1, 110. doi:10.1111/j.1600-0838.2008.00827.x

158

Bassett, D. R., Schneider, P. L., & Huntington, G. E. (2004). Physical activity in an Old
Order Amish community. Medicine and Science in Sports and Exercise, 36(1),
79-85. doi:10.1249/01.MSS.0000106184.71258.32
Bayley, M. T., Hurdowar, A., Richards, C. L., Korner-Bitensky, N., Wood-Dauphinee,
S., Eng, J. J., . . . Graham, I. D. (2012). Barriers to implementation of stroke
rehabilitation evidence: findings from a multi-site pilot project. Disability and
Rehabilitation, 34(19), 1633-1638. doi:10.3109/09638288.2012.656790
Bernhardt, J., Dewey, H., Thrift, A., & Donnan, G. (2004). Inactive and alone: physical
activity within the first 14 days of acute stroke unit care. Stroke, 35(4), 10051009. doi:10.1161/01.STR.0000120727.40792.40
Bernhardt, J., Hayward, K. S., Kwakkel, G., Ward, N. S., Wolf, S. L., Borschmann, K., . .
. Cramer, S. C. (2017). Agreed definitions and a shared vision for new standards
in stroke recovery research: The Stroke Recovery and Rehabilitation Roundtable
taskforce. International Journal of Stroke, 12(5), 444-450.
doi:10.1177/1747493017711816
Bernhardt, J., Langhorne, P., Lindley, R. I., Thrift, A. G., Ellery, F., Collier, J., . . .
Donnan, G. (2015). Efficacy and safety of very early mobilisation within 24 h of
stroke onset (AVERT): a randomised controlled trial. Lancet, 386(9988), 46-55.
doi:10.1016/s0140-6736(15)60690-0
Berry, J. D., Willis, B., Gupta, S., Barlow, C. E., Lakoski, S. G., Khera, A., . . . LloydJones, D. M. (2011). Lifetime risks for cardiovascular disease mortality by
cardiorespiratory fitness levels measured at ages 45, 55, and 65 years in men. The
Cooper Center Longitudinal Study. Journal of the American College of
Cardiology, 57(15), 1604-1610. doi:10.1016/j.jacc.2010.10.056
Biasin, L., Sage, M. D., Brunton, K., Fraser, J., Howe, J. A., Bayley, M., . . . Inness, E. L.
(2014). Integrating aerobic training within subacute stroke rehabilitation: a
feasibility study. Physical Therapy, 94(12), 1796-1806. doi:10.2522/ptj.20130404
Billinger, S. A., Arena, R., Bernhardt, J., Eng, J. J., Franklin, B. A., Johnson, C. M., . . .
Council on Clinical, C. (2014). Physical activity and exercise recommendations
for stroke survivors: a statement for healthcare professionals from the American
Heart Association/American Stroke Association. Stroke, 45(8), 2532-2553.
doi:10.1161/STR.0000000000000022

159

Billinger, S. A., Boyne, P., Coughenour, E., Dunning, K., & Mattlage, A. (2015). Does
aerobic exercise and the FITT principle fit into stroke recovery? Current
Neurology and Neuroscience Reports, 15(2), 519. doi:10.1007/s11910-014-05198
Billinger, S. A., Tseng, B. Y., & Kluding, P. M. (2008). Modified total-body recumbent
stepper exercise test for assessing peak oxygen consumption in people with
chronic stroke. Physical Therapy, 88(10), 1188-1195. doi:10.2522/ptj.20080072
Bilo, G., Caldara, G., Styczkiewicz, K., Revera, M., Lombardi, C., Giglio, A., . . . Parati,
G. (2011). Effects of selective and nonselective beta-blockade on 24-h ambulatory
blood pressure under hypobaric hypoxia at altitude. Journal of Hypertension,
29(2), 380-387. doi:10.1097/HJH.0b013e3283409014
Blair, S. N., Kohl, H. W., 3rd, Paffenbarger, R. S., Jr., Clark, D. G., Cooper, K. H., &
Gibbons, L. W. (1989). Physical fitness and all-cause mortality. A prospective
study of healthy men and women. JAMA, 262(17), 2395-2401. Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/2795824
Blake, G. J., Rifai, N., Buring, J. E., & Ridker, P. M. (2003). Blood pressure, C-reactive
protein, and risk of future cardiovascular events. Circulation, 108(24), 2993-2999.
doi:10.1161/01.CIR.0000104566.10178.AF
Booth, F. W., Roberts, C. K., Thyfault, J. P., Ruegsegger, G. N., & Toedebusch, R. G.
(2017). Role of Inactivity in Chronic Diseases: Evolutionary Insight and
Pathophysiological Mechanisms. Physiological Reviews, 97(4), 1351-1402.
doi:10.1152/physrev.00019.2016
Borg, E., & Kaijser, L. (2006). A comparison between three rating scales for perceived
exertion and two different work tests. Scandinavian Journal of Medicine and
Science in Sports, 16(1), 57-69. doi:10.1111/j.1600-0838.2005.00448.x
Borg, G. (1982). Ratings of perceived exertion and heart rates during short-term cycle
exercise and their use in a new cycling strength test. International Journal of
Sports Medicine, 3(3), 153-158. doi:10.1055/s-2008-1026080
Borg, G. A. (1982). Psychophysical bases of perceived exertion. Med Sci Sports Exerc,
14(5), 377-381. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/7154893
Brawner, C. A., Ehrman, J. K., Schairer, J. R., Cao, J. J., & Keteyian, S. J. (2004).
Predicting maximum heart rate among patients with coronary heart disease
160

receiving beta-adrenergic blockade therapy. American Heart Journal, 148(5),
910-914. doi:10.1016/j.ahj.2004.04.035
Bronnum-Hansen, H., Davidsen, M., Thorvaldsen, P., & Danish, M. S. G. (2001). Longterm survival and causes of death after stroke. Stroke, 32(9), 2131-2136.
doi:10.1161/hs0901.094253
Brooks, G. A., Butterfield, G. E., Wolfe, R. R., Groves, B. M., Mazzeo, R. S., Sutton, J.
R., . . . Reeves, J. T. (1991). Increased dependence on blood glucose after
acclimatization to 4,300 m. J Appl Physiol (1985), 70(2), 919-927.
Brown, C., Fraser, J. E., Inness, E. L., Wong, J. S., Middleton, L. E., Poon, V., . . .
Mansfield, A. (2014). Does participation in standardized aerobic fitness training
during inpatient stroke rehabilitation promote engagement in aerobic exercise
after discharge? A cohort study. Topics in Stroke Rehabilitation, 21 Suppl 1, S4251. doi:10.1310/tsr21S1-S42
Camacho-Cardenosa, A., Camacho-Cardenosa, M., Burtscher, M., Martinez-Guardado, I.,
Timon, R., Brazo-Sayavera, J., & Olcina, G. (2018). High-Intensity Interval
Training in Normobaric Hypoxia Leads to Greater Body Fat Loss in
Overweight/Obese Women than High-Intensity Interval Training in Normoxia.
Frontiers in Physiology, 9, 60. doi:10.3389/fphys.2018.00060
Canada, S. (2017). Journey to work: Key results from the 2016 Census. catalogue no. 11001-X. Retrieved from https://www150.statcan.gc.ca/n1/en/dailyquotidien/171129/dq171129c-eng.pdf?st=NZdUqlrx
Canadian Institutes of Health Research, N. S. a. E. R. C. o. C., and Social Sciences and
Humanities Research Council. (2018). Tri-Council Policy Statement: Ethical
Conduct for Research Involving Humans,. Retrieved from www.pre.ethics.gc.ca
Caspersen, C. J., Powell, K. E., & Christenson, G. M. (1985). Physical activity, exercise,
and physical fitness: definitions and distinctions for health-related research.
Public Health Reports, 100(2), 126-131. Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/3920711
Chastin, S. F. M., Harvey, J. A., Dall, P. M., McInally, L., Mavroeidi, A., & Skelton, D.
A. (2019). Beyond “#endpjparalysis”, tackling sedentary behaviour in health care.
AIMS Medical Science, 6(1), 67-75. doi:10.3934/medsci.2019.1.67

161

Chen, Y., Wright, N., Guo, Y., Turnbull, I., Kartsonaki, C., Yang, L., . . . China Kadoorie
Biobank Collaborative, G. (2020). Mortality and recurrent vascular events after
first incident stroke: a 9-year community-based study of 0.5 million Chinese
adults. Lancet Glob Health, 8(4), e580-e590. doi:10.1016/S2214-109X(20)300693
Chu, K. S., Eng, J. J., Dawson, A. S., Harris, J. E., Ozkaplan, A., & Gylfadottir, S.
(2004). Water-based exercise for cardiovascular fitness in people with chronic
stroke: a randomized controlled trial. Archives of Physical Medicine and
Rehabilitation, 85(6), 870-874. doi:10.1016/j.apmr.2003.11.001
Church, T. S., Thomas, D. M., Tudor-Locke, C., Katzmarzyk, P. T., Earnest, C. P.,
Rodarte, R. Q., . . . Bouchard, C. (2011). Trends over 5 decades in U.S.
occupation-related physical activity and their associations with obesity. PloS One,
6(5), e19657. doi:10.1371/journal.pone.0019657
Cooper, C. B., & Storer, T. W. (2001). Exercise testing and interpretation a practical
approach. Cambridge, U.K.: Cambridge University Press.
Cramer, S. C. (2008). Repairing the human brain after stroke: I. Mechanisms of
spontaneous recovery. Annals of Neurology, 63(3), 272-287.
doi:10.1002/ana.21393
Crichton, S. L., Bray, B. D., McKevitt, C., Rudd, A. G., & Wolfe, C. D. (2016). Patient
outcomes up to 15 years after stroke: survival, disability, quality of life, cognition
and mental health. Journal of Neurology, Neurosurgery and Psychiatry, 87(10),
1091-1098. doi:10.1136/jnnp-2016-313361
D'Isabella, N. T., Shkredova, D. A., Richardson, J. A., & Tang, A. (2017). Effects of
exercise on cardiovascular risk factors following stroke or transient ischemic
attack: a systematic review and meta-analysis. Clinical Rehabilitation,
269215517709051. doi:10.1177/0269215517709051
Dale, E. A., Ben Mabrouk, F., & Mitchell, G. S. (2014). Unexpected benefits of
intermittent hypoxia: enhanced respiratory and nonrespiratory motor function.
Physiology (Bethesda, Md.), 29(1), 39-48. doi:10.1152/physiol.00012.2013
Defina, L. F., Willis, B. L., Radford, N. B., Gao, A., Leonard, D., Haskell, W. L., . . .
Berry, J. D. (2013). The association between midlife cardiorespiratory fitness
levels and later-life dementia: a cohort study. Annals of Internal Medicine, 158(3),
162-168. doi:10.7326/0003-4819-158-3-201302050-00005
162

Dhamoon, M. S., Sciacca, R. R., Rundek, T., Sacco, R. L., & Elkind, M. S. (2006).
Recurrent stroke and cardiac risks after first ischemic stroke: the Northern
Manhattan Study. Neurology, 66(5), 641-646.
doi:10.1212/01.wnl.0000201253.93811.f6
Duncan, P. W., Sullivan, K. J., Behrman, A. L., Azen, S. P., Wu, S. S., Nadeau, S. E., . . .
Team, L. I. (2011). Body-weight-supported treadmill rehabilitation after stroke.
New England Journal of Medicine, 364(21), 2026-2036.
doi:10.1056/NEJMoa1010790
English, C., Manns, P. J., Tucak, C., & Bernhardt, J. (2014). Physical activity and
sedentary behaviors in people with stroke living in the community: a systematic
review. Physical Therapy, 94(2), 185-196. doi:10.2522/ptj.20130175
Erdmann, J., Sun, K. T., Masar, P., & Niederhauser, H. (1998). Effects of exposure to
altitude on men with coronary artery disease and impaired left ventricular
function. American Journal of Cardiology, 81(3), 266-270. doi:10.1016/s00029149(97)00901-6
Expert Panel on Detection, E., & Treatment of High Blood Cholesterol in, A. (2001).
Executive Summary of The Third Report of The National Cholesterol Education
Program (NCEP) Expert Panel on Detection, Evaluation, And Treatment of High
Blood Cholesterol In Adults (Adult Treatment Panel III). JAMA, 285(19), 24862497. doi:10.1001/jama.285.19.2486
Fedewa, M. V., Hathaway, E. D., & Ward-Ritacco, C. L. (2017). Effect of exercise
training on C reactive protein: a systematic review and meta-analysis of
randomised and non-randomised controlled trials. British Journal of Sports
Medicine, 51(8), 670-676. doi:10.1136/bjsports-2016-095999
Fernandez Menendez, A., Saudan, G., Sperisen, L., Hans, D., Saubade, M., Millet, G. P.,
& Malatesta, D. (2018). Effects of Short-Term Normobaric Hypoxic Walking
Training on Energetics and Mechanics of Gait in Adults with Obesity. Obesity
(Silver Spring), 26(5), 819-827. doi:10.1002/oby.22131
Frankenfield, D., Roth-Yousey, L., & Compher, C. (2005). Comparison of predictive
equations for resting metabolic rate in healthy nonobese and obese adults: a
systematic review. Journal of the American Dietetic Association, 105(5), 775789. doi:10.1016/j.jada.2005.02.005

163

Friedewald, W. T., Levy, R. I., & Fredrickson, D. S. (1972). Estimation of the
concentration of low-density lipoprotein cholesterol in plasma, without use of the
preparative ultracentrifuge. Clinical Chemistry, 18(6), 499-502. Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/4337382
Fulco, C. S., Rock, P. B., & Cymerman, A. (1998). Maximal and submaximal exercise
performance at altitude. Aviation Space and Environmental Medicine, 69(8), 793801.
Garber, C. E., Blissmer, B., Deschenes, M. R., Franklin, B. A., Lamonte, M. J., Lee, I.
M., . . . American College of Sports, M. (2011). American College of Sports
Medicine position stand. Quantity and quality of exercise for developing and
maintaining cardiorespiratory, musculoskeletal, and neuromotor fitness in
apparently healthy adults: guidance for prescribing exercise. Medicine and
Science in Sports and Exercise, 43(7), 1334-1359.
doi:10.1249/MSS.0b013e318213fefb
Gellish, R. L., Goslin, B. R., Olson, R. E., McDonald, A., Russi, G. D., & Moudgil, V. K.
(2007). Longitudinal modeling of the relationship between age and maximal heart
rate. Medicine and Science in Sports and Exercise, 39(5), 822-829.
doi:10.1097/mss.0b013e31803349c6
Globas, C., Becker, C., Cerny, J., Lam, J. M., Lindemann, U., Forrester, L. W., . . . Luft,
A. R. (2012). Chronic stroke survivors benefit from high-intensity aerobic
treadmill exercise: a randomized control trial. Neurorehabilitation and Neural
Repair, 26(1), 85-95. doi:10.1177/1545968311418675
Goldstein, L. B., Bertels, C., & Davis, J. N. (1989). Interrater reliability of the NIH stroke
scale. Archives of Neurology, 46(6), 660-662.
doi:10.1001/archneur.1989.00520420080026
Goodpaster, B. H., & Sparks, L. M. (2017). Metabolic Flexibility in Health and Disease.
Cell Metabolism, 25(5), 1027-1036. doi:10.1016/j.cmet.2017.04.015
Gowland, C., Stratford, P., Ward, M., Moreland, J., Torresin, W., Vanhullenaar, S., . . .
Plews, N. (1993). Measuring Physical Impairment and Disability with the
Chedoke-Mcmaster Stroke Assessment. Stroke, 24(1), 58-63. Retrieved from <Go
to ISI>://WOS:A1993KE95900012
Goyal, M., Demchuk, A. M., Menon, B. K., Eesa, M., Rempel, J. L., Thornton, J., . . .
Investigators, E. T. (2015). Randomized assessment of rapid endovascular
164

treatment of ischemic stroke. New England Journal of Medicine, 372(11), 10191030. doi:10.1056/NEJMoa1414905
Hajna, S., White, T., Panter, J., Brage, S., Wijndaele, K., Woodcock, J., . . . Griffin, S. J.
(2019). Driving status, travel modes and accelerometer-assessed physical activity
in younger, middle-aged and older adults: a prospective study of 90 810 UK
Biobank participants. International Journal of Epidemiology.
doi:10.1093/ije/dyz065
Hankey, G. J. (2017). Stroke. Lancet, 389(10069), 641-654. doi:10.1016/S01406736(16)30962-X
Harmel, P., Ebinger, M., Freitag, E., Grittner, U., Lorenz-Meyer, I., Napierkowski, I., . . .
Audebert, H. J. (2019). Functional stroke outcomes after mobile stroke unit
deployment - the revised protocol for the Berlin Prehospital Or Usual Delivery of
acute stroke care (B_PROUD) part 2 study. Neurol Res Pract, 1, 18.
doi:10.1186/s42466-019-0022-4
Haufe, S., Wiesner, S., Engeli, S., Luft, F. C., & Jordan, J. (2008). Influences of
normobaric hypoxia training on metabolic risk markers in human subjects.
Medicine and Science in Sports and Exercise, 40(11), 1939-1944.
doi:10.1249/MSS.0b013e31817f1988
Hayes, H. B., Jayaraman, A., Herrmann, M., Mitchell, G. S., Rymer, W. Z., &
Trumbower, R. D. (2014). Daily intermittent hypoxia enhances walking after
chronic spinal cord injury: a randomized trial. Neurology, 82(2), 104-113.
doi:10.1212/01.WNL.0000437416.34298.43
Hebert, D., Lindsay, M. P., McIntyre, A., Kirton, A., Rumney, P. G., Bagg, S., . . .
Teasell, R. (2016). Canadian stroke best practice recommendations: Stroke
rehabilitation practice guidelines, update 2015. International Journal of Stroke,
11(4), 459-484. doi:10.1177/1747493016643553
Hicks, A. U., Lappalainen, R. S., Narkilahti, S., Suuronen, R., Corbett, D., Sivenius, J., . .
. Jolkkonen, J. (2009). Transplantation of human embryonic stem cell-derived
neural precursor cells and enriched environment after cortical stroke in rats: cell
survival and functional recovery. European Journal of Neuroscience, 29(3), 562574. doi:10.1111/j.1460-9568.2008.06599.x
Hobbins, L., Hunter, S., Gaoua, N., & Girard, O. (2017). Normobaric hypoxic
conditioning to maximize weight loss and ameliorate cardio-metabolic health in
165

obese populations: a systematic review. American Journal of Physiology:
Regulatory, Integrative and Comparative Physiology, 313(3), R251-R264.
doi:10.1152/ajpregu.00160.2017
Hochachka, P. W., Rupert, J. L., & Monge, C. (1999). Adaptation and conservation of
physiological systems in the evolution of human hypoxia tolerance. Comparative
Biochemistry and Physiology. Part A: Molecular and Integrative Physiology,
124(1), 1-17. doi:10.1016/s1095-6433(99)00079-3
Hoppeler, H., Klossner, S., & Vogt, M. (2008). Training in hypoxia and its effects on
skeletal muscle tissue. Scandinavian Journal of Medicine and Science in Sports,
18 Suppl 1, 38-49. doi:10.1111/j.1600-0838.2008.00831.x
Hoppeler, H., Vogt, M., Weibel, E. R., & Fluck, M. (2003). Response of skeletal muscle
mitochondria to hypoxia. Experimental Physiology, 88(1), 109-119.
doi:10.1113/eph8802513
Howley, E. T., Bassett, D. R., Jr., & Welch, H. G. (1995). Criteria for maximal oxygen
uptake: review and commentary. Medicine and Science in Sports and Exercise,
27(9), 1292-1301. Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/8531628
Ivey, F. M., Macko, R. F., Ryan, A. S., & Hafer-Macko, C. E. (2005). Cardiovascular
health and fitness after stroke. Topics in Stroke Rehabilitation, 12(1), 1-16.
doi:10.1310/GEEU-YRUY-VJ72-LEAR
Ivey, F. M., Ryan, A. S., Hafer-Macko, C. E., Goldberg, A. P., & Macko, R. F. (2007).
Treadmill aerobic training improves glucose tolerance and indices of insulin
sensitivity in disabled stroke survivors: a preliminary report. Stroke, 38(10), 27522758. doi:10.1161/STROKEAHA.107.490391
Ivey, F. M., Stookey, A. D., Hafer-Macko, C. E., Ryan, A. S., & Macko, R. F. (2015).
Higher Treadmill Training Intensity to Address Functional Aerobic Impairment
after Stroke. Journal of Stroke and Cerebrovascular Diseases, 24(11), 2539-2546.
doi:10.1016/j.jstrokecerebrovasdis.2015.07.002
Jeukendrup, A. E., & Wallis, G. A. (2005). Measurement of substrate oxidation during
exercise by means of gas exchange measurements. International Journal of Sports
Medicine, 26 Suppl 1, S28-37. doi:10.1055/s-2004-830512

166

Jin, H., Jiang, Y., Wei, Q., Chen, L., & Ma, G. (2013). Effects of aerobic cycling training
on cardiovascular fitness and heart rate recovery in patients with chronic stroke.
NeuroRehabilitation, 32(2), 327-335. doi:10.3233/NRE-130852
Johansson, B. B. (2000). Brain plasticity and stroke rehabilitation. The Willis lecture.
Stroke, 31(1), 223-230. Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/10625741
Jorgensen, H. S., Nakayama, H., Raaschou, H. O., Vive-Larsen, J., Stoier, M., & Olsen,
T. S. (1995). Outcome and time course of recovery in stroke. Part II: Time course
of recovery. The Copenhagen Stroke Study. Archives of Physical Medicine and
Rehabilitation, 76(5), 406-412. Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/7741609
Kelly, J. P., Andonian, B. J., Patel, M. J., Huang, Z., Shaw, L. K., McGarrah, R. W., . . .
Kraus, W. E. (2019). Trends in cardiorespiratory fitness: The evolution of
exercise treadmill testing at a single Academic Medical Center from 1970 to
2012. American Heart Journal, 210, 88-97. doi:10.1016/j.ahj.2019.01.001
Kelly, L. P., & Basset, F. A. (2017). Acute Normobaric Hypoxia Increases Post-exercise
Lipid Oxidation in Healthy Males. Frontiers in Physiology, 8. doi:ARTN 293
10.3389/fphys.2017.00293
Kelly, L. P., Devasahayam, A. J., Chaves, A. R., Wallack, E. M., McCarthy, J., Basset, F.
A., & Ploughman, M. (2017). Intensifying Functional Task Practice to Meet
Aerobic Training Guidelines in Stroke Survivors. Frontiers in Physiology, 8.
doi:ARTN 809
10.3389/fphys.2017.00809
Klug, L., Mahler, A., Rakova, N., Mai, K., Schulz-Menger, J., Rahn, G., . . . Luft, F. C.
(2018). Normobaric hypoxic conditioning in men with metabolic syndrome.
Physiol Rep, 6(24), e13949. doi:10.14814/phy2.13949
Kokkinos, P., Faselis, C., Myers, J., Sui, X. M., Zhang, J. J., & Blair, S. N. (2014). AgeSpecific Exercise Capacity Threshold for Mortality Risk Assessment in Male
Veterans. Circulation, 130(8), 653-658. doi:10.1161/Circulationaha.114.009666
Kramer, S., Johnson, L., Bernhardt, J., & Cumming, T. (2016). Energy Expenditure and
Cost During Walking After Stroke: A Systematic Review. Archives of Physical
167

Medicine and Rehabilitation, 97(4), 619-632.e611.
doi:10.1016/j.apmr.2015.11.007
Kramer, S. F., Cumming, T., Johnson, L., Churilov, L., & Bernhardt, J. (2020).
Determining Maximal Tolerable Aerobic Training Intensity in the Acute Phase
after Stroke: a Novel Dose Ranging Trial Protocol. Journal of Stroke and
Cerebrovascular Diseases, 29(12), 105359.
doi:10.1016/j.jstrokecerebrovasdis.2020.105359
Krishnamurthi, R. V., Ikeda, T., & Feigin, V. L. (2020). Global, regional and countryspecific burden of ischaemic stroke, intracerebral haemorrhage and subarachnoid
haemorrhage: a systematic analysis of the global burden of disease study 2017.
Neuroepidemiology, 54(2), 171-179.
Krueger, H., Koot, J., Hall, R. E., O'Callaghan, C., Bayley, M., & Corbett, D. (2015).
Prevalence of Individuals Experiencing the Effects of Stroke in Canada: Trends
and Projections. Stroke, 46(8), 2226-2231.
doi:10.1161/STROKEAHA.115.009616
Kwakkel, G., Veerbeek, J. M., van Wegen, E. E., Nijland, R., Harmeling-van der Wel, B.
C., Dippel, D. W., & investigators, E. (2010). Predictive value of the NIHSS for
ADL outcome after ischemic hemispheric stroke: does timing of early assessment
matter? Journal of the Neurological Sciences, 294(1-2), 57-61.
doi:10.1016/j.jns.2010.04.004
Lakoski, S. G., Willis, B. L., Barlow, C. E., Leonard, D., Gao, A., Radford, N. B., . . .
Jones, L. W. (2015). Midlife Cardiorespiratory Fitness, Incident Cancer, and
Survival After Cancer in Men: The Cooper Center Longitudinal Study. JAMA
Oncol, 1(2), 231-237. doi:10.1001/jamaoncol.2015.0226
Lee, B. J., & Thake, C. D. (2018). Physiological Responses to Treadmill Running With
Body Weight Support in Hypoxia Compared With Normoxia. J Sport Rehabil,
27(3), 224-229. doi:10.1123/jsr.2016-0210
Lennon, O., Carey, A., Gaffney, N., Stephenson, J., & Blake, C. (2008). A pilot
randomized controlled trial to evaluate the benefit of the cardiac rehabilitation
paradigm for the non-acute ischaemic stroke population. Clinical Rehabilitation,
22(2), 125-133. doi:10.1177/0269215507081580
Letombe, A., Cornille, C., Delahaye, H., Khaled, A., Morice, O., Tomaszewski, A., &
Olivier, N. (2010). Early post-stroke physical conditioning in hemiplegic patients:
168

A preliminary study. Annals of Physical and Rehabilitation Medicine, 53(10),
632-642. doi:10.1016/j.rehab.2010.09.004
Levine, B. D. (2002). Intermittent hypoxic training: fact and fancy. High Altitude
Medicine & Biology, 3(2), 177-193. doi:10.1089/15270290260131911
Levine, B. D. (2015). Going High with Heart Disease: The Effect of High Altitude
Exposure in Older Individuals and Patients with Coronary Artery Disease. High
Altitude Medicine & Biology, 16(2), 89-96. doi:10.1089/ham.2015.0043
Levine, J. A., McCrady, S. K., Boyne, S., Smith, J., Cargill, K., & Forrester, T. (2011).
Non-exercise physical activity in agricultural and urban people. Urban Stud,
48(11), 2417-2427. Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/22073428
Mackay-Lyons, M., McDonald, A., Matheson, J., Eskes, G., & Klus, M. A. (2013). Dual
effects of body-weight supported treadmill training on cardiovascular fitness and
walking ability early after stroke: a randomized controlled trial.
Neurorehabilitation and Neural Repair, 27(7), 644-653.
doi:10.1177/1545968313484809
MacKay-Lyons M, M. R., Eng J, Billinger S, Hafer-Macko C, Suskin N, Tang A,
Giacomantonio N, Prior P, Che M, Dromerick A, Thornton M, Reid R, Unsworth
K, LaGrand C, Firth W. (2012). Aerobic exercise recommendations to optimize
best practices in care after stroke. Retrieved from http://strokebestpractices.ca/wpcontent/uploads/2013/07/AEROBICS-FINAL-July-2013.pdf
Mackay-Lyons, M., Thornton, M., Ruggles, T., & Che, M. (2013). Non-pharmacological
interventions for preventing secondary vascular events after stroke or transient
ischemic attack. Cochrane Database of Systematic Reviews(3), CD008656.
doi:10.1002/14651858.CD008656.pub2
MacKay-Lyons, M. J., & Makrides, L. (2002). Cardiovascular stress during a
contemporary stroke rehabilitation program: is the intensity adequate to induce a
training effect? Archives of Physical Medicine and Rehabilitation, 83(10), 13781383. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/12370872
Mackay-Lyons, M. J., & Makrides, L. (2004). Longitudinal changes in exercise capacity
after stroke. Archives of Physical Medicine and Rehabilitation, 85(10), 16081612. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/15468019
169

Mackenzie, R., Maxwell, N., Castle, P., Brickley, G., & Watt, P. (2011). Acute hypoxia
and exercise improve insulin sensitivity (S(I) (2*)) in individuals with type 2
diabetes. Diabetes/Metabolism Research and Reviews, 27(1), 94-101.
doi:10.1002/dmrr.1156
Macko, R. F., Ivey, F. M., Forrester, L. W., Hanley, D., Sorkin, J. D., Katzel, L. I., . . .
Goldberg, A. P. (2005). Treadmill exercise rehabilitation improves ambulatory
function and cardiovascular fitness in patients with chronic stroke: a randomized,
controlled trial. Stroke, 36(10), 2206-2211.
doi:10.1161/01.STR.0000181076.91805.89
Macko, R. F., Smith, G. V., Dobrovolny, C. L., Sorkin, J. D., Goldberg, A. P., & Silver,
K. H. (2001). Treadmill training improves fitness reserve in chronic stroke
patients. Archives of Physical Medicine and Rehabilitation, 82(7), 879-884.
doi:10.1053/apmr.2001.23853
Madsen, T. E., Khoury, J., Alwell, K., Moomaw, C. J., Rademacher, E., Flaherty, M. L., .
. . Kleindorfer, D. (2017). Sex-specific stroke incidence over time in the Greater
Cincinnati/Northern Kentucky Stroke Study. Neurology, 89(10), 990-996.
doi:10.1212/WNL.0000000000004325
Mahler, A., Balogh, A., Csizmadia, I., Klug, L., Kleinewietfeld, M., Steiniger, J., . . .
Paul, F. (2018). Metabolic, Mental and Immunological Effects of Normoxic and
Hypoxic Training in Multiple Sclerosis Patients: A Pilot Study. Frontiers in
Immunology, 9, 2819. doi:10.3389/fimmu.2018.02819
Marilyn MacKay-Lyons, S. B., Janice Eng, Alex DroMerick, Wanda Firth, Nichols
Giacomantonio, Charlene Hafer-Macko, Richard Macko, Perer Prior, Robert
Reid, Neville Suskin, Ada Tang, Marianne Thornton, Karen (2019). AEROBICS
2019 Update: Aerobic Exercise Recommendations to Optimize Best practice In
Care after Stroke. Retrieved from
Marsden, D. L., Dunn, A., Callister, R., McElduff, P., Levi, C. R., & Spratt, N. J. (2016).
A Home- and Community-Based Physical Activity Program Can Improve the
Cardiorespiratory Fitness and Walking Capacity of Stroke Survivors. Journal of
Stroke and Cerebrovascular Diseases, 25(10), 2386-2398.
doi:10.1016/j.jstrokecerebrovasdis.2016.06.007
Marsden, D. L., Dunn, A., Callister, R., McElduff, P., Levi, C. R., & Spratt, N. J. (2017).
Interval circuit training for cardiorespiratory fitness is feasible for people after
170

stroke. International Journal of Therapy and Rehabilitation, 24(5), 190-202.
doi:10.12968/ijtr.2017.24.5.190
Marzolini, S. (2018). Integrating Individuals With Stroke Into Cardiac Rehabilitation
Following Traditional Stroke Rehabilitation: Promoting a Continuum of Care.
Canadian Journal of Cardiology, 34(10 Suppl 2), S240-S246.
doi:10.1016/j.cjca.2018.06.017
Marzolini, S., McIlroy, W., Oh, P., & Brooks, D. (2012). Can individuals participating in
cardiac rehabilitation achieve recommended exercise training levels following
stroke? Journal of Cardiopulmonary Rehabilitation and Prevention, 32(3), 127134. doi:10.1097/HCR.0b013e31824d2ab3
Marzolini, S., Tang, A., McIlroy, W., Oh, P. I., & Brooks, D. (2014). Outcomes in people
after stroke attending an adapted cardiac rehabilitation exercise program: does
time from stroke make a difference? Journal of Stroke and Cerebrovascular
Diseases, 23(6), 1648-1656. doi:10.1016/j.jstrokecerebrovasdis.2014.01.008
Mayo, N. E., Scott, S. C., Bayley, M., Cheung, A., Garland, J., Jutai, J., & WoodDauphinee, S. (2015). Modeling health-related quality of life in people recovering
from stroke. Quality of Life Research, 24(1), 41-53. doi:10.1007/s11136-0130605-4
Mazzeo, R. S. (2008). Physiological responses to exercise at altitude : an update. Sports
Medicine, 38(1), 1-8.
McGuire, D. K., Levine, B. D., Williamson, J. W., Snell, P. G., Blomqvist, C. G., Saltin,
B., & Mitchell, J. H. (2001). A 30-year follow-up of the Dallas Bedrest and
Training Study: II. Effect of age on cardiovascular adaptation to exercise training.
Circulation, 104(12), 1358-1366. Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/11560850
Medicine, A. C. o. S. (2010). ACSM's Guidelines for Exercise Testing and Prescription.
Philadelphia: Lippincott Williams & Wilkins.
Midgley, A. W., McNaughton, L. R., Polman, R., & Marchant, D. (2007). Criteria for
determination of maximal oxygen uptake: a brief critique and recommendations
for future research. Sports Medicine, 37(12), 1019-1028. doi:10.2165/00007256200737120-00002

171

Mifflin, M. D., St Jeor, S. T., Hill, L. A., Scott, B. J., Daugherty, S. A., & Koh, Y. O.
(1990). A new predictive equation for resting energy expenditure in healthy
individuals. American Journal of Clinical Nutrition, 51(2), 241-247.
doi:10.1093/ajcn/51.2.241
Miller, M. B., Pearcey, G. E., Cahill, F., McCarthy, H., Stratton, S. B., Noftall, J. C., . . .
Button, D. C. (2014). The effect of a short-term high-intensity circuit training
program on work capacity, body composition, and blood profiles in sedentary
obese men: a pilot study. Biomed Res Int, 2014, 191797.
doi:10.1155/2014/191797
Mitchell, B. L., Lock, M. J., Davison, K., Parfitt, G., Buckley, J. P., & Eston, R. G.
(2019). What is the effect of aerobic exercise intensity on cardiorespiratory fitness
in those undergoing cardiac rehabilitation? A systematic review with metaanalysis. British Journal of Sports Medicine, 53(21), 1341-1351.
doi:10.1136/bjsports-2018-099153
Moncion, K., Biasin, L., Jagroop, D., Bayley, M., Danells, C., Mansfield, A., . . . Tang,
A. (2020). Barriers and Facilitators to Aerobic Exercise Implementation in Stroke
Rehabilitation: A Scoping Review. Journal of Neurologic Physical Therapy,
44(3), 179-187. doi:10.1097/NPT.0000000000000318
Moore, S. A., Hallsworth, K., Jakovljevic, D. G., Blamire, A. M., He, J., Ford, G. A., . . .
Trenell, M. I. (2015). Effects of Community Exercise Therapy on Metabolic,
Brain, Physical, and Cognitive Function Following Stroke: A Randomized
Controlled Pilot Trial. Neurorehabilitation and Neural Repair, 29(7), 623-635.
doi:10.1177/1545968314562116
Moore, S. A., Hallsworth, K., Plotz, T., Ford, G. A., Rochester, L., & Trenell, M. I.
(2013). Physical activity, sedentary behaviour and metabolic control following
stroke: a cross-sectional and longitudinal study. PloS One, 8(1), e55263.
doi:10.1371/journal.pone.0055263
Morey, M. C., Pieper, C. F., & Cornoni-Huntley, J. (1998). Is there a threshold between
peak oxygen uptake and self-reported physical functioning in older adults?
Medicine and Science in Sports and Exercise, 30(8), 1223-1229.
doi:10.1097/00005768-199808000-00007

172

Mukherjee, D., Levin, R. L., & Heller, W. (2006). The cognitive, emotional, and social
sequelae of stroke: psychological and ethical concerns in post-stroke adaptation.
Topics in Stroke Rehabilitation, 13(4), 26-35. doi:10.1310/tsr1304-26
Munari, D., Pedrinolla, A., Smania, N., Picelli, A., Gandolfi, M., Saltuari, L., & Schena,
F. (2018). High-intensity treadmill training improves gait ability, VO2peak and
cost of walking in stroke survivors: preliminary results of a pilot randomized
controlled trial. European Journal of Physical and Rehabilitation Medicine,
54(3), 408-418. doi:10.23736/S1973-9087.16.04224-6
Murphy, T. H., & Corbett, D. (2009). Plasticity during stroke recovery: from synapse to
behaviour. Nature Reviews: Neuroscience, 10(12), 861-872. doi:10.1038/nrn2735
Nakayama, H., Jorgensen, H. S., Raaschou, H. O., & Olsen, T. S. (1994). Recovery of
upper extremity function in stroke patients: the Copenhagen Stroke Study.
Archives of Physical Medicine and Rehabilitation, 75(4), 394-398.
Nathoo, C., Buren, S., El-Haddad, R., Feldman, K., Schroeder, E., Brooks, D., . . .
Marzolini, S. (2018). Aerobic Training in Canadian Stroke Rehabilitation
Programs. Journal of Neurologic Physical Therapy, 42(4), 248-255.
doi:10.1097/NPT.0000000000000237
Navarrete-Opazo, A., Alcayaga, J., Sepulveda, O., Rojas, E., & Astudillo, C. (2017).
Repetitive Intermittent Hypoxia and Locomotor Training Enhances Walking
Function in Incomplete Spinal Cord Injury Subjects: A Randomized, TripleBlind, Placebo-Controlled Clinical Trial. Journal of Neurotrauma, 34(9), 18031812. doi:10.1089/neu.2016.4478
Navarrete-Opazo, A., Alcayaga, J. J., Sepulveda, O., & Varas, G. (2017). Intermittent
Hypoxia and Locomotor Training Enhances Dynamic but Not Standing Balance
in Patients With Incomplete Spinal Cord Injury. Archives of Physical Medicine
and Rehabilitation, 98(3), 415-424. doi:10.1016/j.apmr.2016.09.114
Navarrete-Opazo, A., & Mitchell, G. S. (2014). Therapeutic potential of intermittent
hypoxia: a matter of dose. American Journal of Physiology: Regulatory,
Integrative and Comparative Physiology, 307(10), R1181-1197.
doi:10.1152/ajpregu.00208.2014
Netzer, N. C., Chytra, R., & Kupper, T. (2008). Low intense physical exercise in
normobaric hypoxia leads to more weight loss in obese people than low intense
173

physical exercise in normobaric sham hypoxia. Sleep Breath, 12(2), 129-134.
doi:10.1007/s11325-007-0149-3
Nordby, P., Saltin, B., & Helge, J. W. (2006). Whole-body fat oxidation determined by
graded exercise and indirect calorimetry: a role for muscle oxidative capacity?
Scandinavian Journal of Medicine and Science in Sports, 16(3), 209-214.
doi:10.1111/j.1600-0838.2005.00480.x
O'Donnell, M. J., Chin, S. L., Rangarajan, S., Xavier, D., Liu, L., Zhang, H., . . .
investigators, I. (2016). Global and regional effects of potentially modifiable risk
factors associated with acute stroke in 32 countries (INTERSTROKE): a casecontrol study. Lancet, 388(10046), 761-775. doi:10.1016/S0140-6736(16)30506-2
Outermans, J. C., van Peppen, R. P., Wittink, H., Takken, T., & Kwakkel, G. (2010).
Effects of a high-intensity task-oriented training on gait performance early after
stroke: a pilot study. Clinical Rehabilitation, 24(11), 979-987.
doi:10.1177/0269215509360647
Pandey, A., Patel, M. R., Willis, B., Gao, A., Leonard, D., Das, S. R., . . . Berry, J. D.
(2016). Association Between Midlife Cardiorespiratory Fitness and Risk of
Stroke: The Cooper Center Longitudinal Study. Stroke, 47(7), 1720-1726.
doi:10.1161/STROKEAHA.115.011532
Pang, M. Y., Eng, J. J., Dawson, A. S., McKay, H. A., & Harris, J. E. (2005). A
community-based fitness and mobility exercise program for older adults with
chronic stroke: a randomized, controlled trial. Journal of the American Geriatrics
Society, 53(10), 1667-1674. doi:10.1111/j.1532-5415.2005.53521.x
Paoli, A., Pacelli, Q. F., Moro, T., Marcolin, G., Neri, M., Battaglia, G., . . . Bianco, A.
(2013). Effects of high-intensity circuit training, low-intensity circuit training and
endurance training on blood pressure and lipoproteins in middle-aged overweight
men. Lipids in Health and Disease, 12, 131. doi:10.1186/1476-511X-12-131
Parati, G., Agostoni, P., Basnyat, B., Bilo, G., Brugger, H., Coca, A., . . . Torlasco, C.
(2018). Clinical recommendations for high altitude exposure of individuals with
pre-existing cardiovascular conditions: A joint statement by the European Society
of Cardiology, the Council on Hypertension of the European Society of
Cardiology, the European Society of Hypertension, the International Society of
Mountain Medicine, the Italian Society of Hypertension and the Italian Society of

174

Mountain Medicine. European Heart Journal, 39(17), 1546-1554.
doi:10.1093/eurheartj/ehx720
Peacock, A. J. (1998). ABC of oxygen: oxygen at high altitude. BMJ, 317(7165), 10631066. doi:10.1136/bmj.317.7165.1063
Peronnet, F., & Massicotte, D. (1991). Table of nonprotein respiratory quotient: an
update. Canadian Journal of Sport Sciences, 16(1), 23-29.
Peronnet, F., Massicotte, D., Folch, N., Melin, B., Koulmann, N., Jimenez, C., . . .
Savourey, G. (2006). Substrate utilization during prolonged exercise with
ingestion of 13C-glucose in acute hypobaric hypoxia (4,300 m). European
Journal of Applied Physiology, 97(5), 527-534.
Perry, J., Garrett, M., Gronley, J. K., & Mulroy, S. J. (1995). Classification of walking
handicap in the stroke population. Stroke, 26(6), 982-989.
doi:10.1161/01.str.26.6.982
Piercy, K. L., Troiano, R. P., Ballard, R. M., Carlson, S. A., Fulton, J. E., Galuska, D. A.,
. . . Olson, R. D. (2018). The Physical Activity Guidelines for Americans. JAMA,
320(19), 2020-2028. doi:10.1001/jama.2018.14854
Ploughman, M., Austin, M. W., Glynn, L., & Corbett, D. (2015). The effects of
poststroke aerobic exercise on neuroplasticity: a systematic review of animal and
clinical studies. Transl Stroke Res, 6(1), 13-28. doi:10.1007/s12975-014-0357-7
Ploughman, M., Eskes, G. A., Kelly, L. P., Kirkland, M. C., Devasahayam, A. J.,
Wallack, E. M., . . . Mackay-Lyons, M. (2019). Synergistic Benefits of Combined
Aerobic and Cognitive Training on Fluid Intelligence and the Role of IGF-1 in
Chronic Stroke. Neurorehabilitation and Neural Repair, 33(3), 199-212.
doi:10.1177/1545968319832605
Ploughman, M., & Kelly, L. P. (2016). Four birds with one stone? Reparative,
neuroplastic, cardiorespiratory, and metabolic benefits of aerobic exercise
poststroke. Current Opinion in Neurology, 29(6), 684-692.
doi:10.1097/WCO.0000000000000383
Ploughman, M., Windle, V., MacLellan, C. L., White, N., Dore, J. J., & Corbett, D.
(2009). Brain-derived neurotrophic factor contributes to recovery of skilled
reaching after focal ischemia in rats. Stroke, 40(4), 1490-1495.
doi:10.1161/STROKEAHA.108.531806
175

Pollock, A., Baer, G., Campbell, P., Choo, P. L., Forster, A., Morris, J., . . . Langhorne, P.
(2014). Physical rehabilitation approaches for the recovery of function and
mobility following stroke. Cochrane Database of Systematic Reviews(4),
CD001920. doi:10.1002/14651858.CD001920.pub3
Poole, D. C., & Jones, A. M. (2017). Measurement of the maximum oxygen uptake (V)
over dotO(2max) : (V) over dotO(2peak) is no longer acceptable. Journal of
Applied Physiology, 122(4), 997-1002. doi:10.1152/japplphysiol.01063.2016
Potempa, K., Lopez, M., Braun, L. T., Szidon, J. P., Fogg, L., & Tincknell, T. (1995).
Physiological outcomes of aerobic exercise training in hemiparetic stroke patients.
Stroke, 26(1), 101-105. Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/7839377
Pramsohler, S., Burtscher, M., Faulhaber, M., Gatterer, H., Rausch, L., Eliasson, A., &
Netzer, N. C. (2017). Endurance Training in Normobaric Hypoxia Imposes Less
Physical Stress for Geriatric Rehabilitation. Frontiers in Physiology, 8, 514.
doi:10.3389/fphys.2017.00514
Prior, P. L., Hachinski, V., Unsworth, K., Chan, R., Mytka, S., O'Callaghan, C., &
Suskin, N. (2011). Comprehensive cardiac rehabilitation for secondary prevention
after transient ischemic attack or mild stroke: I: feasibility and risk factors. Stroke,
42(11), 3207-3213. doi:10.1161/STROKEAHA.111.620187
Prout, E. C., Mansfield, A., McIlroy, W. E., & Brooks, D. (2016). Physiotherapists'
perspectives on aerobic exercise early after stroke: A preliminary study.
Physiotherapy Theory and Practice, 32(6), 452-460.
doi:10.1080/09593985.2016.1204402
Pundik, S., Holcomb, J., McCabe, J., & Daly, J. J. (2012). Enhanced life-role
participation in response to comprehensive gait training in chronic stroke
survivors. Disability and Rehabilitation, 34(26), 2264-2271.
doi:10.3109/09638288.2012.696875
Richardson, J., Tang, A., Guyatt, G., Thabane, L., Xie, F., Sahlas, D., . . . Macrae, L.
(2018). FIT for FUNCTION: study protocol for a randomized controlled trial.
Trials, 19(1), 39. doi:10.1186/s13063-017-2416-3
Ridker, P. M. (2003). Cardiology Patient Page. C-reactive protein: a simple test to help
predict risk of heart attack and stroke. Circulation, 108(12), e81-85.
doi:10.1161/01.CIR.0000093381.57779.67
176

Riebe, D., Ehrman, J. K., Liguori, G., & Magal, M. (2018). ACSM's guidelines for
exercise testing and prescription (Tenth edition.. ed.): Philadelphia : Wolters
Kluwer.
Rimmer, J. H., Rauworth, A. E., Wang, E. C., Nicola, T. L., & Hill, B. (2009). A
preliminary study to examine the effects of aerobic and therapeutic (nonaerobic)
exercise on cardiorespiratory fitness and coronary risk reduction in stroke
survivors. Archives of Physical Medicine and Rehabilitation, 90(3), 407-412.
doi:10.1016/j.apmr.2008.07.032
Rimmer, J. H., Riley, B., Creviston, T., & Nicola, T. (2000). Exercise training in a
predominantly African-American group of stroke survivors. Medicine and Science
in Sports and Exercise, 32(12), 1990-1996. doi:10.1097/00005768-20001200000004
Roach, R. C., Hackett, P. H., Oelz, O., Bartsch, P., Luks, A. M., MacInnis, M. J., . . .
Lake Louise, A. M. S. S. C. C. (2018). The 2018 Lake Louise Acute Mountain
Sickness Score. High Alt Med Biol, 19(1), 4-6. doi:10.1089/ham.2017.0164
Sacco, R. L., Kasner, S. E., Broderick, J. P., Caplan, L. R., Connors, J. J., Culebras, A., . .
. Metabolism. (2013). An updated definition of stroke for the 21st century: a
statement for healthcare professionals from the American Heart
Association/American Stroke Association. Stroke, 44(7), 2064-2089.
doi:10.1161/STR.0b013e318296aeca
Salbach, N. M., Mayo, N. E., Wood-Dauphinee, S., Hanley, J. A., Richards, C. L., &
Cote, R. (2004). A task-orientated intervention enhances walking distance and
speed in the first year post stroke: a randomized controlled trial. Clinical
Rehabilitation, 18(5), 509-519. doi:10.1191/0269215504cr763oa
Sale, A., Berardi, N., & Maffei, L. (2014). Environment and brain plasticity: towards an
endogenous pharmacotherapy. Physiological Reviews, 94(1), 189-234.
doi:10.1152/physrev.00036.2012
Sallis, J. F., Cervero, R. B., Ascher, W., Henderson, K. A., Kraft, M. K., & Kerr, J.
(2006). An ecological approach to creating active living communities. Annual
Review of Public Health, 27, 297-322.
doi:10.1146/annurev.publhealth.27.021405.102100
Saltin, B., Blomqvist, G., Mitchell, J. H., Johnson, R. L., Jr., Wildenthal, K., & Chapman,
C. B. (1968). Response to exercise after bed rest and after training. Circulation,
177

38(5 Suppl), VII1-78. Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/5696236
Saunders, D. H., Sanderson, M., Hayes, S., Johnson, L., Kramer, S., Carter, D. D., . . .
Mead, G. E. (2020). Physical fitness training for stroke patients. Cochrane
Database of Systematic Reviews, 3, CD003316.
doi:10.1002/14651858.CD003316.pub7
Schmidt, D., Anderson, K., Graff, M., & Strutz, V. (2016). The effect of high-intensity
circuit training on physical fitness. Journal of Sports Medicine and Physical
Fi ness, 56(5), 534-540. Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/25942012
Serebrovskaya, T. V., Manukhina, E. B., Smith, M. L., Downey, H. F., & Mallet, R. T.
(2008). Intermittent hypoxia: cause of or therapy for systemic hypertension?
Experimental Biology and Medicine (Maywood, N.J.), 233(6), 627-650.
doi:10.3181/0710-MR-267
Simonson, D. C., & DeFronzo, R. A. (1990). Indirect calorimetry: methodological and
interpretative problems. American Journal of Physiology, 258(3 Pt 1), E399-412.
Sjoholm, A., Skarin, M., Churilov, L., Nilsson, M., Bernhardt, J., & Linden, T. (2014).
Sedentary behaviour and physical activity of people with stroke in rehabilitation
hospitals. Stroke Res Treat, 2014, 591897. doi:10.1155/2014/591897
Smith, A. C., Saunders, D. H., & Mead, G. (2012). Cardiorespiratory fitness after stroke:
a systematic review. International Journal of Stroke, 7(6), 499-510.
doi:10.1111/j.1747-4949.2012.00791.x
Sperlich, B., Wallmann-Sperlich, B., Zinner, C., Von Stauffenberg, V., Losert, H., &
Holmberg, H. C. (2017). Functional High-Intensity Circuit Training Improves
Body Composition, Peak Oxygen Uptake, Strength, and Alters Certain
Dimensions of Quality of Life in Overweight Women. Frontiers in Physiology, 8,
172. doi:10.3389/fphys.2017.00172
Stoller, O., de Bruin, E. D., Schindelholz, M., Schuster-Amft, C., de Bie, R. A., & Hunt,
K. J. (2015). Efficacy of Feedback-Controlled Robotics-Assisted Treadmill
Exercise to Improve Cardiovascular Fitness Early After Stroke: A Randomized
Controlled Pilot Trial. Journal of Neurologic Physical Therapy, 39(3), 156-165.
doi:10.1097/NPT.0000000000000095
178

Tang, A., Closson, V., Marzolini, S., Oh, P., McIlroy, W., & Brooks, D. (2009). Cardiac
rehabilitation after stroke-need and opportunity. Journal of Cardiopulmonary
Rehabilitation and Prevention, 29(2), 97-104.
doi:10.1097/HCR.0b013e31819a00d4
Tang, A., Eng, J. J., Krassioukov, A. V., Madden, K. M., Mohammadi, A., Tsang, M. Y.,
& Tsang, T. S. (2014). Exercise-induced changes in cardiovascular function after
stroke: a randomized controlled trial. International Journal of Stroke, 9(7), 883889. doi:10.1111/ijs.12156
Tang, A., Marzolini, S., Oh, P., McIlroy, W. E., & Brooks, D. (2010). Feasibility and
effects of adapted cardiac rehabilitation after stroke: a prospective trial. BMC
Neurology, 10, 40. doi:10.1186/1471-2377-10-40
Tang, A., Sibley, K. M., Thomas, S. G., Bayley, M. T., Richardson, D., McIlroy, W. E.,
& Brooks, D. (2009). Effects of an aerobic exercise program on aerobic capacity,
spatiotemporal gait parameters, and functional capacity in subacute stroke.
Neurorehabilitation and Neural Repair, 23(4), 398-406.
doi:10.1177/1545968308326426
Tang, A., Sibley, K. M., Thomas, S. G., McIlroy, W. E., & Brooks, D. (2006). Maximal
exercise test results in subacute stroke. Archives of Physical Medicine and
Rehabilitation, 87(8), 1100-1105. doi:10.1016/j.apmr.2006.04.016
Taylor, C. R., Maloiy, G. M., Weibel, E. R., Langman, V. A., Kamau, J. M., Seeherman,
H. J., & Heglund, N. C. (1981). Design of the mammalian respiratory system. III
Scaling maximum aerobic capacity to body mass: wild and domestic mammals.
Respiration Physiology, 44(1), 25-37. doi:10.1016/0034-5687(81)90075-x
Taylor, C. R., & Weibel, E. R. (1981). Design of the mammalian respiratory system. I.
Problem and strategy. Respiration Physiology, 44(1), 1-10. Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/7232879
Thrift, A. G., Thayabaranathan, T., Howard, G., Howard, V. J., Rothwell, P. M., Feigin,
V. L., . . . Cadilhac, D. A. (2017). Global stroke statistics. International Journal
of Stroke, 12(1), 13-32. doi:10.1177/1747493016676285
Thyfault, J. P., & Bergouignan, A. (2020). Exercise and metabolic health: beyond
skeletal muscle. Diabetologia, 63(8), 1464-1474. doi:10.1007/s00125-020-051776
179

Tieges, Z., Mead, G., Allerhand, M., Duncan, F., van Wijck, F., Fitzsimons, C., . . .
Chastin, S. (2015). Sedentary behavior in the first year after stroke: a longitudinal
cohort study with objective measures. Archives of Physical Medicine and
Rehabilitation, 96(1), 15-23. doi:10.1016/j.apmr.2014.08.015
Tremblay, M. S., Carson, V., Chaput, J. P., Connor Gorber, S., Dinh, T., Duggan, M., . . .
Zehr, L. (2016). Canadian 24-Hour Movement Guidelines for Children and
Youth: An Integration of Physical Activity, Sedentary Behaviour, and Sleep.
Applied Physiology, Nutrition, and Metabolism. Physiologie Appliquée, Nutrition
et Métabolisme, 41(6 Suppl 3), S311-327. doi:10.1139/apnm-2016-0151
Tremblay, M. S., Warburton, D. E., Janssen, I., Paterson, D. H., Latimer, A. E., Rhodes,
R. E., . . . Duggan, M. (2011). New Canadian physical activity guidelines. Applied
Physiology, Nutrition, and Metabolism. Physiologie Appliquée, Nutrition et
Métabolisme, 36(1), 36-46; 47-58. doi:10.1139/H11-009
van de Port, I. G., Wevers, L., Roelse, H., van Kats, L., Lindeman, E., & Kwakkel, G.
(2009). Cost-effectiveness of a structured progressive task-oriented circuit class
training programme to enhance walking competency after stroke: the protocol of
the FIT-Stroke trial. BMC Neurology, 9, 43. doi:10.1186/1471-2377-9-43
van de Port, I. G., Wevers, L. E., Lindeman, E., & Kwakkel, G. (2012). Effects of circuit
training as alternative to usual physiotherapy after stroke: randomised controlled
trial. BMJ, 344, e2672. doi:10.1136/bmj.e2672
van der Ploeg, H. P., & Hillsdon, M. (2017). Is sedentary behaviour just physical
inactivity by another name? The International Journal of Behavioral Nutrition
and Physical Activity, 14(1), 142. doi:10.1186/s12966-017-0601-0
Vanek, J., Mayer, O., Jr., Seidlerova, J., Bruthans, J., Kielbergerova, L., Wohlfahrt, P., . .
. Cifkova, R. (2016). A comparison of secondary prevention practice in poststroke
and coronary heart disease patients. Public Health, 137, 64-72.
doi:10.1016/j.puhe.2016.02.003
VanGilder, R. L., Davidov, D. M., Stinehart, K. R., Huber, J. D., Turner, R. C., Wilson,
K. S., . . . Barr, T. L. (2014). C-reactive protein and long-term ischemic stroke
prognosis. Journal of Clinical Neuroscience, 21(4), 547-553.
doi:10.1016/j.jocn.2013.06.015
Viana, R. B., de Lira, C. A. B., Naves, J. P. A., Coswig, V. S., Del Vecchio, F. B.,
Ramirez-Campillo, R., . . . Gentil, P. (2018). Can We Draw General Conclusions
180

from Interval Training Studies? Sports Medicine, 48(9), 2001-2009.
doi:10.1007/s40279-018-0925-1
Vujovic, A., Kotur-Stevuljevic, J., Spasic, S., Bujisic, N., Martinovic, J., Vujovic, M., . . .
Pajic, D. (2010). Evaluation of different formulas for LDL-C calculation. Lipids
in Health and Disease, 9, 27. doi:10.1186/1476-511X-9-27
Wang, Z., Wang, L., Fan, H., Lu, X., & Wang, T. (2014). Effect of low-intensity
ergometer aerobic training on glucose tolerance in severely impaired nondiabetic
stroke patients. Journal of Stroke and Cerebrovascular Diseases, 23(3), e187193. doi:10.1016/j.jstrokecerebrovasdis.2013.09.021
Ward, N. S. (2017). Restoring brain function after stroke - bridging the gap between
animals and humans. Nature Reviews: Neurology, 13(4), 244-255.
doi:10.1038/nrneurol.2017.34
Wein, T., Lindsay, M. P., Cote, R., Foley, N., Berlingieri, J., Bhogal, S., . . . Stroke
Foundation Canadian Stroke Best Practice, C. (2018). Canadian stroke best
practice recommendations: Secondary prevention of stroke, sixth edition practice
guidelines, update 2017. International Journal of Stroke, 13(4), 420-443.
doi:10.1177/1747493017743062
West, T., & Bernhardt, J. (2012). Physical activity in hospitalised stroke patients. Stroke
Res Treat, 2012, 813765. doi:10.1155/2012/813765
Wiesner, S., Haufe, S., Engeli, S., Mutschler, H., Haas, U., Luft, F. C., & Jordan, J.
(2010). Influences of normobaric hypoxia training on physical fitness and
metabolic risk markers in overweight to obese subjects. Obesity (Silver Spring),
18(1), 116-120. doi:10.1038/oby.2009.193
Wilson, I. B., & Cleary, P. D. (1995). Linking clinical variables with health-related
quality of life. A conceptual model of patient outcomes. JAMA, 273(1), 59-65.
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/7996652
Winstein, C. J., Stein, J., Arena, R., Bates, B., Cherney, L. R., Cramer, S. C., . . .
Outcomes, R. (2016). Guidelines for Adult Stroke Rehabilitation and Recovery: A
Guideline for Healthcare Professionals From the American Heart
Association/American Stroke Association. Stroke, 47(6), e98-e169.
doi:10.1161/STR.0000000000000098

181

Wolfram, N., & Fuchs, A. (2008). Prevention and Health Promotion. In W. Kirch (Ed.),
Encyclopedia of Public Health (pp. 1130-1138). Dordrecht: Springer Netherlands.
World Health Organization (Producer). (2018). Global action plan on physical activity
2018–2030: more active people for a healthier world.
Yusuf, S., Hawken, S., Ounpuu, S., Dans, T., Avezum, A., Lanas, F., . . . Investigators, I.
S. (2004). Effect of potentially modifiable risk factors associated with myocardial
infarction in 52 countries (the INTERHEART study): case-control study. Lancet,
364(9438), 937-952. doi:10.1016/S0140-6736(04)17018-9

182

Appendix A: Ethics Clearance for Studies Presented in
Chapters 2 and 3

Appendix B: Ethics Clearance for the Study Presented in
Chapters 4
Ethics Office
Suite 200, Eastern Trust Building
95 Bonaventure Avenue
St. John’s, NL
A1B 2X5
April 11, 2018

Dear Mr. Kelly:
Researcher Portal File # 20181597
Reference # 2018.013
RE: "Altitude training to break through the recovery plateau after stroke: Phase I pilot study"
This will acknowledge receipt of your correspondence.
This correspondence has been reviewed by the Chair under the direction of the Health Research Ethics
Board (HREB). Full board approval of this research study is granted for one year effective March 1,
2018.
This is your ethics approval only. Organizational approval may also be required. It is your
responsibility to seek the necessary organizational approval from the Regional Health Authority (RHA) or
other organization as appropriate. You can refer to the HREA website for further guidance on
organizational approvals.
This is to confirm that the HREB reviewed and approved or acknowledged the following documents (as
indicated):

•
•
•
•
•
•
•
•
•
•

Application, approved
Research proposal, approved
Telephone script, version 3, approved
List of variables, approved
List of variables (Secondary data from HREB 13.218),approved
Letter of request, approved
Budget, approved
Physical Activity Readiness Medical Examination, approved
Record sheet, approved
Lake Louise Score, approved

MARK THE DATE
This approval will lapse on March 1, 2019 . It is your responsibility to ensure that the Ethics Renewal
form is submitted prior to the renewal date; you may not receive a reminder. The Ethics Renewal form can
be found on the Researcher Portal as an Event form.
If you do not return the completed Ethics Renewal form prior to date of renewal:
You will no longer have ethics approval
You will be required to stop research activity immediately
You may not be permitted to restart the study until you reapply for and receive approval to undertake
the study again
Lapse in ethics approval may result in interruption or termination of funding
You are solely responsible for providing a copy of this letter, along with your approved HREB
application form; to Research Grant and Contract Services should your research depend on funding
administered through that office.
Modifications of the protocol/consent are not permitted without prior approval from the
HREB. Implementing changes without HREB approval may result in your ethics approval being
revoked, meaning your research must stop. Request for modification to the protocol/consent must be
outlined on an amendment form (available on the Researcher Portal website as an Event form) and
submitted to the HREB for review.
The HREB operates according to the Tri-Council Policy Statement: Ethical Conduct for Research
Involving Humans (TCPS2), the Health Research Ethics Authority Act (HREA Act) and applicable laws
and regulations.
You are responsible for the ethical conduct of this research, notwithstanding the approval of the HREB.
We wish you every success with your study.

Sincerely,

Ms. Patricia Grainger (Chair, Non-Clinical Trials Health Research Ethics Board)
Dr. Joy Maddigan (Vice-Chair, Non-Clinical Trials Health Research Ethics Board)

CC: Dr. Michelle Ploughman

Appendix C: Supplementary Table 1.
Table 5-1: Constant workload exercise and heart rate responses at the three levels of fraction of
inspired oxygen studied during active progressive normobaric hypoxia exposure
Participant #

1

2

3

4

5

7

8

Self-selected treadmill speed (km hr )

2.3

2.3

1.9

1.3

1.6

4.8

2.9

Treadmill incline (%)

4

0

0

0

0

0

5

Target HR GXT (bpm)1

82

88

80

104

121

110

127

Target HR Age (bpm)2

92

81

87

108

121

106

123

Average HR at FIO2 = 20.9% (bpm)

84

82

81

112

145

121

118

Average HR at FIO2 = 17.0% (bpm)

84

88

81

112

-

132

120

Average HR at FIO2 = 15.0% (bpm)

89

90

81

116

-

144

120

-1

1

40 % of maximal HR recorded during graded exercise test; 240 % of age predicted maximal HR; FIO2 =
fraction of inspired oxygen

